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Solar wind transients, i.e. interplanetary coronal mass ejections
(ICMEs) drive Space Weather throughout the heliosphere and
the prediction of their impact on different solar system bod-
ies is one of the primary goals of the Planetary Space Weather
forecasting. We realized a procedure based on the Drag-Based
Model (1, 2) which uses probability distributions for the input
parameters, and allows the evaluation of the uncertainty on the
forecast. This approach has been tested against a set of ICMEs
whose transit times are known, obtaining extremely promising
results. We apply this model to propagate a sample of ICMEs
from their sources on the solar surface into the heliosphere. We
made use of the seminal works by Prise et al. (3), Winslow et al.
(4) and Witasse et al. (5) who tracked the ICMEs through their
journeys using data from several spacecraft. Considering the
extremely short computation time needed by the model to prop-
agate ICMEs, this approach is a promising candidate to forecast
ICME arrival to planetary bodies and spacecraft in the whole
heliosphere, with relevant application to space-mission short-
term planning.
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Introduction. Coronal Mass Ejections (CMEs) are expul-
sion of plasma from the Sun with repercussions on the whole
interplanetary space and are responsible for major geomag-
netic storms. The accurate prediction of the arrival time of
Interplanetary Coronal Mass Ejections (ICMEs) at Earth and
more recently elsewhere in the heliospgere, has always been
a primary goal of the space-weather forecasting (6, 7). Mod-
eling and forecasting methods can be divided into several
classes.

• Purely empirical/statistical methods making use of
relationships established between coronagraphically
measured parameters and measured heliospheric prop-
agation characteristics of past ICMEs.

• Numerical MHD-based models of the heliospheric
propagation of the ICME.

• Kinematic models that apply a somewhat simplified
description of the main interaction the ICME is sub-
ject to during its interplanetary journey.

In this work we employ a model belonging to the last cat-
egory, the Probabilistic Drag-Based Model (PDBM, hence-
forth 2). The PDBM makes use of probability distribution
functions (PDFs), rather than exact values, as input param-
eters, to model the CME propagation in the interplanetary

Fig. 1. The probability distributions used in the PDBM are derived from past data: a
Log-Normal PDF for the drag parameter, Gaussian PDFs associated to the measure
errors for the CME initial position and velocity, two different Gaussian PDFs for the
solar wind, for the case of fast or slow solar wind (decided checking for coronal
holes in the proximity of the CME source). From the ICME arrival condition sets, we
compute our best estimate and the associated error for ICME time and velocity at
arrival.

space, allowing us to forecast ICME arrival times and veloc-
ities and to evaluate also the uncertainty on the forecast.

The Model. The PDBM returns a statistical evaluation of the
time of arrival and velocity of the ICME at a chosen distance
from the Sun, transforming the probability or error distribu-
tion functions associated to the input parameters into PDF for
the output results. This allows computing the best estimates
and the errors for both the time of arrival and the velocity of a
given ICME. For each ICME whose initial position (r0) and
velocity (v0) are measured with a certain precision, we will
generate N different [r0, v0, ω, γ] initial conditions sets (ω
is the solar wind speed and γ is the drag parameter in eq. 2
in 2), randomly chosen from the relative PDFs, to compute
the transit time and the velocity at a target P . This process
generates the PDFs associated to tP and vP , which can be
used to estimate the ICME most probable time of arrival and
velocity and their associated uncertainties at P . Details and
extended description in Napoletano et al. (2).
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Fig. 2. Output of the PDBM: the estimated CME propagation path in the inner
heliosphere (until 3 AU) is represented by dashed lines, and the CME itself is
represented by different shades of colors, representing different confidence levels
of the CME extension: yellow=10% probability, light orange=50% probability, dark
orange=90% probability. Planets are represented by colored symbols. This view
shows the ICME hitting both Venus and Mars.

PDBM applied on data from “Interplanetary coronal
mass ejection observed at STEREO-A, Mars, comet
67P/Churyumov-Gerasimenko, Saturn, and New Hori-
zons en route to Pluto: Comparison of its Forbush de-
creases at 1.4, 3.1, and 9.9 AU” by Witasse et al. (5) .

A powerful CME erupted from Solar Active Region 12192
on 14 October 2014 at around 18:30 UT. The journey of this
ICME was studied in detail with in situ data sets acquired by
eight spacecraft and one rover.
The ICME passed by the STEREO-A spacecraft, Mars,
comet 67P/Churyumov-Gerasimenko (C67 henceforth), Sat-
urn, and apparently New Horizons on its way to Pluto. The
paper by Witasse et al. (5) described the propagation of this
ICME out to 32AU and also investigated whether the ICME
was observed also by Voyager 2 in late March 2016 at ∼ 111
AU.

Fig. 3. Comparison between ICME transit times at different targets in the helio-
sphere from the Sun to ∼ 4AU. In blue the measured times, in red the time forecast
by the WSA-Enlil simulation, in green (with error bars) the time forecast by the
PDBM.

In that work, the propagation of the ICME, was simulated
via the WSA-ENLIL Cone model (8, 9) available from the
Community Coordinated Modeling Center (10). The CME
parameters used for the model input were radial speed 1015
km/s, longitude -150°, latitude -12°, and full width 116°
(in agreement with the CGS 11, fitting results of the CME
expulsion). The simulations initialized with these param-
eters produced output with a reasonable match to in situ
observation. The ICME propagation was also reproduced
via a DBM based online tool developed by the Centre de
Données de la Physique des Plasmas (CDPP propagation
tool, http://propagationtool.cdpp.eu/), whose results agreed
with ENLIL simulations, although with different speeds as
inputs (but within the error range of the GCS measurements).

Using the same input parameters as the WSA-ENLIL+Cone
simulation, we re-run the ICME propagation with the PDBM.
Some of the outputs are shown here. In Figg. 3 and 4, in
particular, we compare the PDBM forecast arrival times at
different targets (green line) against the WSA-ENLIL fore-
cast arrival times (red line) and the actual arrival times as-
sessed by the different in situ measures (blue line). In this
case, the PDBM performs extremely well, since the forecast
arrival times are always close to the actual arrival times and
in any case well within the forecast 1σ error bars. As can be
expected, the PDBM fails instead to predict the arrival time
at Voyager 2 spacecraft. The forecast is largely in advance of
the actual arrival time. It is worth to remember that Voyager 2
in the 2016 was inside the Heliopause, where the hypothesis
of a free streaming solar wind is probably no more valid.

The time needed to compute the N=10000 model runs for
this PDBM simulation is less than one minute (including the
Voyager 2 position!).

Fig. 4. Comparison between ICME transit times at different targets in the helio-
sphere from ∼ 3AU to ∼ 120AU. In blue the measured times, in red the time fore-
cast by the WSA-Enlil simulation, in green (with error bars) the time forecast by the
PDBM.
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Fig. 5. Output of the PDBM: the estimated CME propagation path in the inner
heliosphere (until 3 AU) is represented by dashed lines, and the CME itself is
represented by different shades of colors, representing different confidence levels
of the CME extension: yellow=10% probability, light orange=50% probability, dark
orange=90% probability. Planets are represented by colored symbols. This view
shows the ICME hitting both Venus and Mars.

PDBM applied on data from “Analysis of a coronal
mass ejection and corotating interaction region as
they travel from the Sun passing Venus, Earth, Mars,
and Saturn” by Prise et al. (3)..

A CME erupted from the Sun at 01:30 UT on 20 June 2010,
with v≈628 km/s. On board STEREO, its eruption was
observed by the SECCHI (12) instrument suite, on-disk by
the Extreme Ultraviolet Imager (EUVI 13) and propagating
away from the Sun by the Cor-1 and Cor-2 (14) coronagraphs
and the Heliospheric Imagers (HI 15). From the Earth side,
the CME was imaged on-disk by the Atmospheric Imaging
Assembly (AIA 16) on SDO and off the Sun with the
Large Angle and Spectrometric Coronagraph (LASCO 17)
experiment on SOHO (18). A corotating interaction region
(CIR) interacted with the CME during its propagation. CIRs

Fig. 6. Comparison between ICME transit times at different targets in the helio-
sphere from the Sun to ∼ 4AU. In blue the measured times, in red the time forecast
by the WSA-Enlil simulation, in green (with error bars) the time forecast by the
PDBM

are formed when a region of fast solar wind catches up with
a region of slow solar wind creating a density enhancement
at the interface between them, known as a stream interaction
region (SIR). The CIR was detected by in situ instruments on
Venus express, on STEREO-B and at Mars. Both the ICME
and the CIR were simulated using the ENLIL prediction
model. The simulation predicted that the ICME merged with
the CIR beyond the orbit of Mars, and reaches Saturn as a
SIR.

As in the case above, we re-run the ICME propagation with
the PDBM, using the same input parameters as the ENLIL
simulation. In Figg. 6 and 7, we compare the PDBM forecast
arrival times at different targets (green line) against the
WSA-ENLIL fore-cast arrival times (red line) and the actual
arrival times assessed by the different in situ measures (blue
line).

In this ICME propagation, the PDBM is successful in predic-
tion the arrival times at Venus and Stereo B (discrepancies
wrt to measures are well within the 1σ error bars), but
fails to predict the arrival times at Mars and Saturn. The
PDBM forecasts at Mars and Saturn are largely behind the
actual arrival dates. We interpret this delay with the CIR
interacting with the ICME before the reaching of Mars orbit
and therefore effectively generating a SIR that passed by
these outer planets.

Fig. 7. Comparison between ICME transit times at different targets in the helio-
sphere from ∼ 3AU to ∼ 14AU. In blue the measured times, in red the time forecast
by the WSA-Enlil simulation, in green (with error bars) the time forecast by the
PDBM.
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PDBM applied on data from “Interplanetary coronal
mass ejections from MESSENGER orbital observa-
tions at Mercury” by Winslow et al. (4).

We make use of a catalog of ICME events observed by the
MESSENGER Magnetometer (19), in orbit around Mercury
from 2011 to 2014, to investigate interplanetary coronal mass
ejections (ICMEs) near 0.3 AU. For each of these ICMEs, the
most likely CME counterpart at the Sun was identified, by us-
ing SOHO/LASCO (17) and STEREO/SECCHI coronagraph
(12) observations. This allowed the inclusion in the ICME
catalog of the average transit speeds from the Sun to Mer-
cury; the CME launch times and approximate CME launch
speeds.
Using these information, we were able to compute PDBM
simulations for the 61 ICMEs in the catalog and to perform
a statistical study of the results. in Fig. 8, we plot the transit
time forecast against the actual transit time for each ICME in
the catalog. As always, PDBM forecast are associated with
an error estimation, represented by the 1σ error bar in the
plot. Also, we plotted as a blue shadowed area the region
were the match between forecast and reality is within the sta-
tistical errors due to the estimation of the CME launch pa-
rameters (time, position and velocity).
Apparently, the PDBM is performing extremely well for the
fast ICMEs, but it seems to be slightly biased towards fore-
casting in advance for the slower CMEs. A possible explana-
tion may be a systematic difference between CMEs faster or
slower than the Solar Wind. We are at present investigating
this hypothesis with hydrodynamic simulations, and larger
ICME datasets (e.g. 20).

Fig. 8. Dots with error bars are the forecast transit times versus observed transit
time of the ICMEs observed by the Messenger mission orbiting Mercury during
2011-2015. The dashed line shows the perfect match expectation, with the 1σ
travel time measure error zone shaded in blue.

Conclusions.

Can we forecast the arrival of ICMEs for the whole Helio-
sphere?
Yes, taking into account some limitations and coping with
measure errors.

It takes a relatively long time to obtain a single MHD or
even HD simuation of the propagation of an ICME into the
Heliosphere up to ∼10 or ∼100 AU. Also, the uncertainty
in the near-Sun boundary conditions, rather than model
physics or numerics, often results in large forecast errors. At
present, ensembles of ∼100 heliospheric model runs with
perturbed initial conditions are used to estimate the forecast
uncertainty, but it is not feasible to thoroughly explore
the high-dimensional parameter space with such models
considering distances much larger than 1 AU.

We presented in this display three case applications where
the PDBM obtained nice and promising results. The PDBM
employs a statistical approach for the computation of kine-
matic propagation of ICME, making use of PDFs to cope
with our lack of knowledge on CME or IMF parameters. It is
computationally inexpensive: it can estimate CME arrival at
a > 100 AU distant target using a large ensemble in seconds
on a laptop. Even for ICME impacting on Mercury, in most
of the cases a forecast could be available in time to upload a
particular instrumental configuration or to put the spacecraft
in safe mode.

Also, the PDBM could serve as an explorer, data-assimilation
model, since it could run ensembles of 104 to 106 simulations
to identify those promising regions of the parameter space to
be later investigated in more detail by the full MHD models
models.
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Supplementary Note 1: The Drag Based Model
The drag-based model relies on the hypothesis that all the interactions responsible for the launch of the CME cease in the upper
corona, and that, beyond a certain distance, the dynamics of ICME propagation are governed mainly by its interaction with the
ambient solar wind. The DBM considers such an interaction by means of a drag force analogous to that experienced by a body
immersed in a fluid. The idea of an MHD analogous "hydrodynamical" drag is supported by the observation that ICMEs which
are faster than the solar wind are decelerated, whereas those slower than the solar wind are accelerated by the ambient flow
(1, 2).
Following Cargill (3), we consider the relative speed dependence of the drag force in the radial direction:

Fd =−CdAρ(v−w)|v−w| (S1)

where v is the ICME radial speed and w that of the solar wind, A is the ICME cross-section, ρ is the solar wind density and Cd
is an dimensionless coefficient for the drag force. In a classical Newton’s law framework, this leads to a radial drag acceleration
in the form:

a=−γ(v−w)|v−w| (S2)

where γ is the so-called drag parameter which contains the information about the ICME shape, mass, and in general about the
effectiveness of the drag effect.
Considering the solar wind speed and the drag parameter as constants (which is a good approximation beyond 20−40R�. See
3, 4), equation (S2) can be solved explicitly, obtaining as functions of time the ICME speed:

v(t) = v0−w
1±γ(v0−w)t +w (S3)

and the heliospheric distance:

r(t) =± 1
γ

ln
[
1±γ(v0−w)t

]
+wt+ r0 (S4)

where the ± signs apply to the cases v0 > w and v0 < w, respectively, and r0 and v0 are the CME distance from the Sun and
velocity at the onset time t0. In this framework, the model needs four quantities, [r0,v0,w,γ], to compute the heliospheric
distance and velocity of the ICME at any t.
The shape of the ICME we are modeling corresponds to type A) in Fig.9 of Schwenn et al. (5), i.e. the front of the CME is a
section of a sphere concentric with the Sun.
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Supplementary Note 2: the Probabilistic Drag Based Model
As just stated, the DBM needs four quantities to be computed, namely [r0,v0,w,γ]. The first two quantities suffer from measure
errors, while the last two are, in general, unknown.
If we consider the measure errors to be described by Gaussian PDFs, and assume a priori PDFs for both w and γ, we can extend
the DBM into a probabilistic approach.
The Probabilistic drag-based model (P-DBM henceforth), is a Monte-Carlo evaluation of the time of arrival and the velocity of
the ICME at a chosen distance from the Sun, transforming the PDFs associated to the inputs into PDFs for the outputs, thus
generating best estimates and errors for both the time of arrival and the velocity. For each ICME whose r0 and v0 are measured,
we can generate N different [r0,v0,w,γ] initial conditions sets, randomly chosen from the relative PDFs, to compute via eqs.
(S3) and (S4) the transit time and the velocity at 1 AU, for example. This process generates the PDFs associated to t1AU and
v1AU , which can be used to estimate the ICME most probable time of arrival and velocity and their associated uncertainties at
1 AU.
Of course, the robustness of the results strongly depends on the validity of the assumptions, the realism of the PDFs, and on
a thorough exploration of the parameter space, i.e. how large is N . Given the simplicity of eq. (S3) and (S4) and the present
computing capabilities, N of the order of 104− 106 can be used to explore the parameter space and obtain nicely sampled
output PDFs in a matter of seconds (see examples in Fig. S4).

A. Probability Distribution Functions. The probability distributions used in the PDBM are derived from past data: a Log-
Normal PDF for the drag parameter, Gaussian PDFs associated to the measure errors for the CME initial position and velocity,
two different Gaussian PDFs for the solar wind, for the case of fast or slow solar wind (decided checking for coronal holes in
the proximity of the CME source). From the ICME arrival condition sets, we compute our best estimate and the associated

Fig. S1. Left: PDF adopted for the random generation of w in the PDBM, with the slow ω represented by a Gaussian PDF centered at
400km/s with σ = 33 km/s, and the fast ω represented by a Gaussian PDF centered at 600km/s with σ = 66 km/s. Right: PDF adopted
for the random generation of γ in the PDBM, modeled by a Log-Normal function with µ= −0.70 and σ = 1.01.

error for ICME time and velocity at arrival (see Fig. 1 as examples of output PDFS).

B. The Validation. To perform a validation of the PDBM, we employed the sample of CMEs from Shi et al. (6). That work
provides the travel times from the Sun to Earth, allow the estimation of the initial position and velocity and the associated errors
for 21 CMES. In some cases, the travel time had to be corrected, since the authors gave the arrival time of the shock preceding
the arrival of the ICME itself by a few hours. These values have been used to generate the r0 and v0 PDFs. For each CME the
same Log-Normal PDF has been used as in Napoletano et al. (7), while the w PDF has been chosen considering the slow or fast
solar wind condition measured at 1AU in the hours before the ICME arrival at Earth. From this data we were able to compute
the forecast travel times, the velocity at 1AU and their associated statistical (±1σ ) errors, of the ICMEs in the sample. In Fig. 1
we plot the comparison between the forecast travel times and the measured travel times. Following Shi et al. (6), we highlighted

2 | Supplementary Information Del Moro et al. | ICMEs for the whole Heliosphere



(in red in the plot) from the whole sample those CME who were likely to have undergone interactions with non-radial forces
(e.g.: a possible CME-CME interactions) and were therefore not suitable to be described by the PDBM. In the plot, we also
highlighted the perfect match zone, where the forecast and measured travel times are the same within the measure errors. For
10 out of 15 CME of the restricted sample, the absolute differences between measure and forecast travel time is smaller that the
forecast error, and the average value of this quantity for the sample is 8.5h.

Fig. S2. Dots with error bars are the observed transit times versus forecast transit times from the Shi et al. (6) dataset: in green the
restricted sample and in red the CMEs originally excluded from that sample. The dashed line shows the perfect match expectation,
with the 1σ travel time measure error zone shaded in blue.

Supplementary Note 3: PDBM real-time implementation
To highlight the capabilities of the PDBM for realtime application, we presented one case study (8), where we compared the
forecast provided by the PDBM fed by SOHO/LASCO data and a simple deprojection program with the measured ICME
characteristics at its arrival at Earth. Results and graphs from this case study are shown in Figg. S3 and S4. We stress that in
the realtime implementation, only information from SDO and SOHO is used to estimate the CME characteristics. This leads
to larger errors in the characteristics estimation than when using also information from STEREO, but it is a nice test of the
operational capabilities of the PDBM as forecast tool when STEREO data would not be available any more.

Real-time PDBM implementations at present time. PDBM is running in real-time in both IPS (https://ips.telespazio.com/
9, 10) and SWERTO (http://spaceweather.roma2.infn.it/ 11) Space Weather services. Under SWERTO, the ALICE (ALert for
Interplanetary Coronal mass Ejections - at present in beta testing) tool provides an email alert for the arrival of an ICME to
various targets in the Heliosphere, upon subscription.
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Fig. S3. Left: The 2018 February 12th CME as imaged by the LASCO C2 coronagraph on-board SOHO. The image shown is a contrast
enhanced difference of two images acquired few minutes apart. This allows the visualization of the CME front few hours after the onset
time. Right: Graphical output of the CME source finding algorithm. We visualize several characteristics of the CME over a SDO/AIA
0304 image of the Sun: the green arrow shows the CME POS angle, the yellow sector shows the angle subtended by the CME POS
width, the white boxes and the red dots shows the ARs and recent flare locations, respectively, taken into account to estimate the CME
onset location (shown as a black circle). The gray polygons show the position of coronal holes at the time of the CME onset.

Fig. S4. Left: Probability Density Function of t1AU computed from N=50000 realizations by the PDBM model for the 2018 February
12th CME. The vertical lines indicate the average travel time (≈80h) and the average±rms values (≈12h). Right: Probability Density
Function of v1AU computed from N=50000 realizations by the PDBM model for the 2018 February 12th CME. The vertical lines indicate
the average velocity (≈ 480km/s) and the average±rms values ( ≈80km/s).
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