1 THE DRAG-BASED MODEL

One of the central issues of the COMESEP project is forecasting of the ICME arrival to the Earth or
any other point in the heliosphere. The main tool foreseen to provide predictions of the ICME arrival to
the “target” is the so-called Drag-Based Model (DBM). The basic form of the model was formulated by

[2007] and was advanced and adjusted for the COMESEP purposes by [2012].
The model is based on the assumption that beyond certain heliocentric distance the ICME propagation is
governed solely by its interaction with the ambient solar wind, i.e., that acceleration/deceleration of the
ICME can be expressed in terms of the magnetohydrodynamical (MHD) analogue of the aerodynamic
drag (for details see , ).

1.1 Basic form

In DBM, the ICME propagation is determined by the equation of motion which reads

a= 7 @-w)lul (1)

where a and v are the instantaneous ICME acceleration and speed, w is the instantaneous ambient
solar-wind speed, and <y is the so-called drag parameter, or drag efficiency. Note that all quantities in
Equation (1) are time/space dependent. Equation (1) reflects the most basic characteristics of the ICME
heliospheric propagation: ICMEs that are faster than the ambient solar wind are decelerated, whereas
those slower than the solar wind are accelerated by the ambient flow (cf., , ).

Bearing in mind ¢ = 9?R/0t?> and v = OR/0t, Equation (1) provides kinematics of the ICME
apex, R(t), v(t), v(R), for given initial conditions, t = 0, R = R;, v = v;, and the asymptotic values
Y(R — o0) = v, and w(R — 00) = w.. The drag parameter 7 defines the velocity change-rate, i.e., shows
for how much the ICME speed changes over the unit-distance. It can be expressed as:

Aps
7= Ca=E2 (2)
where Cj is a dimensionless drag coefficient, usually being on the order of 1 (for details see , ), A

and M are the ICME cross section and mass, respectively, whereas pgy is the density of the ambient solar
wind. The unit for v in M.K.S. system is m~!; however, for practical reasons, in the following we will use
the dimensionless abbreviation defined by vy = I'x 1071%m~! (d.e., y =T x1071%m~! =T'x 10~ km™!).
Note that at sufficiently large distances (say, R > 20Rg, where Rg is the solar radius) the following
approximations are valid: A oc R?, psw o< 1/R?, M = const., and Cy = const. (for details, see ,

), implying v = const. = .. Finally, note that in the following we will denote the asymptotic values
w, and 7. simply as w and I". The parameter v can be expressed alternatively also as:

A 1
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where Vicym g, L, and propme are the ICME volume, thickness, and density, respectively. Equation (3)
shows that massive ICMEs that are much denser than the ambient solar wind are affected by the drag
much less than light ICMEs.

For the solar wind density we employ the empirical model by [ ], which asymp-
totically behaves as p ~ 1/R%. Assuming the isotropic solar wind, i.e., pwR? = const., this defines the
solar-wind speed, with the asymptotic value w. = const.

1.2 DBM with cone geometry

The DBM formulation presented above does not take into account the ICME shape, i.e., it provides
the calculation of the kinematics only for the ICME apex. In the advanced form, the model takes into
account also the shape of ICME. In the following, we employ the so-called cone-geometry; in Figure 1
three standard cone options are depicted (see , and references therein).

In the option shown in Figure la the ICME leading edge is a circular arc concentric with the solar
surface, i.e., all elements of the ICME front have the same heliocentric distance. Under such conditions,
the basic form of DBM can be applied for any angle o within the cone of angular half-width w. In the
second option, shown in Figure 1b, the leading edge is considered to be a semi-circle, spanning over the
ICME full angular width, 2w. The option drawn in Figure 1lc, represents a self-similarly expanding ICME;,
whose leading edge is a circular arc that tangentially connects to the ICME legs. Note that this option
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Figure 1: Three options of the ICME cone-geometry.

is analogous to the self-similarly expanding ICME model introduced by [ | and advanced
by [ | and [ |. Thus, hereinafter we will not consider this shape;
we just refer to the three mentioned references. Instead we focus on the option shown in Figure 1b.

Considering relationships between various geometrical parameters marked in Figure 1b, we find for
an ICME of the angular half-width w:

Ry = H+n,
r = H tanw,

Re = Hcosa+ Vr2— H?sin?a,

from which we find the relationship between the heliocentric distance of the ICME apex, Ry, and the
element located at the angle a, R,:

cosa + Vtan?w — sin? o

1+ tanw

Roc = RO (4)

Taking a time derivative of Equation (4) we also find analogous relationship for the speed:

cosa + Vtan?w — sin®

1+ tanw

: ()

where vg is the ICME apex speed, and v, is the speed of the leading-edge element at the angle a.

In Figure 2 the distance ratio R, /Ry is visualized by showing it as a function of the angle « for various
ICME half-widths w. The same graph applies also for the speed ratio v, /vg. Note that the value of « is
limited, 0 < a < w, where @ = 0 corresponds to the apex direction and o = w corresponds to the lateral
edge of the ICME. Inspecting the graph, one finds that the ratio decreases non-linearly with increasing
a for any half-width w. The minimal value of the ratio R, /Ry increases with the increasing half-width
w, until w = 45 deg, where the lowest value, R,/Ro = 0.707, is attained. For half-widths w > 45 deg, the
minimal value of R, /Ry increases again and at w = 90 deg, representing the ICME of the form of semi-
circle, it becomes R, /Ry = 1 for any value of c. The envelope connecting the minimal values of the ratio
R, /Ry is drawn in Figure 2 by the red dashed line.

After the geometrical relationships have been established, there are two possibilities for the DBM
application, in both cases assuming that the ICME angular half-width w does not change:

Va = Vo

i) The straightforward one is to follow the DBM kinematics of the ICME apex starting from
initial apex heliocentric distance Ro(t = 0) =~ Ry, and speed, vo(t = 0) ~ vp; and then,
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Figure 2: Ratio of the heliocentric distance of the ICME leading-edge segment located at the angle o and
the distance of the apex, presented as a function of « for various cone half-widths w.

assuming that the overall ICME shape remains unchanged, to apply Equations (4) and for
each calculation-step in order to find the instantaneous distance R, (t) and speed v, of the
ICME element moving along the angle «;

it) A complementary, and probably more realistic alternative, is to find first the initial distance
R,; and speed v,; of the ICME element at the angle a by substituting Ry; and vg; into
Equations (4) and (5), and then, to follow the DBM kinematics of this element independently.

Note that in the option ) the initial circularly-shaped ICME front deforms in time, since the flanks move
slower (Equation (5)), thus in fast ICMEs the drag-deceleration of flanks is weaker, whereas flank accel-
eration in slow events is stronger. Consequently, the variation of speed along the ICME front decreases
and the front gradually flattens, asymptotically transforming into the shape depicted in Figure 1a.

In Figure 3 we compare the ICME kinematics simulated by the two DBM alternatives mentioned
above. The displayed results are calculated for the ICME of full-width of 2w = 60 deg, applying I' = 0.2
and the solar wind speed of w = 400km/s, and taking as input Rp; = 20Rgs and vg; = 1000 km/s.
Inspecting the graphs, one finds that the difference between kinematics of different ICME segments is
larger for the DBM/alternative-i (top). In the DBM/alternative-ii the speeds of all segments converge,
reflecting the fact that the ICME front changes shape. The 1 AU transit time increases towards the
ICME edge (check the intersect of the kinematical curves and the upper border of the R(t) graphs, set
at R = 1AU), the increase being larger for the DBM /alternative-i. For the chosen parameters, the flank
transit time calculated by the DBM/alternative-i is for ~ 30h longer than for the apex, whereas in the
case of the DBM/ alternative-ii the difference is around 10h.
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Figure 3: Speed of a given ICME segment versus the heliospheric distance (left) and the distance ver-
sus time for an ICME of the width of 2w = 60deg, calculated using DBM/alternative-i (top) and
DBM/alternative-# (bottom), for various values of a. The distance of R = 20Rg is marked by the
gray-dashed line.
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