JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 7?77, XXXX, DOI:10.1029/,

Ensemble forecasting of coronal mass ejections using the

WSA-ENLIL with Coned Model
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Abstract.

The combination of the Wang-Sheeley-Arge (WSA) coronal model, ENLIL

heliospherical model version 2.7, and Coned Model version 1.3 (WSA-ENLIL with Coned
Model) was employed to form ensemble forecasts for 15 halo-coronal mass ejections (CMEs).
The input parameter distributions were formed from 100 sets of CME cone parameters
derived from the Coned Model. The Coned Model used image processing along with the
bootstrap approach to automatically calculate cone parameter distributions from SOHO/LASCO
imagery based on techniques described by Pulkkinen et al. [2010]. The input parame-

ter distributions were used as input to WSA-ENLIL to calculate the temporal evolution

of the CMEs, which were analyzed to determine the propagation times to the L; La-
grangian point and the maximum K, indices due to the impact of the CMEs on the Earth’s
magnetosphere. The Newell et al. [2007] maximum K, index formula was employed to
calculate the maximum K, indices based on the predicted solar wind parameters near
Earth using two magnetic field orientations: completely southward magnetic field and
expected value for the clock-angle term in the Newell et al. [2007] maximum K, index
formula. The forecasts for 5 of the 15 events had accuracy such that the actual prop-
agation time was within the ensemble average plus or minus one standard deviation, and

8 of the 15 events had the actual propagation time within the range of the ensemble.

For the completely southward magnetic field assumption, 10 of the 15 events were fore-

cast with accuracy such that the actual maximum K, index was with the range of the
ensemble, and the forecasts for 9 of the 15 events contained the actual maximum K, in-
dex when using the expected value for the clock-angle term. The mean absolute fore-

cast errors were calculated to be 9.1 hours for the propagation time, 1.7 for the max-
imum K, index using the completely southward magnetic field, and 1.8 using the ex-

pected value of the clock-angle term.

1. Introduction

Coronal mass ejections (CMEs) are the cause of the most
severe geomagnetic storms [Gosling, 1993]. Geomagnetic
storms can cause a variety of problems at Earth including
radio wave propagation disruption [Tascione, 1994], degra-
dation of satellite performance [Afraimovich et al., 2003],
and disruption of electrical systems on the Earth’s surface
[Boteler et al., 1998]. For these reasons, the scientific com-
munity has a great interest in predicting the arrival times
and impacts of CMEs at Earth.

A number of models have been developed to estimate the
propagation time of CMEs. Some of the earlier models were
shock propagation models based on type Il meter wave burst
measurements, such as the Shock Time of Arrival (STOA)
model [Dryer, 1974] and the Interplanetary Shock Propa-
gation Model (ISPM) [Smith and Dryer, 1990]. Empirical
forecast models have been developed recently, including the
model developed by Gopalswamy et al. [2001] which treats
the CME as a kinematic object which experiences accelera-
tions or decelerations to match the ambient solar wind speed
at distances near 1 AU.

The most current and advanced method of forecasting
CMEs is based on numerically solving the magnetohydrody-
namic (MHD) equations governing the motion of the CME
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over time. ENLIL is a time-dependent three-dimensional
model which solves the MHD equations for plasma mass,
momentum, magnetic field, and energy density using a finite
difference approximation [Odstréil and Pizzo, 1999]. ENLIL
can accept the output of the Wang-Sheeley-Arge (WSA)
coronal model for use as the inner boundary condition in the
finite difference computations, which calculates the back-
ground solar wind solution and interplanetary magnetic field
(IMF) polarity based on solar magnetogram measurements
[Arge and Pizzo, 2000]. ENLIL can also accept the output
of the Cone Model to initialize the CME velocity, angular
width, and axis of propagation.

The Cone Model, developed by Zhao et al. [2002], as-
sumes that the CME has the shape of a cone with constant
angular width, propagates in a radial direction, and expe-
riences isotropic expansion. A technique to manually de-
termine the cone parameters from SOHO/LASCO imagery
was developed by Xie et al. [2004]. Previous analyses have
been completed using the analytic Cone Model along with
WSA-ENLIL to forecast the propagation times and impacts
of CMEs, and have showcased the effectiveness of the WSA-
ENLIL with Cone Model combination (e.g. Taktakishvilt

et al. [2009], Taktakishvili et al. [2010]).

The analytic Cone Model relies on a manual determi-
nation of the CME outer boundary from LASCO imagery.
The development of the Coned Model, an automated ver-
sion of the Cone Model, removed the user from the process
of manually determining the CME outer boundary [Pulkki-
nen et al., 2010]. The Coned Model uses image processing
to automatically determine the location of the CME mass
from a time-series of LASCO images, and then calculates
a distribution of possible cone parameters using the boot-
strap approach. The distribution of cone parameters allows
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for a dynamic quantification of the uncertainty of the cone
parameters based on LASCO imagery, which will vary for
each event.

The performance of the WSA-ENLIL with Coned Model
has been analyzed with the median values of the cone pa-
rameter distributions used as input for a single WSA-ENLIL
run. The Taktakishvili et al. [2011] analysis showed that the
analytic Cone Model and the Coned Model (automatic Cone
Model) had reasonable agreement in the forecasts with a
mean absolute propagation time forecast error of 6.9 hours
for the analytic Cone Model and 11.2 hours for the Coned
Model. The performance of the WSA-ENLIL with Coned
Model version 1.2 was analyzed by Falkenberg et al. [2011],
with the conclusion that the CME velocity and angular
width were underestimated by the Coned Model. Coned
Model version 1.3 is the most current version of the Coned
Model, and has included a modification in the optimization
routine to increase the CME velocity and width estimations
following the results of the Falkenberg et al. [2011] analysis.

With the production of the cone parameter distributions
from the Coned Model readily available, an ensemble fore-
cast can be calculated. The weather community has long
known of the improvement in forecast accuracy due to the
use of ensemble forecasting [Leith, 1974]. Ensemble fore-
casting also allows for a quantification of forecast uncer-
tainty based on uncertainty in the measurements of the ini-
tial conditions, which is impossible for single forecasts. This
quantification of forecast uncertainty could provide useful
information to operational forecasts of CMEs.

This analysis applied the ensemble forecasting technique
to 15 halo-CMEs using the WSA-ENLIL with Coned Model.
The ensembles were created from 100 sets of initial states
(cone parameters), derived from Coned Model version 1.3,
which were used as input to WSA-ENLIL version 2.7 to
obtain distributions of future states. The distributions of
future states were analyzed to produce distributions of prop-
agation time forecasts to the L; Lagrangian point and dis-
tributions of maximum K, index forecasts due to the impact
of the CME on the Earth’s magnetosphere.

2. Brief Description of WSA, ENLIL, and
Coned Model

In 2009, Pulkkinen et al. created the Coned Model,
which determines the cone parameters from a time-series of
LASCO C3 images automatically. The cone parameters are
composed of the radial velocity of the cone-front, the angu-
lar width of the cone, and the propagation axis (direction of
propagation) of the cone. The Coned Model uses image pro-
cessing to automatically determine the location of the CME
mass from LASCO imagery by filtering the image based on a
brightness threshold, which differentiates the brighter CME
mass location from the darker image background. The boot-
strap approach is used to determine the confidence inter-
vals for the calculated cone parameters by randomly select-
ing 300 points from the CME mass locations in the filtered
LASCO images, then calculating the best-fitting cone to the
randomly selected points. The process can be repeated any
number of times, to create a distribution of cone parameters
for the CME of interest.

The Wang-Sheely-Arge (WSA) model is an empirical
model used to calculate background solar wind speed and in-
terplanetary magnetic field polarity [Arge and Pizzo, 2000].
The model calculates the magnetic field between the solar
surface, based on synoptic magnetogram data, and a bound-
ary sphere where the magnetic field is assumed to be radial.
The solar wind speed at the boundary sphere is calculated
using an inverse relationship between the solar wind speed
and the magnetic expansion factor. WSA creates the inner
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boundary conditions for ENLIL, which controls the ambi-
ent solar wind conditions and IMF structure in the ENLIL
computations.

After the input parameters are obtained from the Coned
Model and the boundary conditions are obtained from the
WSA model, ENLIL approximates the time dependent so-
lution to the MHD equations governing the plasma from
21.5 solar radii to an appropriate outer boundary (1.1 AU
for analyzing the effects of a CME near Earth). ENLIL uti-
lizes a modified Total-Variational-Diminishing Lax-Friedrich
(TVDLF) finite difference scheme to approximate the solu-
tion to the partial differential MHD equations [Tdth and
Odstreil, 1996]. The current version of ENLIL assumes no
internal magnetic field structure to the CME, but allows
the propagation of the CME to distort the interplanetary
magnetic field structure.

3. Ensemble Forecasting

Formally, ensemble forecasting can be described by a
transition from a probability distribution of initial states,
p(Te|or), given a set of observations, o, to a probability dis-
tribution of future states, p(Tiy+|0¢):

p(Te++]0t) :/r(m+7|@t)p(m|at)(ﬁt, (1)

where v; is the initial state, U.4, is the future state,
7(Ue4+|U¢) is the transition probability associated with the
forecasting model, and the integral is a multiple integral
[DelSole, 2005]. For a deterministic model (a model which
provides the same result if run multiple times with the same
set of initial conditions), such as ENLIL, the transition prob-
ability can be described by a delta function.

The ensemble forecast distribution for a particular set of
observations can be calculated from the probability distribu-
tion of future states, which provides more information than
a traditional single forecast. The ensemble forecast distri-
bution can be statistically analyzed to obtain the mean or
median value of a particular parameter of interest, along
with the associated uncertainty of the value. The range of
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Figure 1. The solar wind dynamic pressure, velocity
and magnetic field magnitude at Earth calculated us-
ing WSA-ENLIL for the 29 Mar 2001 CME. The large
increase in dynamic pressure is associated with a large
increase in the first temporal derivative, and is indica-
tive of the CME arrival at Earth. This plot was cre-
ated using the Community Coordinated Modeling Cen-
ter’s (CCMC’s) on-line visualization tools (http://ccmc.
gsfc.nasa.gov/).
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the ensemble forecast distribution provides the range of pos-
sible outcomes for a given set of observations.

For this analysis, an ensemble forecast was calculated for
a total of 15 halo-CMEs using the WSA-ENLIL version 2.7
with Coned Model version 1.3. For each CME, the Coned
Model was used to sample 100 sets of initial conditions from
the probability distribution of initial states based on three
LASCO C3 images of the CME eruption with a temporal
spread of at least one hour between the first and the last
image. The 100 sets of initial conditions were then used as
input WSA-ENLIL to obtain the probability distributions
of future states, which were used to calculate the ensem-
ble forecast distributions. The ensemble forecasting process
used for this analysis can be summarized by

LASCO C3 Images — 0o — Coned Model — (2)
p(ﬁt|5t) —WSA—-ENLIL — p(ﬁt+f|6t).

Two parameters were calculated from p(U;-[0:) to obtain
the ensemble forecast distributions: the propagation time of
the CME to the L; Lagrangian point, and the maximum K,
index due to the CME impact on the Earth’s magnetosphere.
For this analysis, the resolution of the computational grid
used by ENLIL (r x 6 x ¢ = 160 x 30 x 90) placed the
L; Lagrangian point and Earth in the same sector, so the
computed propagation time to Earth was the same as the
computed propagation time to the L; Lagrangian point.

The arrival time of the CME at Earth was selected to be
the time at which the first temporal derivative of the so-
lar wind dynamic pressure at Earth, calculated from ENLIL
output, experienced a large increase in magnitude (Figure
1). The arrival time could also be considered to be the
time at which the second temporal derivative of the dynamic
pressure was a maximum. To ensure that the arrival times
calculated by the first derivative were not falsely triggered,
the arrival times calculated by the first derivative were com-
pared to the arrival times calculated by the maximum sec-
ond derivative, and they were found to be in good agreement
(results not shown).

The maximum K, indices were found using the Newell
et al. [2007] maximum K, formula:

K, = 0.0002947 (@dfp) +1 (3)

= 0.0002947 (1)4/ 8B sin®/? (6. /2}) +1,

where d®yp/dt is the solar wind-magnetosphere coupling
function, v is the speed (km/s) at which the interplanetary
magnetic field (IMF) lines approach the magnetopause and
can be approximated by the solar wind speed, Br is the
magnitude of the IMF (nT'), and 6. is the IMF clock angle
defined by 6. = arctan(B,/B.). The magnetic field orien-
tation of the CME “cloud” was not available from ENLIL,
so two magnetic field orientations were assumed and ana-
lyzed: First, the magnetic field was assumed to be com-
pletely southward (0. = ), in order to calculate the worst-
case scenario. Second, the expected value of the clock-angle
term in the Newell et al. [2007] formula was used, assuming
the magnetic field clock-angle was randomly oriented with
a uniform distribution. For a randomly oriented clock an-
gle with a uniform distribution, the expected value of the
clock-angle term was calculated to be

2m
<sin8/3 (%)> = %/ sin®/3 (%) df. ~ 0.45. (4)
0

The K, indices were rounded to the nearest integer value.
Also, the K, index has a maximum value of nine, so any cal-
culations of the maximum K, index using the Newell et al.
[2007] formula exceeding nine were limited to nine.

Eight of the CMEs studied in this analysis were selected
from the Taktakishvili et al. [2011] analysis, based on CMEs
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which caused particularly large geomagnetic storms. The
other seven CMEs were selected based on the fact that they
had a maximum K, of less than eight, and that there were
no other halo-CMEs within plus or minus two days from the
eruption day of the CME. The selected CMEs were required
to have clear LASCO C3 images to run the Coned Model,
and clear ACE data to determine the actual arrival times of
the CMEs at the L; Lagrangian point. The CMEs were also
selected with a large variety of associated solar flare loca-
tions in order to analyze the performance of the model with
CMEs initiated from a variety of locations.

The calculated propagation times were compared to the
actual propagation times derived from ACE measurements,
with 10 minute resolution. The actual arrival times cal-
culated directly from ACE data were compared to the ar-
rival times logged in the National Oceanic and Atmospheric
Administration (NOAA) Space Weather Prediction Center’s
(SWPC) historical weekly reports (http://www.swpc.noaa.
gov/ftpmenu/warehouse.html) to ensure consistency.
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Figure 2. The cone parameter distributions, derived
from the Coned Model, for the 29 Mar 2001 CME (event
4). The count number is the number of times a cone pa-
rameter was within the range of a bin, for the 100 sets of
cone parameters.
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Figure 3. The cone parameters and propagation time
forecasts for each of the 100 sets of parameters composing
the ensemble for the 29 Mar 2001 CME (event 4). Each
set of cone parameters maps to a propagation time, which
shows the relationship between the cone parameters and
the ensemble forecast.



EMMONS ET AL. :

ENSEMBLE CME FORECASTING

Table 1. The start date and times, actual propagation times as measured by ACE, actual maximum Ky, indices,
and the locations of the associated solar flares for the 15 CMEs analyzed. The CMEs were also labeled with an

event number for quick reference.

propagation associated
event CME start date CME start time to maximum solar flare
number (YYYYMMDD) time (UT) ACE (HH:MM) Kp location
1 19990503 06:06 56:50 3 N15E32
2 20000404 16:32 47:30 9 N16W66
3 20000714 10:54 27:20 9 N22W07
4 20010329 10:26 37:50 9 N20W19
5 20010410 5:30 33:50 8 S23W09
6 20010924 10:30 33:30 7 S16E23
7 20011009 11:30 52:45 6 S28E08
8 20011104 16:35 32:40 9 NO6W18
9 20011117 05:30 60:00 4 S13E42
10 20031028 11:30 18:20 9 S16E08
11 20031029 20:54 19:50 9 S15W02
12 20040720 13:31 44:20 7 N10E35
13 20041106 02:06 39:40 9 NO7E00
14 20041203 00:26 54:20 4 NO09E03
15 20100403 10:34 45:15 8 S25E00
The calculated maximum K, indices were compared to 20 T
the actual ground-based maximum K, values, with integer _ S
resolution. The actual maximum K, indices were found us- g S
ing NASA’s OMNIWeb database (http://omniweb.gsfc. ° g
nasa.gov/form/dx1.html). The solar flare locations were s 2
derived from the NOAA/SWPC historical solar events re- T g
ports, which provided the approximate locations of the CME -
eruptions. The measured values for the actual propagation -30 bt
times, maximum K, indices, and locations of the associated 2 4 6 8101214 2 46 8101214
solar flares are displayed in Table 1. Event Event
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(event 4) are displayed in this section as an example of the § 1600 5
results obtained for each of the events analyzed. For the £ 1200 =
800 B
2 4 6 8 1012 14 2 4 6 8 1012 14

expécted clockfangle —
southward IMF
actual «weeeeees

Counts

Maximum K|

P

avg+stdev
avg-stdev

Counts

25 30 35 40 45 50 55 60
Propagation Time (hours)

Figure 4. The maximum K, index and propagation
time distributions, for the 29 Mar 2001 CME (event 4).
The count number is the number of times a cone pa-
rameter was within the range of a bin, for the 100 sets
of results derived from the 100 sets of cone parameters.
The “southward IMF” describes the maximum K, index
calculations using a completely southward magnetic field,
and the “expected clock-angle” describes the calculations
using the expected value for the clock angle term in the
Newell et al. [2007] formula.

Event Event

Figure 5. The averages and standard deviations of the
cone parameter distributions, derived from Coned Model
version 1.3, for each event. The Coned Model used three
LASCO C3 images of the CME eruption to develop the
distributions of cone parameters, for each CME.

29 Mar 2001 CME, the ensemble produced by the Coned
Model had an average velocity of 1444.3 km/s with a stan-
dard deviation of 304.9 km/s (Figure 2). The angular width
ensemble had an average of 53.8° with a standard deviation
of 10.3°. The propagation axis latitude ensemble had an
average of —0.1° with a standard deviation of 0.3°. The
propagation axis longitude ensemble had an average of 0.0°
with a standard deviation of 0.2°.

Each of the 100 sets of cone parameters mapped to a sep-
arate forecast (Figure 3). The set of 100 forecasts created by
the 100 sets of cone parameters formed the ensemble forecast
(Figure 4). The ensemble forecast was analyzed to obtain
a single forecast along with the uncertainty in the forecast
(width of the ensemble). The average of the propagation
time ensemble was used as the single forecast for the prop-
agation time, and the median of the maximum K, index
ensemble was used as the single forecast for the maximum
Kp index (the rounded average was the same as the median



EMMONS ET AL. :

for all events). The standard deviations and ranges were
used to describe the width of the ensembles.

For the 29 Mar 2001 CME, the average of the propagation
time ensemble was 36.4 hours with a standard deviation of
5.8 hours. With an actual propagation time of 37.8 hours,
the absolute forecast error was 1.5 hours. Using the com-
pletely southward magnetic field assumption, the median of
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Figure 6. The Coned Model average velocities versus
the LASCO first-order POS velocities, with the event
number as the label and the standard deviations of the
ensembles as the error bars. The two methods of calcu-
lating the CME velocities were strongly correlated, with
the Coned Model velocities 156.2 km/s faster than the
LASCO first-order POS velocities, on average.
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the maximum K, ensemble was calculated to be 9, with a
range of 2 (the standard deviation was 0.2, which was too
small to represent the uncertainty for the integer resolution
used for the Kp). Using the expected value for the clock-
angle term in the Newell et al. [2007] maximum K, formula,
the ensemble median was 7, with a range of 4. The actual
maximum K, index was 9, which indicated that the com-
pletely southward magnetic field predicted the magnitude
perfectly, while using the expected value for the clock-angle
term underestimated the magnitude by 2.

5. Results: Cone Parameters

The cone parameter distribution widths, for the 15
CMEs, were averaged to obtain a measure of the cone pa-
rameter uncertainty derived from LASCO imagery via the
Coned Model. The average of the standard deviations were
323.6 km/s for the velocity ensembles, 9.1° for the angular
width ensembles, 1.0° for the latitude ensembles, and 1.3°
for the longitude ensembles (Figure 5). The average of the
ranges were 1615.0 km/s for the velocity ensembles, 45.0°
for the angular width ensembles, 4.0° for the latitude ensem-
bles, and 4.0° for the longitude ensembles. This indicated
that the width of the propagation axis ensembles tended to
be more narrow than the velocity and angular width ensem-
bles.

The averages of the Coned Model velocity distributions
displayed a strong positive correlation with the LASCO first-
order plane of sky (POS) velocities (Figure 6). The LASCO
first-order POS velocities were the first-order (linear) fits to
the leading edge of the CMEs in the POS from LASCO im-
agery (http://cdaw.gsfc.nasa.gov/CME_list/), and pro-
vided an estimate of the two-dimensional POS velocity of the
CMEs. The average difference between the Coned Model
average velocities and the LASCO first-order POS veloci-
ties was 156.2 km/s, which indicated that the Coned Model
velocities tended to be faster than the LASCO first-order
POS velocities. This was consistent with the fact that the
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X-6 EMMONS ET AL. :

Coned Model predicted the radial (three-dimensional) veloc-
ity, while the LASCO first-order POS velocity was a measure
of the two-dimensional POS velocity.

Relative to the locations of the associated solar flares, the
Coned Model tended to push the propagation axis of the
CMEs towards the Sun-Earth line (Figure 7). The Coned
Model calculated propagation axes with average latitude or
longitude magnitudes greater than 10° for only 4 of the 15
CMEs. While the location of the associated solar flare is not
necessarily an indicator of the direction of the CME prop-
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Figure 9. The averages and ranges of the ensemble

propagation times versus the actual propagation times,
with the event number as the label. The actual propaga-
tion time was within the ensemble range for 8 of the 15
events.
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agation, 13 of the 15 associated solar flare locations were
located elsewhere on the disk than between £10° for either
latitude or longitude.

6. Results: Propagation Time

The ensemble forecasts predicted 5 of the 15 propagation
times with accuracy such that the actual propagation time
was within the average plus or minus one standard devia-
tion (Figure 8). All 5 of these CMEs had actual propaga-
tion times between 30 and 46 hours. Only 2 of the 7 CMEs
with actual propagation times between 30 and 46 hours were
not accurate enough to predict the actual propagation time
within the average plus or minus one standard deviation.

The actual propagation time for 8 of the 15 ensemble fore-
casts were within of the range of the ensemble distribution
(Figure 9). Of the 8 forecasts, 7 were for CMEs with actual
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Figure 11. The cone parameters and propagation time
forecasts for each of the 100 sets of parameters compos-
ing the ensemble for event 1 (3 May 1999 CME). The
inverse relationship between the magnitude of the prop-
agation axis angles (latitude/longitude) and the velocity
is apparent.
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Figure 10. The propagation time forecast error ver- Figure 12. The median and range of the maximum

sus the actual propagation time, with the error bars as
one standard deviation and the labels as the event num-
ber. The forecasts for the events with actual propagation
times between 27 and 46 hours were the most accurate,
while the largest forecast errors were for the events with
actual propagation times greater than 46 hours.

Kp, per event, using both the expected value for the
clock-angle term in the Newell et al. [2007] formula (top)
and assuming the magnetic field is completely southward
(bottom). The points with error bars are from the en-
semble forecasts, and the bars are the actual maximum
K} indices.
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propagation times between 30 and 46 hours, and the remain-
ing forecast was for a CME with an actual propagation time
around 53 hours. All 7 of the CMEs analyzed with actual
propagation times between 30 and 46 hours were accurate
enough to predict the actual propagation time inside of the
range of the ensemble.

The average of the ensemble standard deviations was cal-
culated to be 4.6 hours, with a standard deviation of 0.7
hours. This quantification of the propagation time uncer-
tainty was based strictly on the uncertainty in the initial
conditions calculated from LASCO imagery of the CMEs
of interest. Another measure of the propagation time un-
certainty was the range of the ensembles, which were aver-
aged to obtain 22.2 hours, with a standard deviation of 5.2
hours. While this was too large of an uncertainty to be use-
ful for operational forecasts, it was an important metric to
analyze the overall performance of the ensemble forecasting
technique. The quantification of the uncertainty provided
an estimate of the widths of the ensembles, and was not a
measure of the forecast error.

The forecast error for the propagation time was defined
as the ensemble average minus the actual propagation time.
The ensemble forecasts for the 8 events with actual propa-
gation times between 27 hours and 46 hours were the most
accurate of the 15 forecasts, with all of the absolute forecast
errors less than 8 hours (Figure 10). The forecast errors for
the two fast CMEs, events 10 and 11 (28 and 29 Oct 2003
CMEs), were around 9 hours indicating that the CME ve-
locities were underestimated. The absolute forecast errors
for events with actual propagation times less than 46 hours
were less than 10 hours, while the absolute forecast errors
for events with actual propagation times greater than 46
hours were all greater than 10 hours.

The forecast error for the slow CMEs, with actual prop-
agation times over 46 hours, were all less than -10 hours.
This indicated that the ensemble forecasts greatly underes-
timated the propagation times of the slower CMEs. For the
events with actual propagation times greater than 50 hours,
the absolute forecast error increased as the actual propaga-
tion time increased. The slowest event (event 9), had an
actual propagation time of 60.0 hours and a forecast error
of -25 hours.
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Figure 13. The median and range of the maximum K,
index ensemble using the completely southward magnetic
field assumption, along with the average and standard
deviation of the propagation time, per event, for the 15
CMEs. The ensemble forecasts and uncertainties are the
points with the error bars, and the bars are the actual
values. The events with the largest propagation time er-
rors also had the largest maximum K, errors, which was
due to overestimations of the CME velocities.
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The large forecasting errors for the slower CMEs were
most likely due to the combination of velocity overestima-
tions and misrepresentations of the propagation axis orien-
tations. The Coned Model tended to push the propagation
axes towards the Sun-Earth line, which may not have been
an accurate representation for all of the actual propagation
axes (STEREO data was only available for event 15, so it
could not be used to determine the actual propagation axes).
The optimization routine used by the Coned Model to cal-
culate the cone parameters forced the CME velocity to have
an inverse relationship to the magnitude of the propaga-
tion axis angles (latitude/longitude) and the angular width.
This relationship is apparent from Figure 11, where cone
parameters and propagation times for each of the 100 sets
of parameters composing the ensemble are displayed sep-
arately, for event 1 (3 May 1999 CME). The sets of cone
parameters with the largest magnitudes for the propagation
axis angles also had the slowest velocities, and therefore the
greatest propagation times. For the slower events, the se-
lection of propagation axis angles close to the Sun-Earth
line forced the selection of faster velocities, which resulted
in underestimated propagation times.

The mean absolute forecast error, for the 15 CMEs, was
calculated to be 9.1 hours with a standard deviation of 7.1
hours. This mean absolute forecast error was greater than
the mean absolute error of 6.9 hours found by Taktakishvili
et al. [2011] using single ENLIL runs with the analytical
Cone Model, but was less than the 11.2 hour mean absolute
error found by Taktakishvili et al. [2011] using single ENLIL
runs with the median values of the cone parameters derived
from the Coned Model. It must be noted that the Taktak-
ishvili et al. [2011] analysis did not use the same set of events
as this analysis, so the results are not directly comparable.

7. Results: Maximum K, Index

7.1. Completely Southward Magnetic Field

The ensemble forecast tended to overestimate the magni-
tude of the impacts of the CMEs by forecasting a maximum
Kp of 9 for all 15 CMEs using the completely southward
magnetic field assumption (Figure 12). Of the 15 CMEs, 7
had an actual maximum K; of 9, and 3 had an actual maxi-
mum K, less than 5. Therefore, 7 of the CME impacts were
forecast perfectly, and 3 were greatly overestimated. The
ensemble forecasts for 10 of the 15 CMEs had accuracy such
that the actual maximum K, was within the range of the
ensemble. Of the 8 events with actual maximum K, indices
less than 9, 3 forecasts contained the actual maximum K,
inside of the range of the ensemble.

The average of the ensemble ranges was calculated to be
0.7 with a standard deviation of 1.3. The ensemble ranges
were zero for all but 4 events, which was due to the overes-
timation of the maximum K, values and the fact that any
maximum K, calculation exceeding 9 was limited to 9. For
the events with non-zero uncertainties, the average of the
ensemble ranges was calculated to be 2.8. This provided a
quantification of the uncertainty in the maximum K, calcu-
lations, and was not a measure of the forecast error.

The forecast error for the maximum K, was defined as the
ensemble median minus the actual maximum K. The mean
absolute forecast error, for all 15 events, was calculated to
be 1.7 with a standard deviation of 2.1. The mean abso-
lute forecast error for the 7 events with actual maximum K,
indices equal to 9 was 0.0, and the mean absolute forecast
error for the 8 events with actual maximum K, indices less
than 9 was 3.1.

The maximum Kj, is displayed along with the propagation
time, per event, in Figure 13. The events with the largest
propagation time errors also had the largest maximum K,
errors. This was due to overestimations of the CME veloc-
ities for these particular events, which forecast the arrival
times too early, and the maximum K, indices too large.
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7.2. Expected Value for Clock-Angle Term

Using the expected value for the clock-angle term, the en-
semble forecasts no longer predicted a maximum K, of 9 for
all of the events (Figure 12). The forecasts for 9 of the 15
events had accuracy such that the actual maximum K, was
within the range of the ensemble. The forecasts for 4 of the
8 events with actual maximum K indices less than 9 had
the actual maximum K, within the range of the ensemble,
which was slightly better than the 3 of 8 for the completely
southward magnetic field forecasts. But, the forecasts us-
ing the expected value for the clock-angle term tended to
underestimate the maximum K, indices for the events with
actual maximum K, indices of 9.

For the 15 CMEs, the average of the ensemble ranges was
calculated to be 1.5 with a standard deviation of 1.4. The
range was zero for 4 of the events, compared to 11 events for
the completely southward magnetic field forecasts. For the
events with non-zero uncertainties, the average of the en-
semble ranges was calculated to be 2.0, which was slightly
less than the 2.8 calculated using the completely southward
magnetic field forecasts.

The mean absolute forecast error for the 15 CMEs was
calculated to be 1.8, which was slightly larger than the 1.7
calculated using the completely southward magnetic field
forecasts. The mean absolute forecast error for the events
with actual maximum K, indices of 9 was 0.7, which was
greater than the 0.0 for the completely southward magnetic
field forecasts. The mean absolute forecast error for the
events with actual maximum K, indices less than 9 was 2.8,
which was less than the 3.1 for the completely southward
magnetic field forecasts. This indicated that the forecasts
completed using the expected value for the clock-angle term
were less accurate than the forecasts completed using a com-
pletely southward magnetic field for the events with actual
maximum K, indices of 9, but were more accurate for the
events with actual maximum K indices less than 9.

The maximum K, forecasts for 8 of the 15 events were
lowered by using the expected value for the clock-angle term,
compared to the completely southward magnetic field fore-
casts. The forecasts were underestimated for 6 of the events,
and 4 of the events were overestimated (events 1, 7, 9 and
14). The forecasts which were overestimated corresponded
to the slower events where the velocities were greatly over-
estimated.

8. Conclusions

Ensemble forecasts were produced for 15 halo-CMEs us-
ing the WSA-ENLIL version 2.7 with Coned Model version
1.3. The ensemble forecasts consisted of the propagation
times to the Ly Lagrangian point and the associated max-
imum K, indices due to the impact of the CMEs on the
Earth’s magnetosphere. The 100 sets of cone parameters
were derived from LASCO C3 imagery via the Coned Model,
and were used as input to WSA-ENLIL to calculate the
propagation times and maximum K, indices. The ensemble
forecasts were compared to the actual propagation times and
maximum K, indices to test the accuracy of the ensemble
forecasting approach.

The propagation time ensemble forecasts estimated 5 of
15 events with accuracy such that the actual propagation
time was within the ensemble average plus or minus the en-
semble standard deviation. All 5 of the events had actual
propagation times between 30 and 46 hours. 8 of 15 events
were forecast with accuracy such that the actual propaga-
tion time was within the range of the ensemble.

The mean absolute forecast error, for the 15 CMEs, was
calculated to be 9.1 hours. This was greater than the mean
absolute forecast error of 6.9 hours calculated for the an-
alytic Cone Model by Taktakishvili et al. [2011], but less
than the mean absolute forecast error of 11.2 hours calcu-
lated for the automatic Cone Model (Coned Model) using
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the median values of the cone parameter distributions as
the cone parameters for a single ENLIL run by Taktakishvili
et al. [2011].

Perhaps the most important result of this analysis was
the dynamic quantification of the forecast uncertainty de-
rived strictly from measurements (LASCO imagery) of the
particular CME of interest. The average of the standard de-
viations of the propagation time ensembles was calculated to
be 4.6 hours, and the average of the ranges was calculated
to be 22.2 hours. While these values were not a measure
of the forecast accuracy, they did provide a measure of the
uncertainty in the forecasts based on the uncertainty in the
measurements of the initial conditions, and would provide
useful information to operational forecasts of CMEs.

The maximum K, indices were calculated using the maxi-
mum K, index formula created by Newell et al. [2007]. With
no magnetic field information available inside of the CME
“cloud” from ENLIL, two separate forecasts were created us-
ing two different assumptions regarding the magnetic field of
the CME. First, the magnetic field was assumed to be com-
pletely southward to develop a worst case scenario. Then,
to develop a less-conservative forecast, the expected value of
the clock-angle term in the Newell et al. [2007] formula was
used, assuming a randomly oriented magnetic field with a
uniform distribution.

For the forecasts using the completely southward mag-
netic field, the ensemble forecast predicted maximum K
indices of 9 for all events, which was an overestimation for
many of the events. 10 of the 15 events were forecast with ac-
curacy such that the actual maximum K, index was within
the range of the ensemble forecast. The mean absolute fore-
cast error was calculated to be 1.7, and the average of the
ensemble ranges was 0.74. Many of the forecasts had non-
zero uncertainties due to the overestimation of impacts using
the completely southward magnetic field assumption.

Using the expected value for the clock-angle term in the
Newell et al. [2007] maximum K, index formula lowered the
forecasts such that 9 was not predicted for every event, and
9 of the 15 events were forecast with accuracy such that
the actual maximum K, index was within the range of the
ensemble. The mean absolute forecast error was calculated
to be 1.8, and the average of the ensemble ranges was 1.5.
The forecasts created using the expected value for the clock-
angle term were more accurate than the forecasts created
assuming the magnetic field was completely southward for
the events with actual maximum K indices less than 9, but
were less accurate for the events with actual maximum K,
indices of 9.

The next step in ensemble forecasting of CMEs using the
WSA-ENLIL with Coned Model will be to update the Coned
Model to allow for the location of the CME eruption (asso-
ciated solar flare location) as well as any propagation in-
formation derived from STEREO to be taken into account
when calculating the cone parameters. This analysis showed
that the Coned Model tends to push the propagation axes
of CMEs towards the Sun-Earth line, which may not always
correspond to reality. An improvement in the direction of
propagation should also improve the accuracy of the velocity
estimations due to the fact that the cone parameters calcu-
lated by the Coned Model are interdependent. The next
version of ENLIL will allow for an internal magnetic field
structure in the CME “cloud”, which may help to improve
the maximum K, forecasts by improving the magnetic field
magnitude estimates.
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