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As one of the most violent solar activities, coronal mass ejections (CMEs)
are eruptions of the large-scale magnetized plasma from the Sun's upper
atmosphere into interplanetary space. The Earth-directed CMEs will cause
significant disturbances to the solar-terrestrial environment, which in return
threaten the safety of the communication, navigation, and ground technology
systems. Therefore, predicting whether and when a CME will reach the Earth
is an important ingredient of space weather research and forecasting. One
commonly used prediction model for the CME’s propagation and arrival time
is the Drag-Based Model (DBM), which considers the drag force acting on
interplanetary CMEs (ICMEs) to explain how CMEs move through the solar wind.
In this paper, we outline five routes for the development and evolution of the
family models of DBM: 1. The DBM — ELEvoHI (Ellipse Evolution Model Based
on HI Observations) series; 2. The DBM — LSF-DBM (Least-Squares Fitting Drag-
Based Model) series; 3. The DBM — PDBM (Probabilistic Drag-Based Model)
series; 4. The DBM — ExDBM (Extended Drag-Based Model); 5. The DBM —
EnDBM (Enhanced Drag-Based Model) Series. We clarify the development and
evolution process of the model's mathematical expressions along each route
as well as their connections. Finally, we provide a summary of the various
models, comparing their similarities and differences, as well as their strengths
and weaknesses, and suggest potential improvements.

KEYWORDS
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1 Introduction

Coronal mass ejection (CME) refers to the phenomenon of
the large-scale magnetized plasma in the Sun’s upper atmosphere
being ejected outward into interplanetary space, and is believed to
one of the most intense solar activities in the solar atmosphere.
When propagating into interplanetary space, it is termed an
interplanetary coronal mass ejection (ICME) (Vrsnak, 2021). The
interplanetary space between Sun and Earth often experiences
significant disturbances from CMEs and their associated shocks,
which are the primary drivers of hazardous space weather
and capable of generating substantial geoeffective consequences
(Wang et al., 2013). The Earth-directed CMEs may cause harmful
effects on the near-Earth spacecraft, communication and navigation
systems, safety of astronauts, and ground-based technology systems
(such as power grids and oil pipelines) (Boteler et al., 1998).
Therefore, predicting whether and when the CME will reach Earth
has become an important aspect of space weather research and
forecasting.

In the literature, the arrival time forecast of CMEs and their
related shocks can be traced back to at least the early 70s of
the last century. After half a century of development, dozens of
the forecasting models have been developed. They include the
Empirical CME Arrival (ECA) and Empirical Shock Arrival (ESA)
model (Gopalswamy et al., 2001), the expansion speed model
(Schwenn et al., 2005), the Drag-Based Model (DBM) (Vrénak et al.,
2013) and its variants, the “Fearless Forecast” modes [including the
Shock Time Of Arrival (STOA), Interplanetary Shock Propagation
Model (ISPM), and Hakamada-Akasofu-Fry/version-2 (HAFv.2)]
(Fry et al., 2001; Smith and Dryer, 1990), the series of Shock
Propagation Model (SPM) models (Feng and Zhao, 2006; Zhao and
Feng, 2014), the Cone + HAF model (Wang et al., 2018), the STOAF
and STOASF model (Liu and Qin, 2012), the MHD numerical
models (including the Wang-Sheeley-Arge (WSA)-ENLIL + Cone
(Odstrcil et al., 2004), Heliosphere 3D magnetohydrodynamics
(H3DMHD) (Wu etal., 2011), Space Weather Modeling Framework
(SWMF) (Toth et al., 2012), CORona-HELiosphere (CORHEL)
(Riley et al., 2013), and Solar-InterPlanetary Conservation Element
and Solution Element magnetohydrodynamic (SIP-CESE MHD)
(Feng et al., 2007; Feng et al., 2012; Feng, 2020)), the machine
learning models (Sudar et al., 2016; Liu et al., 2018; Guastavino et al.,
2023; Alobaid et al., 2022; Minta et al., 2023; Li et al., 2024), and
so on. More information about these models can be found in these
review papers (Siscoe and Schwenn, 2006; Zhao and Dryer, 2014;
Vourlidas et al., 2019).

Currently, all kinds of prediction models for the CME
arrival time have encountered a plateau for improving prediction
accuracy, and it is difficult to achieve significant breakthroughs
(Kay et al, 2024; Yordanova et al, 2024). Especially, there is
still a considerable distance between the prediction accuracy and
the actual demand. The low success rate will cause many “false
alarms”, while the large prediction time error will make people take
unnecessary evasive measures for too long. The losses caused by
these evasive measures sometimes may exceed the impact of the
space weather event itself. Among the predictive models mentioned
above, the series of the DBM models is the most commonly used
model to predict the CME’s arrival time, especially suitable for
describing the kinematics of CMEs after their rapid acceleration
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phases. Therefore, it is necessary to conduct an in-depth research on
the DBM models. It is essential to sort out the evolution processes
and correlations of mathematical expressions between its different
versions, and discover possible improvement directions to improve
the accuracy of the CME arrival time prediction.

During the propagation in the heliosphere, ICMEs are
subjected to three principal forces governing their evolution:
the Lorentz force, the gravitational force, and the aerodynamic
drag induced by the interaction with the background solar
wind (Cargill, 2004). Emerging in the Sun’s upper atmosphere,
CMEs are initially magnetically accelerated by the Lorentz force.
As the eruption progresses, this force continues to drive the
CME into the solar wind (Vrsnak and Gopalswamy, 2002).
Observational data indicate that the kinematic behavior of CMEs
exhibits a speed dependence on interaction with the solar wind:
(1) ICMEs slower than the solar wind exhibit acceleration,
(2) whereas faster ICMEs show deceleration (Calogovi¢ et al,
2021; Shanmugaraju and Vr$nak, 2014; Vr$nak et al., 2013).
Based on the observed phenomenon, DBM assumes that in the
later stage (typically when the radial distance exceeds 20 solar
radii), the ICME is only subject to the drag force (Vr$nak and
Gopalswamy, 2002; Vr$nak et al., 2013; Vakhrusheva et al., 2024),
and the critical factors to ICME propagation are both its initial
physical parameters and the background solar wind conditions
(Vr$nak et al., 2013).

As one of the most widely used analytical tools for predicting
CME arrivals, DBM describes the propagation of CMEs in the
solar wind based on the kinematic equations of the corresponding
ICME determined by the drag force, enabling predictions of both
transit time and propagation speed at Earth or other specified
heliospheric targets (Calogovic’ et al., 2021; Vr$nak et al., 2013;
Chierichini et al., 2024). DBM has the characteristics of simplicity
and extremely short calculation time, enabling us to obtain reliable
estimates of the transit time and propagation speed of the CME at a
lower computational cost (Calogovic¢ et al., 2021; Chierichini et al.,
2024), and it is thus extremely useful for real time forecasts.
Different versions of the DBM have been developed, and they
are different from each other in their dependence on the initial
geomagnetic parameters of the input CMEs or in the different
theoretical propagation processes of the CMEs (Napoletano et al.,
2018).  These different up
family of the DBM.

In this work, the development and evolution of the DBM family

versions  make a large

will be traced along five routes. In the first route, the CME’s shape is
treated as a self-similar ellipse, and the distance and speed equations
are derived for any point of the CME front. Then, a deformed CME
front as well as a varying background solar wind speed is introduced
for improvements. In the second route, the CME geometry is treated
as either a self-similar cone or a flattening cone. Subsequently, a
flattening conical geometry equation is proposed. In the third route,
the values of the drag parameter and the background solar wind
speed are obtained by inversely solving the analytical solutions of
the DBM. In the fourth route, an acceleration term describing the
other forces besides the drag force is used to improve the model. In
the fifth route, a GCS model and a prolate spheroid bubble model
are adopted to depict the CME geometry and the shock geometry,
respectively.
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Through the systematic analysis of the mathematical expressions
and their development and evolution in the DBMs for the CME
arrival time prediction, the evolutionary processes and correlations
of the mathematical expressions between different versions of the
DBM for the CME arrival time prediction can be sorted out. This
enables the revelation of the underlying evolution patterns of the
DBM and the identification of potential improvement directions
for it. Such insights will facilitate further advancements in the
DBM, thereby enhancing the predictive accuracy of the model
regarding CME arrival time and mitigating the adverse effects of
the CME. The remainder of this paper is structured as follows.
Section 2 introduces the basic version of DBM. Section 3 presents
the evolutionary process of the DBM models along these five routes.
As a useful supplement, Section 4 lists some other DBM models
without a clear development path. Conclusions and discussions are
provided in Section 5.

2 The basic version of DBM

The fundamental form of the DBM was initially introduced
by Vrsnak and Zic (2007) and subsequently refined and
adjusted by Vrénak et al. (2013). Through analytical approaches,
explicit solutions were obtained for two key CME parameters
by Vrsnak et al. (2013). Their study successfully solved the
CME motion equations, determining both transit time and
propagation speed. These analytical solutions not only provide
immediate practical predictions but also substantially improve
the operational effectiveness of the DBM, facilitating its broader
applications in space weather forecasting. The basic version of
DBM is the simplest version of the DBM family, which does
not consider the geometry of the CME, but only considers the
propagation of the CME apex, and is a one-dimensional model
(Dumbovi¢ et al., 2021).

2.1 DBMin 2007

In order to study the dependence of ICME transit times on the
initial CME speed (“take-off” speed) and solar wind speed, Vrsnak
and Zic (2007) compared the observed ICME transit times with
the CME take-off speed and the solar wind speed, confirmed the
existence of the correlation between them, and proposed the basic
form of the DBM.

The model assumes that ICME maintains constant mass
throughout propagation (M = const), the ICME’s cross-sectional
area is proportional to the square of the heliocentric distance (A o<
R?), and the ICME is influenced exclusively by the drag force during
the later stage of propagation. Additionally, the model assumes
that when the distance of ICME from the Sun is greater than 20
solar radii, the solar wind speed remains unchanged (w = const),
while its density exhibits an inverse relationship with heliocentric
distance (p, ~ R"%). The dimensionless drag coefficient generally
remains unchanged with the distance (Cy4 = const), then the drag

. C4A
parameter is constant: y = —Pw

= const. Subsequently, based on a =
—y(v —w)|v — w|, the numerical calculation of the propagation time
(TT) of ICME from 20 solar radii to Earth under different solar

wind speeds is obtained as a function of the CME’s initial speed at
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20 solar radii (v, ), where a is the acceleration of ICME and v is the
speed of CME.

2.2 DBMin 2013

Vrsnak et al. (2013) improved the above DBM and proposed
explicit solutions of the transit time and propagation speed of ICME
at Earth, which provides a direct application for the CME arrival
prediction. Unlike the DBM in 2007, the DBM in 2013 considered
the virtual mass of the ICME was M, = ’%/ .In this case, y = %ﬂfz =

C‘*A’;‘”, -G G , where V is the volume of ICME, A
V(p+2r) AL(%%) L P£+§
is the cross-sectional area of ICME, L is the thickness of ICME in
the radial direction, V= AL, p is the density of ICME. From the
expression of y, we see that when p > p_, only the ICME mass needs

to be considered.

The model applies only when the ICME is at least 20 solar radii
away from the Sun. Under this condition, A o R, M = const, Cy=
const, and w = const, consistent with the DBM proposed in 2007.
In addition, the model assumes p > p , from which we derive y =
const.

Considering that the CME is influenced exclusively by the
drag force during the later stage of CME propagation, based on
the assumption (w = const; y = const), the explicit solutions of the
transit time and propagation speed of ICME at Earth can be obtained
by solving a = — y(v — w)|v — w| analytically.

The mathematical derivation processes for solving the explicit
solutions of the transit time and propagation speed of ICME at
Earth’s orbit are as follows:

1

a=-yv-w)lv-—w|

o) _

Equation 1 can be transformed into +p(v(t) - w)?. Let

dt
y(t) = v(t) — w, then % = +yy*(t). Thus % =+ydt, y () = =
yt+Cy, anc} y(t) = o So vft) Can +w. When t =0, v(t) = v,.
Then v, = ctw thus C, = p— and we get
1 Vo—wW
V()= —F——+w=—"—++w (2)
— i L y(vo—w)t
0
Equation 2 can be transformed into RO - vy,
dt 1+y(vy—w)t
. . _ Vo—w
Integrate both sides of the equation and we get R(f) = _[ [Ev oy dr+

wt+Cy= + iln [1£y(vo—w)t] + wt+C,. When =0, R(f) =R,.
Thus C, = R, and we get
R(t):illn[liy(vo—w)t]+wt+R0 (3)
Y
Equations 2, 3 are the explicit solutions for the ICME’s
propagation speed and transit time upon arrival. When v, > w,

the sign takes “+”, indicating the ICME is undergoing deceleration.

When v, <w, it takes )
acceleration.

indicating the ICME is undergoing

The input parameters of DBM are: the initial time (%), the initial
speed of the ICME (v,), the initial radial distance of the ICME (R,)),
the speed of the background solar wind (w), and the drag parameter
(y). The output parameters of the DBM are: Sun-Earth transit time
(TT) and the propagation speed of ICME at 1AU (v, z5)-
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ELEvoHI
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2015 > 2016
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2018 > 2021
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2018 2021 2021 > 2021 > 2021 2022
LSF-DBM
2015
LSF-DBM
2022
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2007 2013 PDBM
2024, Chierichini et al
PDBM > PDBM
2018 2022
PDBM
2024, Mugatwala et al
ExDBM
2025
EnDBM EnDBM
2014 > 2015
FIGURE 1
The development routes of the DBM family models.

3 The evolution routes based on the
basic version of DBM

Up till now, a series of models have been developed based on the
basic version of DBM. In this paper, we will sort out the development
and evolution of the DBM family along five routes (see Figure 1
for details):

1. DBM — Ellipse Evolution Model Based on HI observations
(ELEvoHI) model series;

2. DBM — Least-Squares Fitting Drag-Based Model (LSF-
DBM) series;

3. DBM — Probabilistic DBM (PDBM) series;

4. DBM — Extend Drag-Based Model (ExDBM);

5. DBM — Enhanced Drag-Based Model (EnDBM) series.

In the following, we will introduce the development and
evolution of the models along different routes, investigate the
relationship between their mathematical expressions of the DBM
within each route, and propose the directions of improvement for
some routes.

3.1 ELEvoHI| model series

Mostl et al. (2015) improved DBM and proposed the
ELEvo model. Rollett et al. (2016) improved ELEvo and
established the ELEvoHI model. Subsequently, Braga et al
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(2020) determined the movement of CME by using the
ELEvoHI model within the Heliospheric Imager-1 (HI-1) field
of view and using the DBM model outside the HI-1 field
of view.

(2018) refined the ELEvoHI model
originally proposed by Rollett et al. (2016), developing it into an
ensemble model. Hinterreiter et al. (2021) improved the ELEvoHI
ensemble model and proposed the ELEvoHI 2.0 model.

Amerstorfer et al

3.1.1 ELEvo model

The ELEvo model (Mostl et al, 2015) assumes that the
shape of the CME-driven shock in the ecliptic plane is a
self similar expanding ellipse, as shown in Figure 2. Here a,
refers to a and & refers to w in Figure5 of Mostl et al
(2015). It also assumes that the half angular width (1), the
inverse aspect ratio (f), and the propagation direction of the
ellipse are constant. Additionally, it assumes that one of the
main axes of the ellipse is along the propagation direction
throughout the evolution. This model extends the DBM from
one dimension to two dimensions. The motion of the ellipse
apex is given by the analytical solutions of the DBM. Taking
into account the propagation direction of CMEs, this model can
predict the arrival time and the propagation speed at time of
arrival at any point along the CME front at a specific location
in space.

The semi-major axis (a,), the semi-minor axis (b), and the
distance from the center of the Sun to the center of the ellipse (c)

frontiersin.org
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Sun

FIGURE 2

10.3389/fspas.2025.1686823

(Left) The shape of CME. (Right) The speed along the ellipse front. Originally published in M&stl et al. (2015) with redrawing. A: CME boundary; B: Apex;
C: CME central direction; D: Tangent; E: Flank; F: Apex; G: Earth; H: Front solution (+); I: Rear solution (-).

can be transformed into functions of R(¢), f, and A (Equations 4, 5),
combined with Figure 2:

B R(t)&sin A
b= O -0) s s )
aO:E,C:R(t)—b (5)

f

where &=1/(f2-1)cos? 0+ 1, 0= arctan(f* tan ). R(f) can be
derived from the analytical solutions in the DBM: R(f) = +
SIn[1+y(vy - w)t] + wt+R,.

Then the speed along the ellipse front can be calculated as a
function of the ellipse parameters, combined with Figure 2:

ccos A+ \/(b2 —c2)f2sin? A + b cos? A

Fsin? A+ cos® A

(6)

1,2

va(t) = % v(t), where A is the angle between the CME propagation
direction and Earth (or any other planet or spacecraft in the solar
wind), and it is a known parameter. v(t) is from the analytical

«  »

solutions in the DBM. In Equation 6, “+” is taken for the “front”
solution (d,), and “-” is taken for the “rear” solution (d,). The
CME’s propagation speed at arrival time, is determined under
two conditions: either the distance equals the target’s heliocentric
distance, or the arrival time at that location is explicitly defined.
Complete expressions for the parameters are available in the cited

references (Mostl et al., 2015).

3.1.2 ELEvoHI model
Rollett et al. (2016) improved the ELEvo model (Mostl et al.,
2015) by replacing coronagraph observations with HI data and

Frontiers in Astronomy and Space Sciences

integrating the Fixed-¢ Fitting (FPF) method, the Elliptical
Conversion (ElCon) method, the DBM fitting method, and the
ELEvo model to develop the ELEvoHI model. The geometry of the
CME ellipse adopted in ELEvoHI is shown in Figure 3.

The specific processes of the ELEvoHI model are as follows.
Firstly, the time-elongation profile (e(f)) is extracted from the
HI observations. Then, the FPF method is applied to obtain the
propagation direction of the CME (¢). Assuming the values of A
and f of CME as the input parameters of the EICon method, the
distance (R(f)) from the apex of the CME to the center of the Sun
is obtained by the ElCon method, and the corresponding speed
(v(t)) is subsequently derived by taking the time derivative of this
distance. The distance expression from the DBM is employed to fit
R(t), yielding values for parameters w, y, t,, R,, and v,. Finally, these
parameters, combined with ¢, A and fare input to the ELEvo model
to give both the transit time of CME and its propagation speed upon
arrival. The mathematical expressions in the ELEvoHI model are
identical to that in the ELEvo model. With reference to Figure 3, the
mathematical expressions for converting () to R(#) via the ElCon
method are presented as follows (Equations 7-9):

d, sin (¢) sin ()L)QQQ(/,

b= (7)
sin (90 + 6 - 1) sin (0)Q,, +sin (90 + ¢ — w)sin (M)
dy sin(e) - r, sin (90 + ¢ — w) 7y sin (90 + 60— 1)
c= - = . ®)
sin (w) sin ()
Therefore,
R(t)y=c+b 9)

After differentiating R(#) with respect to f, we obtain v(f), where

0 = arctan (> tan 1), ¢ = arctan (f* tan w), O, = \/ f>cos? x + sin2x,
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ell

FIGURE 3

The geometry of the elliptic front. Originally published in Rollett et al. (2016) with redrawing © Ans. Reproduced with permission.

x €{0,¢} and w = 180°— & — ¢. When e+ ¢ < 90° w = & + ¢. Besides,
r, = b sy = b
\/j2 cos? g+sin ¢ \/fz cos? O+sin2 0
remaining formulas are available in Rollett et al. (2016).
Braga et al. (2020) obtained CME parameters within the HI-

1 field of view through the above-mentioned ELEvoHI model by

. Complete derivations for the

w

using simultaneous observation data from two perspectives of the
HI-1 on STEREO (Solar TErrestrial RElations Observatory)-A and
STEREO-B. Outside the HI-1 field of view, assuming that the CME
is solely affected by the drag force, the DBM is used to determine the
motion of the CME. The mathematical expressions of the DBM used
in this model are:

Fyragls] = =My[s](v[s] - ws])[v[s] - w(s]|

mpAls]

yls] = Cylslngw(s]

Cyls] = 0.148 — 4.3 x 10*(Re[s]) ™ +9.8 x 10~ Re]s]

Als] = x R? S| x —
[s] e8] ™

w2[s] = Wélau[l - e_(s_r‘)/’ﬂ]
nSW@lau

Ny [s] =( )(3.3 x 10%572 + 4.1 x 10%s™* + 8 x 10757%)

where s is the distance from the Sun along the Sun-Earth line, M is
the mass of the CME, v is the speed of the CME, w is the speed of
the background solar wind, gy is the solar wind proton density,

7.2

mp is the proton mass, A is the cross-sectional area of the CME,
Re is the Reynolds number, Ry is the radius of the CME, A is
the CME half angular width, r; = 1.5Rg, is the heliocentric distance
when the background solar wind speed is 0, and r, = 50Rg is the
heliocentric distance when the background solar wind speed reaches
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the asymptotic constant value. More information about the model
can be found in the references.

3.1.3 ELEvoHI ensemble model

Amerstorfer et al. (2018) improved the ELEvoHI model
proposed by Rollett et al. (2016), and put forward the ELEvoHI
ensemble model. When given real-time (near real-time) HI data, this
model uses the GCS model to obtain the information of the shape
of the CME in the ecliptic plane, and uses the ELEvoHI model to
predict the arrival of the CME in real time. It uses different input
parameters for the same event by changing the values of ¢, A, and
f, and obtains the minimum errors and associated uncertainties
of CME arrival time and propagation speed through the ensemble
method. Furthermore, this model also constrains the range of
the ELEvoHI model’s prediction results based on the frequency
distribution of the drag parameter, the speed of the background
solar wind, initial speed, and initial distance, thereby optimizing the
prediction results.

3.14 ELEvoHI 2.0 model

Hinterreiter et al. (2021) improved the ELEvoHI ensemble
model and proposed the ELEvoHI 2.0 model. The model replaces
the elliptical front with a deformed CME front outside the
DBM fitting range. Then, during the propagation of CME, its
front is continuously affected by the background solar wind
conditions, and this effect leads to corresponding morphological
adjustments in the CME front. The model also uses the Heliospheric
Upwind eXtrapolation model (HUX), the Heliospheric Upwind
eXtrapolation with time dependence model (HUXt), and the
EUropean Heliospheric FORecasting Information Asset model
(EUHFORIA) to consider the varying drag parameters and the
background solar wind speed, and uses the analytical solutions
of DBM to obtain the arrival time and propagation speed of the
CME at any position in the heliosphere. The values of w, and
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y at each time and position in the heliosphere are calculated as
follows:

From the aforementioned three solar wind models (HUX,
HUXt, and EUHFORIA), we can obtain the parameter w. The

. . A
expression for drag parameter is y= ch

, where ¢4 =1, the
background solar wind density (p,,) can be either derived from
the EUHFORIA model or estimated from the HUX and HUXt
models using empirical relationships, A = 7> tan (A) tan (x/2), 7 is
the radial distance, A and « are assumed to be constant and can be
obtained from observations. Furthermore, the model assumes that
the CME maintains a constant mass (M) throughout the heliospheric
propagation. At the transition point from the fixed front to the
deformed front, the DBM fitting method is used to obtain the fitting
values of w and y, which can then be used to calculate M, thereby to
estimate the value of y(r) at any position in the heliosphere.

3.1.5 The relationship between the mathematical
expressions in various models

In contrast to DBM, the ELEvo model assumes that the shape of
the CME is elliptic (Mostl et al., 2015), and considers the propagation
direction of the CME. In this way the motion of each point along the
CME front can be obtained. Therefore, the one-dimensional model
is extended to a two-dimensional model after taking into account the
evolution of the CME boundary in the ecliptic plane. In ELEvo, the
mathematical equations that describes the propagation of the CME
apex are the explicit solutions adopted in the DBM.

Compared with the ELEvo model, the ELEvoHI model
developed in 2016 uses the HI observation data (Rollett et al., 2016),
which has a wider field of view than coronagraphs and can obtain
the CME kinematic parameters in a larger heliospheric space. The
methods for deriving the expressions of 6, ry, ¢ and r,, in the EICon
method are consistent with those in the ELEvo model. Furthermore,
the ELEvoHI model uses the ELEvo model to calculate the evolution
of the CME boundary in the ecliptic plane.

The ELEvoHI model in 2020, compared with its 2016 version,
uses the ELEvoHI model of 2016 within the HI-1 field of view and
uses the DBM to describe the propagation of the CME outside the
HI-1 field of view. The processes of the ELEvoHI ensemble model in
2018 are consistent with that of the ELEvoHI model in 2016.

Compared with the ELEvoHI ensemble model in 2018, the
ELEvoHI 2.0 model in 2021 replaces the elliptical front with
a deformed CME front outside the DBM fitting range. It also
considers the varying drag parameter and background solar wind
speed, and uses the analytical solutions of DBM to obtain the
arrival time and propagation speed of the CME. For improvement
direction in the future, the following aspects can be considered:
(1) The aspect ratio in the ELEvo model could be developed as
a function of time (Mostl et al., 2015); (2) More realistic solar
wind conditions could be adopted instead of empirical expressions;
(3) The mass of CME could be treated as a variable along time
or distance.

3.2 LSF-DBM series

In the implementations of the above-mentioned DBM models,
their input parameters were typically determined through empirical
selection based on the studied events, which are not necessarily
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suitable for the event being forecasted (Zic et al., 2015). To address
this limitation, Zic et al. (2015) developed an optimized approach
termed the LSF-DBM in 2015, which determines the optimal input
parameters by minimizing the discrepancy between the model
predictions and the observations. Sudar et al. (2022) conducted a
further study on the shape of the flattening CME front in the LSF-
DBM, analyzing the behavior of the CME front, the influence of the
drag force on the CME front, the change in the shape of the CME
front, and the change in the speed of the CME front over time.
Combining the shape of the flattening CME front in LSF-
DBM, Dumbovi¢ et al. (2018) proposed DBEM to address the
problem of insufficient reliable input data for the CME prediction.
Subsequently, the DBEM was developed in 2021 and 2022 to yield
the DBEMv3 (Calogovic’ etal., 2021) and DBEMv4, respectively.

3.2.1 LSF-DBM

LSF-DBM (Zic et al., 2015) assumes that the CME shape is
conical, as shown in Figure 3 of Zic et al. (2015). The model
dynamically updates the DBM inputs based on the changing of
the CME’s kinematics as well as the ambient conditions, with
parameters optimized via the least-square fitting. The mathematical
expressions used in this model are consistent with those in the
DBM models mentioned earlier, except that it takes into account
the disturbances that the CME experiences during its motion,
where the values of the background solar wind speed (w) and the
drag parameter (y) vary with time. Since the DBEM developed
later (Callogovié et al,, 2021; Dumbovic¢ et al., 2018) only uses the
geometry of the CME assumed in the LSF-DBM, the mathematical
expressions of the CME geometry and their mathematical derivation
processes (Dumbovi¢ etal., 2021) will be introduced in the following
content (Equations 10-15). The calculation equations for the initial
state of the ICME front are as follows, here ' is r, and vy is ¢ in
Figure 3 of Zic et al. (2015):

As shown in Figure 3 of Zic et al. (2015), ¥' = h tan A, then R, =
h+1r" =h+htan A = h(1 + tan)). Therefore, h = R Thus

I+tand

cos y+ \tan?A —sin y
R, = h(cos ¥+ 1/tan? ) — sin? 1[/) =R,

1+ tani
(10)

By differentiating both sides of the equation with respect to

cos Y+ \tan2 A —sin? ¢
1+ tand

where the expressions of R, and v, are obtained analytically
in the DBM.

t, we obtain

(€3))

y =%

1. DBM with a self-similar cone:

At time t, the calculation equations for the initial state of the
ICME front are as follows:

cos y + \tan? A —sin? ¢/

R(y.1) = R(t) 1 +tani (12)
cos Y+ \tan? A —sin? ¢
v(y1) = (1) 1+ tanld (13)
where R(f) = + iln [1£yp(vg—w)t] + wt+ Ry, v(£) = % +w.

«  » « '

When v, > w, the sign takes “+”; when v, < w, it takes “-".
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2. DBM with a flattening cone:

At time t, the calculation equations for the initial state of the
ICME front are as follows:

1
R(u/,t):i;ln[liy(vw—w)t]+wt+Rw (14)
Vv, —W
v(y,t) = +w (15)
1+ y(vw - w)t
2/\_ in2 2/\_ in2
where Rv/ _ RO cos 1[/+\liat.raln/\ sin ‘V’ VV/ = v, cos Y+4/tan A—sin 1[/. When vy >

w, the sign takes “+7; when v, < w;, it takes “—

Sudar et al. (2022) further developed the equations for the
above-mentioned flattening front, where each point of the CME
front propagates independently. Based on the equations in DBM,
they investigated the morphological evolution characteristics of the
CME front as well as the speed variations at any point of the
CME front along radial distance, and derived several significant
conclusions (Equations 16, 17). The specific processes are as

follows:
It can be known from the previous text, RV, =
cos tan? A—sin?
Ry— Y - RoF(y), v, = voF(), R(y,f) = +
1 _ voF(y)-w
;11’1 [1 + y(VoF(V/) - W)t] +wt+ ROF(V/), V(l//, t) = m
w. Thus
OR(y, t tvyF'
WD ___WFW) g gy (16)
oy +ty(voF(y) —w) + 1

Based on the expression of % along time and its relationship

with zero, it can be concluded that: the closer to the apex, the greater
the radial distance would be, and thus the point where y =0 (the
apex of the CME) always remains at the forefront of the CME.

The distance (AR(t)) from the point on the CME flank (v = y')
to the apex (y = 0) is:

1+ yp(vy—w)t

m +Ry(1-F(y")) (17)

AR(t) = R(0,) ~ R(y/ ) = 1% In

The  asymptotic  constant form  of  AR(f) s
lim AR(f) = ++ In —2"— + R)(1~ F(y')), which is attained earlier
y voF(y')-w

witﬁTg?ger value of y.

From the expression of v(y,t), we find that v(y) =w when
t — 00, and thus Av(f) =v(0,) - v(y',£) — 0. Consequently, each
point on the CME front with different initial speeds will eventually

approach the solar wind speed.

3.2.2 DBEM

DBEM (Dumbovi¢ et al., 2018) adopts the geometry of the CME
front proposed in the LSF-DBM, which is a cone that gradually
flattens out. DBEM employs an ensemble method to account for the
uncertainties in the DBM parameters to address the limitation of
insufficient reliable input data for the CME prediction, obtaining the
most likely arrival time and propagation speed upon arrival of the
corresponding ICME.

For the input parameters, n distinct measurement sets are
employed for the CME’ initial parameters, and the synthetic
values are adopted for w and y. The mathematical derivation
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processes for obtaining the m synthetic values are as follows
(Equations 18, 19):

Assuming that the real measurements of w and y follow a normal
distribution, thus x = x + Ax, where X = y is the mean of the normal
distribution, and Ax = 3 - g. Then, normalizing the random variable
x through the transformation z = %” makes z follow the standard

)

1 z
==(1 f<_
g(2) < +er

normal distribution:

(18)

where erf(z) = \%Ige'yz dy.
Multiplying both sides of Equation 18 by m — 1 will result in g *

(2) = (m—1)g(2), then

ziz—x/ierf’1<1—z&—(z)) (19)
m—1
where g+ (2)=0,1,2,....m-2,m—1. Thus m synthetic values can
be obtained. The complete derivations for the formulas are available
in the cited references (Dumbovi¢ et al., 2018).

By substituting n-m” sets of the input parameters into
Equations 14, 15, the DBM is run for n-m? times to generate an
ensemble of the CME’s arrival times and propagation speeds. In
this way, we can obtain the most likely arrival time of the CME
and its propagation speed upon arrival along with their associated
uncertainties.

3.2.3 DBEMv3, DBEMv4

Calogovi¢ et al. (2021) sorted out the development process
from the original DBEM to its third-generation version (DBEMv3).
The DBEMv1 was established by replacing all input parameters
in DBEM with the aforementioned synthetic values. Subsequently,
under the assumption that the input parameters follow a normal
distribution, they drew random samples from the distribution with
the number of samples equal to the number of times of running
DBEM, thus yielding DBEMv2. After that, the actual motion state
of the target is considered during the propagation of CME, more
targets are added, and the calculating speed is increased, which
lead to the DBEMv2.5 model. Then, the visualization of DBMv2.5
is enhanced through the integration of the existing DBM tools.
Additionally, the model can optionally incorporate the Graduated
Cylindrical Shell (GCS) model to calculate the CME’s half angular
width (1). As a result, the DBEMv3 model is obtained. In 2022, a
Solar Wind (SW) module was added to the model, allowing users
to run the DBEM in multiple steps, resulting in DBEMv4. The
mathematical expressions for A derived from the GCS model are
given by:

k = sin(9)
wpo = 2(a+9)
wpo =26

A = wpo = (wpo = wgo)(1y1/90)

where a, k, and y are the input parameters of GCS model. Additional
details can be found in the cited references (Calogovi¢ et al., 2021).
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3.3 PDBM series

Napoletano et al. (2018) proposed the PDBM model to address
the issue of the lack of the CME information. Subsequently,
Napoletano et al. (2022) made improvements to it. Recently,
Chierichini et al. (2024) and Mugatwala et al. (2024) further
developed this model.

3.3.1 PDBM

The 2018 PDBM (Napoletano et al., 2018) replaced the constant
input parameters (R, v, w, and y) of the DBM with the probability
distribution functions (PDFs) of the input parameters. For R, and v,
the PDFs are determined such that their mean values are the distance
and speed obtained by the CME tracking, respectively. The standard
deviations are the uncertainties related to these measurements. For
w and y, the PDFs are determined by using the selected CME
event data, solving the analytical solutions of the DBM in reverse
to obtain the values of w and y, thereby obtaining the distribution
histograms of the two parameters. Then, the normal distribution
function is used to fit the histogram of the background solar wind
speed distribution, and the Log-Normal function is used to fit the
histogram of the drag parameter distribution. The mathematical
derivation processes for solving the analytical solutions of the DBM
in reverse are as follows:

The analytical solutions proposed in the DBM are
transformed into
y= Vo = ViAU (20)
(vo = w)(Viau = W)tiau
Vo — W)V —w)t Vo=V
(vo = w)(V1au )IAUln[ 0 1AU+1}+Wt1AU+RO_R1AU:0
Yo = V1AU Viau — W

1)

where Ry, v,, the arrival time of ICME at 1AU (t,,y), and the
propagation speed of ICME at 1AU (v, ;) are the known quantities.
Solve Equation 21 numerically to obtain the value of w, and then
substitute it into Equation 20 to obtain the value of y.

Subsequently, n initial condition sets are sampled from the
obtained distribution functions of these parameters R, vy, w and y,
and substituted into the analytical solutions of the DBM. Using the
ensemble method, the PDFs of the arrival time and the propagation
speed at the target location are generated. The best estimates of both
arrival time and propagation speed as well as their corresponding
error estimates are the mean and the root mean square of the
obtained PDFs, respectively.

The PDBM in 2022 (Napoletano et al.,, 2022) employed an
expanded ICME dataset to establish the new empirical probability
distribution functions (PDFs) for the model’s input parameters,
where the drag parameter’s distribution maintains a log-normal
functional form, but is categorized into two cases, v, < w and v, >
w.

The PDBM proposed by Chierichini et al. (2024) improved
the model by enhancing the distribution functions of the input
parameters through the use of a Monte Carlo Markov Chains
method. Also in 2024, Mugatwala et al. (2024) developed the 2022
PDBM by using pairwise selection for the initial speed (v,) and the
transit time (t,,;;) to explore the samples with a lower probability in
the parameter space, restricting values of w and y, and selecting the
CME:s suitable for the DBM inversion according to the acceptance
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rate (AR = the number ratio of the feasible solutions under restricted
conditions to the total solutions) to obtain the most suitable PDFs for
wand y.

3.3.2 The relationship between the mathematical
expressions in the PDBM series

The PDBM in 2018, relative to the DBM, obtains the expressions
for the drag parameter and the background solar wind speed
by inverting the analytical solutions proposed in the DBM. The
background solar wind speed from the numerical solution can be
input to the equation to calculate the drag parameter. Furthermore,
the model also uses the analytical solutions proposed in the DBM
to calculate the arrival time of CME and its propagation speed
upon arrival.

Compared with the PDBM in 2018, the equations for calculating
the drag parameter, background solar wind speed, CME arrival time,
and propagation speed in the 2022 PDBM remain unchanged. The
mathematical relationship between the two 2024 PDBMs and the
2022 PDBM is the same as that between the 2018 and 2022 PDBMs.

3.4 ExXDBM

Knowing that the general DBM models account for only the drag
force and thus cannot depict appropriately the complex dynamical
interactions between CMEs and the ambient solar wind, Rossi et al.
(2025) introduced the ExDBM model. ExXDBM addresses the
limitations inherent to the 2013 version of the DBM through
the incorporation of an additional acceleration term (a’). This
acceleration term represents the other forces involved in the
dynamic interaction between the CME and the solar wind, enabling
amore accurate modeling of the CME’s propagation dynamics in the
heliosphere.

The form of the ExXDBM is:

R=—y|R-w|(R-w)+ad (22)

The asymptotic constant solution of the model is v=w+
\ta'/y. When a' <0, the sign takes “~”; when a' >0, it takes “+”.

The processes for solving Equation22 are as follows
(Equations 23-38): N

When vy, () < w, R = y(v(t) = w)* + a’. Therefore, d(dd?) =a
y(v(t) — w)*. Thus dv =dr.

a’+y(v(t)-w)?
When a’ >0, we assume that u=v —w, thus dv' =du.

+

v dv' _v-w du 1 RUL
Therefore, Ivom = ywaE = b o arctan( «/7)
v-w
= t. Thus
Vo—w
P (arctan < \ l,(v— w)) - arctan(\/l,(vo - w))> (23)
1 [aly a a
Equation 23  can  be  transformed into  +/a'yt=
arctan ( \/;(v - w)) —arctan ( \/g(vo - w)) Assuming o, =

arctan ( \/;(w - vo)), it follows that +/a’yt = arctan ( \/g(v - w)) +
o, and consequently

a’ 1
v(t) =w+ \/;tan(wa’yt—q),ogtg o,

a'y

(24
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Integrating this expression, we obtain

R(t):wt+R0—lln(S+cos(\la’yt—0+)>,0£t£ ! o, (25)
4 a'y
where S, = M.Similarly, when a’ <0,
a/ 6_2 —a’ytA +B
v(t) =w+\-— ——— >0 (26)
( y 6—2\ —a’ytA__B_
a, 1 A7672 —a’yt_37
R(t)={ w—1|-— |t+Ry—=In| ———— |,t=0 (27)
4 4 2V-a’

Here, A_ = yF(1,~ W) + V=, B = yR(sy - w) - V-

When v, < w < ¥(£), a' > 0. Unlike the previous content,

w dv' v dv'
J a + r_ 2+J I _ ! 2:t (28)
voa' +y(v/ —w) wa' —y(v —w)
w dv'

where

1 Y- =L
T = marctan(ﬂa, (w v0)> 0

Assuming u=v'—w, it follows that dv' =du, and the integral

. . . v—w du v=w du _
in question is transformed to Jo s Thus, '[0 s
1 Val++ju V_W_ 1 (\/47+\/7(v—w)> _
5 mln( \/E—Wu>| o == Wln T ) Therefore, t
11 Va' +\y(v-w) . .
7% = e \/ﬂln(—\/ﬁ—\/y(v—w))' Take the exponential functions
on both sides of the equation, and we obtain Y&+ yyw) =
\/ajf\Fy(v—w)
(-, (1=,
e (2 Assuming k=e )it follows  that

Va' + VP(v—w) = k( Va' - \Vy(v= w)), and consequently

By integrating the preceding equation, we obtain

a 1 ez(‘/”j”_‘”) +1 1
R(t)=( w—1|= |Jt+Ry+—| In Sl R e Oy
4 4 +

a'y
(30)
In summary, when a’ > 0, if v, < w, then
a 1
w+ —tan(\la’ytfaJr),Osts g,
4 w’a’y
v(t) = (31
a 2Ve) 4 1
w+\|— ,E> o,
y ez( alyt—v+)+1 aly
wt+R0——1n(S+ cos( a’yt—0+)),0st§ ! o,
ay
) 2(\/7}4—@)
R(t) = 1 <w—\jz>t+R0+l In| &~ ~*1 +o, |, (32)
y y 28,
t> [0
aly

_ Y (0, _ @y (ve-w)?
Here, 0, = arctan(ﬂa, (w VO)), S, =\——-
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When a’ <0, if v, < w, then
a eV g 1B
vty =w+\|-————,t>0 33
(1) Y 72T, B (33)
(Jl’ 1 A e—Z —u’yt_B
RO =(wr-% )+ Ry -t 222" ) rs0 ()
y y 2V-a'

where A_ = \j(vy—w) + V=a', B_ = \[y(v, - w) - V=a'.

By replacing the plus and minus signs in Equations 31-34,
we can obtain:

When a’ >0, if v, > w, then

o VA, +B
V() =w+ || — ————Lt>0, (35)
Y eVaVA, B,

/ AN _p
R(t):(w—\/Z>t+R0+lln<+e—\/_+>,t20~ (36)
Y Y 2Va'

Here, A, = \/§(vy— w) + Va’ and B, = j(v,—w) - Va'.

When a’ <0, if v, > w, then

a ( 1
w—1|——tan \l—a’yt—a_),Osts o_
Y

v(t) = , (37)

a 672( —a’yt—a,) -1 1
W+ A\ > o_
y e—z( —a/ytfﬂ,)+1 [_a,y

_ al 1 6_2( —u’yt—o,)_'_
R(t)— <W— —7>t+RO—;<ln(T

1

<
<
+
=
S
+
|
5
—
‘CA
(a)
[}
7}
—
ﬁ
8
=
<
|
‘Q
S~—
Y
(=]
IN
~
IN
—
‘Q

—
N————
|
‘Q
\“./
~

0.

(38)

Y

1_ )2
where o_ = arctan( -L (v, - w)), S = L)
a

al

3.5 EnDBM series

3.5.1 EnDBM

Employing the remote-sensing observations of STEREO, Hess
and Zhang (2014) independently tracked the evolution of not only
the CME front but also the associated shock front. By fitting the
evolution of these two fronts to the DBM, they predicted the in situ
arrival of both the CME and the shock, thereby developing the DBM
further and proposing the EnDBM. In this approach, geometric
structures are superimposed onto images captured by different
spacecraft at approximately the same time using the forward
modeling technology. Optimal parameters are then determined to
ensure the consistency between the model images and the multi-
view observations. Where the CME front uses the GCS model and
direct images, while the shock front uses the prolate spheroid bubble
model and the running-difference images. These geometric models
were applied to the given events along multiple time steps, yielding
a series of height-time measurements for both the CME and shock.
Subsequently, the DBM was used to fit the time-height data of both
fronts obtained through the forward modeling, determining the sole
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TABLE 1 The reference, key features, basic assumptions and limitations of the DBM family models. w stands for the speed of the background solar wind,
and y stands for the drag parameter. Y indicates Yes, N indicates No.

References Key features Basic assumptions Limitations
w = const Geometry Reliance on Cannot be
y = const idealized applied to
assumptions interacting
DBM Vr$nak et al. (2013) geometry- Y N Y
independent
ELEvo Mostl et al. (2015) DBM + a self similar Y self similar Y
expanding ellipse expanding ellipse
Rollett et al. (2016) HI observations + Y self similar Y
FPF method + expanding ellipse
ElCon method + (ElCon method,
DBM fitting + ELEvo)
ELEvo
ELEvoHI
Braga et al. (2020) data from two N (w # const,y # self similar Y
perspectives of the const) expanding ellipse
HI-1 on STEREO A (EICon method)
and STEREO B+
ElCon method +
DBM
ELEvoHI ensemble Amerstorfer et al. ELEvoHI (2016) + Y self similar Y
model (2018) GCS + ensemble expanding ellipse
method (ELEvoHI)
ELEvoHI 2.0 Hinterreiter et al. ELEvoHI ensemble N (w # const,y # deformed CME Y
(2021) model + deformed const) front (outside the
CME front DBM fitting range)
LSF-DBM Zic et al. (2015), DBM + a self-similar Y self-similar cone, Y
Sudar et al. (2022) cone; DBM +a flattening cone
flattening cone
DBEM Dumbovi¢ et al. DBM with a Y flattening cone Y
(2018) flattening cone +
ensemble method +
the synthetic values
are adopted for w
andy
DBEMv1 Calogovic et al. DBEM + all input Y flattening cone Y
(2021) parameters in
DBEM use the
synthetic values
DBEMv2 Calogovi¢ et al. DBEM + random Y flattening cone Y
(2021) samples from the
distribution of input
parameters
DBEMv2.5 Calogovi¢ et al. DBEMV2 + actual Y flattening cone Y
(2021) motion state of the
target + more targets
+ increased
calculation speed
DBEMv3 Calogovi¢ et al. DBEMv2.5 + Y flattening cone Y
(2021) optional GCS model
DBEMv4 DBEMv3 + Solar N (w # const) flattening cone Y
Wind (SW) module
(Continued on the following page)
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TABLE 1 (Continued) The reference, key features, basic assumptions and limitations of the DBM family models. w stands for the speed of the
background solar wind, and y stands for the drag parameter. Y indicates Yes, N indicates No.

Model References Key features Basic assumptions Limitations
w = const Geometry Reliance on Cannot be
y = const idealized applied to
assumptions interacting
ICMEs
PDBM Napoletano et al. DBM + ensemble Y N Y Y
(2018), method
Napoletano et al.
(2022)
PDBM Chierichini et al. DBM + ensemble Y N Y Y
(2024) method + Monte
Carlo Markov Chains
method
PDBM Mugatwala et al. DBM + ensemble + Y N Y Y
(2024) pairwise selection
method
ExDBM Rossi et al. (2025) DBM + additional Y N Y Y
acceleration term
EnDBM Hess and Zhang DBM + GCS + the Y GCS (CME front), the Y Y
(2014) prolate spheroid prolate spheroid
bubble model bubble model (shock
front)
EnDBM Hess and Zhang DBM + GCS + the N (y # const) GCS (CME front), the Y Y
(2015) prolate spheroid prolate spheroid
bubble model + bubble model (shock
geometric corrections front)
to the propagation
direction

unknown parameter (y), and ultimately deriving the equations of
motions for both the CME and the shock.

Hess and Zhang (2015) further refined the EnDBM by (1)
changing the drag parameter to a variable one, (2) implementing
the geometric corrections to the propagation direction, and
(3) developing a new shock propagation prediction model. The

changing drag parameter is calculated as:

Cq
V= ok iR L (39)

Pwo 2

where Cy and k are the known dimensionless parameters, which
are 1.35 and 0.4, respectively. In Equation 39, only the density
ratio is an unknown quantity. Through the forward modeling
technique used in the EnDBM in 2014, multiple sets of the
height-time data measured during the CME propagation are
obtained. A series of fits are performed to these data to estimate
the value of y for each time. Subsequently, a series of the
discrete y values obtained by fitting with Equation 39 were
used with an optimization algorithm to determine the density
ratio (p,/p,,)> thereby defining the complete p(R) function. The
specific derivation processes of y can be found in the reference
(Hess and Zhang, 2015).

By combining measurements of the ejecta front and the sheath
front, the proposed model predicts the sheath propagation through
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the motion equations: Rgp(#) = Rpp(t) + At + B and vgp(t) = v (1) +
A, where A and B are the coeflicients for the linear fitting of the
distance of the ejecta front and the sheath front, respectively. The
propagation of the sheath is geometrically corrected using the same
method for the CME.

4 Other DBM models

In addition to the series of models evolving based on the basic
version of the DBM, there are also some DBMs without a clear
development route, such as the Graduated Cylindrical Shell Drag-
Based Model (GCSDBM), the mass-changing Drag-Based Model
(mass-changing DBM).

4.1 GCSDBM

Shi et al. (2015) employed the GCS model fitting to determine
the CME’s initial speed, as this method ensures that the derived
speed remains unaffected by the projection effects. Then they
utilized the DBM to establish the relationship between the CME’s
transit time and its initial speed, which yields the GCSDBM. The
expressions of the DBM are:
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TABLE 2 The input and output parameters of the DBM family models. t, stands for the initial time of the CME, v, stands for the initial speed of the CME,
rq stands for the initial radial distance of the CME, w stands for the speed of the background solar wind, y stands for the drag parameter, 1 stands for the
half angular width of the CME, ¢ stands for the propagation direction of the CME, and f stands for the inverse aspect ratio of the CME. Y indicates Yes, N

indicates No.

Input parameters

Output parameters

to, Vo. o, W, Lo f Optional Associated Transit time Associated
y, distance GCS uncertainties and uncertainties
to the parameters of the propagation of the
target CME's speed of CME's
initial CME transit time
parameters and
propagation
speed
DBM Y N N N N Y N
ELEvo Y Y Y N N Y N
ELEvoHI Y Y Y N N Y N
ELEvoHI Y Y Y N Y (¢.M f) Y Y
ensemble model
ELEvoHI 2.0 Y Y Y N Y (¢,M f) Y Y
LSF-DBM Y Y N N N Y N
DBEM Y Y N N Y (w,) Y Y
DBEMvl Y Y N N Y (tg, Vo> s Y Y
PAe)
DBEMv2 Y Y N N Y (fg, Vo> s Y Y
PA @)
DBEMv2.5 Y Y N N Y (tg, v, s Y Y
A ¢)
DBEMv3 Y Y N Y Y (tg, Vo s Y Y
P,A,¢)
DBEMv4 Y Y N Y Y (tg, Vo s Y Y
»A¢)
PDBM Y N N N Y Y Y
ExDBM Y N N N N Y N
EnDBM Y N N N N Y N
Basedontheequation% = - y(v—w)|v—wlﬁ_l,itcanbeobtained 42 The mass-changing DBM
2$
that R =wti;{v—w2’ﬁ— (B=1)t+ vy — w|' P q}when
B y(2-P) Ivo | . [y B | Ot | ] Stamkos et al. (2023) proposed the mass-changing DBM
1<f<2 For f=1, Ry =wt+ ;(Vo —w)(1-e). For =2, Ry= fo modeling the propagation of fast CMEs in the inner

«, »

wt+ iln (y|vo —w|t+1). When v, > w, the sign takes “+”; when v, <
w, it takes “~" Then, by using the fitting method and the above
relationships, the parameters y, 5, and w can be derived from the
existing measurements of the initial speed and the transit time.
Subsequently, the transit time of the CME to 1 AU can be determined
with the known parameter v, derived from the GCS model.
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heliosphere, which improved the prediction accuracy of their
arrivals at 1 AU. Compared with the previous models, this
version considers: (1) the virtual mass of CMEs, and (2)
the CME’s magnetic erosion caused by the reconnection
between the CME and the interplanetary magnetic field
(IMF).
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This model adopts a cylindrical geometry of CME with radial
propagation in the inner heliosphere. The expression satisfied by the
non-erosive fast CME subject to the drag force (Fy,,) is

(v Vegp = w) am,
M Tdr

tot

dv =—yCylv—wl|(v—w) -

dt (40)

where y = V(pr = —2 . M, =M+M,, vis the speed of the

CME, w is the background solar wind speed, V., is the expansion
speed of the CME, p is the density of the CME, p,, is the density of
the background solar wind, M, is the total mass, M is the mass of
the CME, M, is the virtual mass, V is the volume of the CME, R is
the radius of the CME, and A is the cross-sectional area of the CME.
Assuming that M remains constant, it can be seen that M, varies
with the CME’s propagation distance.

Subsequently, by reducing the radius of the CME, the influence
of the magnetic erosion is incorporated into the motion of the CME
(i.e., Equation 40): R; = RL(% )a, where R; =C'S is a hybrid
magnetic-reconnection rate, Cis e31 dimensionless coeﬂlicient, whiclh
is approximately 0.1, S = 2(B,B,)2 (4op, B, + piop,B1) 2 (B, +B,) 2,
B is the magnetic field intensity, subscript 1 represents CME,
subscript 2 represents the solar wind and IMF at the position of the
CME front, and g, represents the magnetic permeability of vacuum.
The specific derivation and solution processes of the mass-changing
DBM can be found in the reference (Stamkos et al., 2023).

5 Conclusion

This paper systematically reviews the development and
evolution of the DBM models. The DBM assumes that the CME
is only subject to the drag force in its later propagation stage. It
describes the propagation of CMEs in the interplanetary medium
(solar wind) based on the motion equations determined by the
drag force, and is used to predict the transit time and propagation
speed of the CME at Earth or any given target in the solar system.
It is one of the most widely employed analytical models, due to its
simplicity and computational efficiency. Furthermore, this paper
also presents the mathematical derivation processes of each version
of the DBM, sorts out the development and evolution processes as
well as the interrelationships between the mathematical expressions
of different versions of the DBM, and proposes the potential
improvement directions for some evolution routes. According to
our compilation, the development and evolution of the DBM models
can be categorized into five development routes: DBM — ELEvoHI
model series; DBM — LSF-DBM series; DBM — PDBM series;
DBM — ExDBM; DBM — EnDBM series. In addition, some DBM
without a clear development route are also introduced, including
the GCSDBM and the mass-changing DBM. As a summary,
Tables 1, 2 list the key features of each model, including the
assumptions, inputs, outputs, limitations and so on, for a detailed
comparison.

The ELEvo model treats the CME shape as a self-similar ellipse.
Based on the analytical solutions of the DBM, it derives the distance
and speed equations at any point of the CME front. The ELEvo
model was used in the subsequent development of the ELEvoHI
model. Furthermore, the ELEvoHI model is improved by combining
the ensemble method, introducing the deformed CME front, the

Frontiers in Astronomy and Space Sciences

14

10.3389/fspas.2025.1686823

varying drag parameter, and the varying background solar wind
speed. In the future, the inverse aspect ratio in the ELEvo model
can be developed as a function of time, using more realistic solar
wind conditions instead of empirical expressions, and considering
the mass-changing of the CME over time to further improve
the model.

The LSF-DBM treats the CME geometry as either a self-similar
cone or a flattening cone. Similar to the ELEvo model, it employs
the analytical solutions of the DBM to derive the distance and speed
equations at any point of the CME front. In the subsequently
developed DBEM, the flattening conical geometry equation
proposed in the LSF-DBM is adopted. Future improvements
to the model may include incorporating a sophisticated drag
parameter model.

The PDBM employs the DBM’s analytical solutions to calculate
the CME’s arrival time and speed, and obtains the values of the drag
parameter and the background solar wind speed by inversely solving
the analytical solutions. In the future, the model can be improved
by adding two-dimensional geometric models (conical or elliptical
shapes), or by further exploring the Bayesian method.

The ExDBM improves the model by adding an acceleration
term to the DBM. This term represents other forces in the dynamic
interaction between the CME and the solar wind, enabling more
accurate modeling of the CME’s propagation dynamics in the
heliosphere.

In the EnDBM, the CME geometry is modeled using the
GCS model, while the shock geometry is modeled using a prolate
spheroid bubble model. The model employs the DBM’s analytical
solutions to fit the measured height-time data, deriving the CME’s
motion equations to predict the in situ arrival of both the CME flux
rope and the sheath. A variable drag parameter is then applied, and
the GCS model’s results undergo the geometric correction. A new
model is used to predict the propagation of the sheath.

We have to admit that the various versions of the DBM family
models have their own some limitations. These limitations include,
but are not limited to the idealized assumptions, sensitivity to the
initial conditions of both CME and solar wind. These assumptions,
on one hand, come from the idealized geometries of the CME front
shape, which could be very complicated in real cases. On the other
hand, they come from the negligence of other forces besides the
drag force exerted by the background solar wind. Especially, none of
the various DBM-based models discussed above explicitly takes into
account the deflection of CMEs during their propagation. However,
the CME deflection is known to be an important factor influencing
not only the prediction accuracy of the CME arrival time but also
the success rate of whether a CME can reach the Earth or a given
target location at all (Wang et al., 2004; Gui et al., 2011; Zhuang et al.,
2019). The lack of the deflection treatment in current DBM models
hinders the improvement of the models accuracy. In addition
to these, the DBM models do not consider the interactions of
multiple CMEs.

In the future, these improvements can be implemented to further
develop the DBM and enhance its prediction accuracy for the
CME arrival time and propagation speed. The models can be better
validated if we could have more accurate observations for CMEs
(e.g., with radial ICME lineup observations) and incorporate the
deflection effects of CMEs. In addition to the improved accuracy
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of the CME initial conditions, which can be obtained by regular
multi-viewpoint imaging by missions like ESA Vigil in combination
with missions at L1, we need to improve the ambient wind models
to improve the arrival time and speed forecasts of CMEs, as they
are also the key factors concerning the prediction of the CME’s
kinematics. Besides, we can compare the prediction results of
different versions of the DBM for the same specific CME-ICME
events. These comparisons can not only verify whether advanced
models can give better predictions, but also reveal which factors
are important in the modeling. They will be implemented in
the next work.
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