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Application of a new phenomenological coronal
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[1] Recent work by the authors has produced a new phenomenological model for coronal mass
ejections (CMEs). This model, called the Tappin‐Howard (TH) Model, takes advantage of the
breakdown of geometrical linearity when CMEs are observed by white‐light imagers at large
distances from the Sun. The model extracts 3‐D structure and kinematic information on the
CME using heliospheric image data. This can estimate arrival times of the CME at 1 AU and
impact likelihood with the Earth. Hence the model can be used for space weather forecasting.
We present a preliminary evaluation of this potential with three mock trial forecasts performed
using the TH Model. These are already‐studied events from 2003, 2004 and 2007 but we performed
the trials assuming that they were observed for the first time. The earliest prediction was made
17 hours before impact and predicted arrival times reached differences within one hour for at
least one forecast for all three events. The most accurate predicted arrival time was 15 min
from the actual, and all three events reach accuracies of the order of 30 min. Arrival speeds
were predicted to be very similar to the bulk plasma speed within the CME near 1 AU for each
event, with the largest difference around 300 km/s and the least 40 km/s. The model showed
great potential and we aspire to fully validate it for integration with existing tools for space
weather forecasting.

Citation: Howard, T. A., and S. J. Tappin (2010), Application of a new phenomenological coronal mass ejection model
to space weather forecasting, Space Weather, 8, S07004, doi:10.1029/2009SW000531.

1. Introduction
[2] The most severe space weather effects, called

(geo)magnetic storms have long been known to cause a
number of deleterious technological effects at Earth. Such
effects include spacecraft damage and orbit degradation,
increase of radiation dosage to aircraft staff and passengers
and astronauts, and damage to power lines and power sta-
tions. The importance of addressing the problems regard-
ing space weather on Earth has been reported in a recent
National Academies Workshop on the topic [Baker et al.,
2009].
[3] Severe space weather effects are caused by coronal

mass ejections (CMEs) which are large eruptions of mag-
netic field and plasma from the Sun. They often contain
masses in excess of 1013 kg and close to the Sun they may
achieve speeds greater than 3000 km s−1. Statistical studies
of CMEs and their properties can be found in the work by
Hundhausen et al. [1994], St. Cyr et al. [2000] and Yashiro et al.

[2004]. CMEs are typically observed in white light using
coronagraphs such as LASCO on board the SOHO space-
craft [Brueckner et al., 1995] and with heliospheric imagers
such as SMEI on board Coriolis [Eyles et al., 2003] and the
HIs on board STEREO [Eyles et al., 2009].
[4] Upon their occasional impact with the Earth CMEs

may compress the magnetosphere, allowing the cusp region
to move equatorward and the polar caps to grow. If the
magnetic orientation of a CME is southward, magnetic
reconnection allows the injection of large concentrations
of energetic particles into the magnetosphere, which may
result in an intensification of the ring current [Dungey,
1963]. The two most important properties governing space
weather are hence the ram pressure exerted on the mag-
netosphere by the CME (which is related to its speed and
density) and the orientation of its magnetic field.
[5] Contemporary efforts regarding such space weather

forecasting are based on models that impose the physics
of CME evolution on an erupting structure, often using
near‐Sun empirical data such as coronagraph CME prop-
erties, solar flares or CME‐related radio bursts. Evolution-
ary physics imposed on CMEs varies from aerodynamics
[Cargill, 2004; Tappin, 2006] to shock mechanics [Hakamada
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and Akasofu, 1982; Fry et al., 2001] to ejecta inclusion [Chen,
1996; Odstrcil et al., 2003].

2. Improving Prediction Times
[6] Webb et al. [2009] present a summary of the accura-

cies of various CME Earth arrival time prediction techni-
ques including those using some of the physical evolution
models (their Section 4.2.1). The most accurate predicted
arrival time cited was ±11 hours from the ISPM magne-
tohydrodynamic model [Smith and Dryer, 1995]. Recent years
have seen little progress in improving CME arrival time
prediction accuracy.
[7] One reason for this lack of progress could be that

CME evolution models couple two separate problems asso-
ciated with CME measurement.
[8] 1. The physics describing the appearance of the

CME;
[9] 2. The physics describing the evolution of the CME.
[10] The former is governed by the geometry and the

laws of Thomson scattering by which white light CMEs
are observed. The latter applies predetermined assump-
tions of CME evolution through the heliosphere and then
modifies boundary conditions (often in an ad hoc fashion)
to fit new data sets as they become available. The coupling
of these two problems means that if either of the assump-
tions are incorrect or inaccurate, then an inaccurate pre-
diction of CME trajectory can easily result. This may arise
from the boundary conditions obtained from secondary
phenomena (such as solar flares or radio bursts) or para-
meters derived from sky plane projected images of CMEs.
Further inaccuracies appear if the physical assumptions
for evolution are incorrect or lacking. Hence it seems rea-
sonable to state that if the two problems can be decoupled
then more accurate descriptions of CME trajectory may
result. In other words, if the CME structure and kine-
matics could be described using only the physics describ-
ing its appearance, then these parameters could be derived
from the data alone without the need to apply the physics
describing its evolution. The result could lead to (among
other things) more accurate CME impact probability, speed
and arrival time forecasting.
[11] It is not possible to extract three‐dimensional (3‐D)

properties from single‐viewpoint white light images alone
when observing close to the Sun (within around 15° elonga-

tion). This is because the geometry and Thomson scattering
physics near the Sun impose linearity. So the assumptions
we can apply to simplify geometrical measurements of
coronagraph CMEs near the Sun also restrict our ability
to extract 3‐D information. When white light CMEs are
observed at farther distances from the Sun such as with
heliospheric imagers, the linearity assumption breaks down
and a more complex treatment needs to be applied in
order to consider the effects of geometry and Thomson
scattering. While the analysis becomes more complex, the
advantage is that 3‐D information becomes available in
white light images of CMEs at large distances that is not
available when they are close to the Sun. Hence it is
possible to extract 3‐D kinematic and structural properties
of a CME using white light images alone, provided the
CME is a large distance from the Sun. Table 1 shows the
assumptions that can be applied for CMEs at various
elongations.
[12] The utility of heliospheric image data to investigate

space weather and estimate CME arrival time at the Earth
was first attempted by Howard et al. [2006b], using SMEI
data. They predicted the arrival times of a number of CMEs
at the Earth and compared them with the actual arrival
times of the associated interplanetary shocks at ACE. The
difference between predicted and actual arrival times was
on average around 11.5 hours, but the difference was within
2 hours for two events. Webb et al. [2006] discussed the
geoeffectiveness of Earth‐directed CMEs and found that of
the 14 geomagnetic storms, 10 were associated with SMEI
CMEs, with first detection just under 30 hours before the
storm on average. Another study reported in the same
paper revealed 39 out of 46 SMEI event related storms
with first detection within 2 days prior to storm onset.
Webb et al. [2009] studied some 14 geoeffective CMEs using
SMEI and found predicted arrival times with accuracies
around 10.5 hours (RMS) which was found to be marginally
more accurate than any of the other compared prediction
methods. Geoeffective CMEs have also been studied using
the Heliospheric Imagers (HIs) on board STEREO. Such
studies include Harrison et al. [2008] and Davis et al. [2009]
but to the authors’ knowledge no space weather survey
involving STEREO CMEs has yet been published.
[13] The studies discussed in the previous paragraph

show that heliospheric image data alone can be used to
predict CME arrival times with accuracies better than cur-
rent space weather forecasting models, but at the cost of
later detection and forecast time. Those studies were con-
ducted with relatively simple assumptions of CME struc-
ture and trajectory, with Point P assuming a basic spherical
arc and Fixed‐Phi assuming a single‐point CME. Lugaz
et al. [2009] present a comparison of the two techniques
for a single event observed in January 2007. It seems likely
that a more complex application of the physics responsible
for the appearance of the CME will lead to more accurate
predictions of arrival time at the Earth.
[14] This paper reports on a preliminary study involv-

ing the application of a newly developed phenomeno-
logical CME model for space weather forecasting. This new

Table 1. Assumptions That Can Be Applied to CMEs When
They Are at Various Distances From the Suna

Elongation
(approx.) Assumption Reference

" < 15° Point P + small ff
15 ≤ " ≤ 30° Point P Houminer and Hewish [1972]
30 ≤ " ≤ 45° Fixed Phi Kahler and Webb [2007]
" > 45° TH Model Howard and Tappin [2009a]

aDistances here are measured in units of elongation " where 0°
indicates the location of the Sun and 90° is the observer plane.
These are accompanied by an appropriate reference.
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technique, called the TH Model, combines the physics of
Thomson scattering at large distances with geometry to
reconstruct the structure and trajectory of CMEs using
heliospheric image data alone. We have staged three mock
forecasts on previously studied geoeffective CMEs in order
to ascertain its potential speed and accuracy. We find great
potential for the utility of this model and justify further vali-
dation for space weather forecasting.

3. TH Model
[15] The Tappin‐Howard (TH) Model is a phenomeno-

logical CME reconstruction tool based on leading edge
measurements from white light heliospheric images. It does
not attempt to reproduce the density structure of the CME,
only its leading edge. Other techniques exist that attempt
density reconstruction, such as the tomographic model of
Jackson [Jackson and Froehling, 1995; Jackson et al., 2006], but
these take a long time to perform and can not currently be
used for space weather forecasting. The TH Model is a
high‐speed alternative to complete density reconstruction,
based on the assumption that we only require the leading
edge of the CME to gain a good estimate of the arrival
time and speed at the Earth.
[16] The model works by comparing simulated leading

edges for CMEs of various size, structure and propagation
properties with actual leading edge measurements obtained
directly from white light images. The development and
application of the model have been discussed in a series
of three papers in Space Science Reviews. The first part of
the series [Howard and Tappin, 2009a] establishes the the-
oretical groundwork for the model while the second part
[Tappin and Howard, 2009] discusses the model itself and
its application to white light SMEI data. In the third and
final part, Howard and Tappin [2009b] extend the model
to accommodate STEREO data and apply it to an event
observed by SMEI and STEREO. These papers discuss
the first version of the model (hereafter referred to as
Version 1) but an improved version (Version 2) has since
been developed.

3.1. Version 1
[17] Version 1 began with two base structures that were

modified to simulate the CMEs. These were a spherical
bubble with one end at the Sun and the diameter aligned
along the direction of propagation, and a spherical shell
with the Sun as the center. Lugaz et al. [2009] apply the
spherical bubble approach to CMEs observed with STE-
REO, while the spherical shell has previously been applied
via the well‐known “cone model” [Xie et al., 2004]. Apparent
leading edges for each structure can be determined by
combining the physics of Thomson scattering with the
geometry of the CME relative to a fixed observer, follow-
ing the theory of Howard and Tappin [2009a].
[18] The basic structure is altered via a distortion parame-

ter for the bubbles and latitude and longitude width para-
meters for the shell. The CME is then directed along a
fixed trajectory and the resulting apparent leading edges

for an observer at any location produced. Different para-
meters for structure and trajectory are then incrementally
chosen and the observers selected as the Earth (SMEI) and
the STEREO spacecraft. Hence a hypercube of simulated
leading edges is produced with one edge for each com-
bination of parameters. The hypercube contains several
hundred thousand simulated leading edges.
[19] When a CME is observed in white light heliospheric

images its leading edge can be measured for each helio-
spheric image in which it appears. The leading edges are
currently measured manually by the user but develop-
ments are underway to automate this process. Regions of
noise (data gaps) and the time at which the CME no longer
appears are noted as these are also important parameters
for the TH Model. This white light leading edge sequence
is then compared with the simulated leading edges using
a genetic algorithm followed by a simplex conversion. The
result is the combination of parameters that best matches
the measured leading edges, with error contours showing
the “goodness” of each parameter conversion. From this
parameter combination the 3‐D structure of the CME can
be reconstructed, along with its trajectory and speed of
propagation.
[20] The model works in two stages. In Stage 1 the speed

is a fixed parameter but it is allowed to vary in Stage 2,
allowing a measurement of the distance evolution of the
CME. The utility of Version 1 has been demonstrated by
Tappin and Howard [2009] and Howard and Tappin [2009b],
with very encouraging results.

3.2. Version 2
[21] Version 2 works on the same basic principle as

Version 1, i.e. simulated leading edges are compared with
actual leading edges resulting in a set of matching para-
meters, but the base structure of the CME has been
altered. The two structures from Version 1 were combined
to produce a single distorted shell base structure. So, where
Version 1 worked with two hypercubes containing combi-
nations of five (bubble) and six (shell) parameters, Version 2
contains a single hypercube of simulated leading edges
produced from combinations of seven parameters. These
parameters are the distance R and speed V, central lati-
tude �0 and latitude width D�, central longitude �0 and lon-
gitude width D�, and the distortion parameter r. The new
hypercube contains over 10 times the number of leading
edges as in Version 1, 4021920 leading edges while the com-
bination of the two cubes from Version 1 contains 311640
edges [Tappin and Howard, 2009]. The model code was also
rewritten to improve its performance and speed.
[22] The heliocentric distance r of the part of the CME at

an angle y0 from the central axis is given by

r
rcent

¼ 1� �
1

cos  0
� 1

� �
; ð1Þ

where r is the distortion parameter and rcent is the helio-
centric distance of the CME along the central axis. The
values of r range from −2.5 to +3.0 in increments of 0.5.
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Figure 1 shows a diagram of some of the new structures
for different values of r. For example, when r = 0.0 we
have the simple spherical shell (as in Version 1), when r =
1.0 we have an approximate bubble, and when r = −1.0
the CME is a flat plane. So, we accommodate for possible
CMEs that are concave‐out by considering r values less
than −1.0.
[23] Finally, the means by which the model incorporates

STEREO data have been modified. Accommodating for
STEREO proved difficult due to the relatively large dif-
ferences in radial distance of each STEREO spacecraft com-
pared with the Earth. This was significant enough to require
separate grids for each observer [Howard and Tappin, 2009b].
In Version 1, separate leading edge hypercubes were devel-
oped for each different observer, so there was a dedicated
hypercube when observing from SMEI and one for each
STEREO spacecraft. This approach has two drawbacks.
[24] 1. The heliocentric distance of the observer can only

be expressed with limited accuracy (one radial step or
0.05 AU).
[25] 2. With the increased number of synthetic sky maps

that must be generated to create the edge database for the
bent shell models, computation time becomes prohibitive.
[26] Therefore we have opted to simply scale the radii

by the heliocentric distance of the observing spacecraft.

This is not an exact solution as the densities will not be
strictly accurate, but the effect of this on the leading edge
location is very small for the less than 10% distance changes
for SMEI and the STEREO HIs.

3.3. Determining Probability of Impact and Arrival
Time
[27] Once the TH Model has performed the leading edge

reconstruction of the CME, we may use the converged
properties to determine how it interacts with objects in the
heliosphere. The structural parameters can be used to
determine whether it will impact any point in space, and its
kinematic properties can determine its arrival time and
speed at that point. Hence we can use the model to
identify the arrival time at any spacecraft, planet, or body
in the heliosphere provided the location of the body is
determined relative to the CME. The model can also
determine what part of the CME (nose, flanks, etc) is likely
to impact the body, or by how much the CME missed the
body if no part of it passes through. Finally, we can esti-
mate the speed with which the CME impacted the body,
by extending the CME converged speed parameters to the
projected arrival time.
[28] With knowledge of the location of the Earth relative

to the CME, we can hence determine the impact likelihood
and time and speed of arrival of the CME there.
3.3.1. Will an Impact With the Earth Occur?
[29] Let us first consider the conditions required for the

CME to impact the Earth. A cross‐section of the CME in
longitude/latitude coordinates is an ellipse with equation

�� �0ð Þ2
D�2

þ �� �0ð Þ2
D�2

¼ 1; ð2Þ

where the independent variables � and � represent the
longitude and latitude variation across the CME respec-
tively, �0 and D� are the central longitude and longitude
width of the CME, and �0 and D� are the central latitude
and latitude width, as mentioned previously. Figure 2
shows the geometry of this ellipse in the case where the
CME impacts the Earth. Note that the Earth (the origin in
this coordinate system) is located within the area of the
ellipse. Note also that the axes of the ellipse are always
aligned with the latitude and longitude axes. We consid-
ered adding a tilt angle to the ellipse axes but concluded
that an additional free parameter would be prohibitive for
both the accuracy of convergence and runtime of the
model. One may expect the effects of tilt angle to become
more significant for cross‐sections with larger ellipticity.
[30] Two conditions must be satisfied for this intersec-

tion to occur. First, the latitudinal extent of the CME must
be such that it crosses the ecliptic plane (the �‐axis in
Figure 2). That is,

j�0j � D�: ð3Þ

Given this condition we can determine the longitudes at
which the CME intersects the ecliptic plane by solving

Figure 1. A selection of cross‐sections from the new
leading edges for varying values of distortion parame-
ter r. The Sun is at the origin, the units are in AU and
the CMEs are shown when their noses are at 1 AU.
As shown the cases where r ≥ 1.0 are the bubble cases,
r = 0.0 is the spherical shell case, r = −1.0 is the “flat”
CME case, and concave out CMEs occur when r < −1.0.
Version 2 of the TH Model considers r values ranging
from −2.5 to +3.0 in increments of 0.5.
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Equation (2) for � with � set to zero. So the ellipse crosses
the F‐axis at

� ¼ �0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D�2 1� �0

D�

� �2
 !vuut : ð4Þ

For impact with the Earth the �‐intercepts must be on
either side of the origin. So,

j�0j <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D�2 1� �0

D�

� �2
 !vuut : ð5Þ

Hence, for any CME simulated with the TH Model, an
impact with the Earth will occur if Equations (3) and (5)
are simultaneously satisfied.
3.3.2. Time of Arrival
[31] If an impact has been predicted, we can determine

the time of arrival of the CME at the Earth. This is not as
simple as with the spherical shell approximation, which
arrives at 1 AU simultaneously across the entire structure.
Here we must identify the part of the CME which impacts
the Earth and when that particular part arrives there.
A CME with a curvature greater than the spherical shell,
for example, would have its flanks arrive at 1 AU later than
its nose, so the location of the Earth relative to the CME
structure is important.
[32] Equation (1) describes the radial distance r of any

point on the simulated CME for a given y0, where y0 is the
angle between the center of the structure and the point.
This distance is a factor of the actual central radius of the
CME. The angle from the center of the structure to the
ecliptic plane can be determined from

cos  0 ¼ cos �0 cos �0; ð6Þ

which, when substituted into Equation (1) reveals

r
rcent

¼ 1� �
1

cos�0 cos �0
� 1

� �
: ð7Þ

As all the parameters in the TH Model are derived for the
central point, we must determine the actual distance of the
central point when the Earth‐impacting part of the CME
arrives at 1 AU. The distance of the center of the CME,
rcent, is then simply given by rcent = (1 AU)/r.
[33] To determine the time at which the center of the

CME reaches rcent we take advantage of the initial condi-
tions of the model, which include both a distance R0 and
a time t0. We also have a linear speed V derived from the
model which is assumed to be constant. So the time t1 at
which the CME arrives at the Earth is

t1 ¼ t0 þ rcent � R0

V
: ð8Þ

3.3.3. By How Much Did It Miss the Earth?
[34] If the modeled CME is found to not impact the

Earth (i.e. one or both of Equations (3) and (5) are not
satisfied), a helpful parameter is the angular distance by
which the CME missed. This is found by identifying the
closest approach of the CME and applying spherical geom-
etry, taking into consideration the simulated structure of
the CME itself. The miss distance is useful in space weather
forecasting as it can be used to estimate the likelihood of
impact. If the CME missed by a large distance then this
likelihood is very low. If, however, it missed by only a small
distance, then there is a chance that an impact may occur,
with the chances decreasing with increasing miss distance.
Future work on a large survey of events will assign a prob-

Figure 2. Diagram of the cross‐section of a CME leading edge, as determined by the THModel, for
the case where the CME impacts the Earth. This is shown in spherical coordinates of longitude �
and latitude �. Indicated are the location of the Earth at the origin along with the longitude and
latitude sizes of the CME (D� and D� respectively) and the coordinates of the CME center
(�0,�0). An impact with the Earth is known because the origin of the coordinate system lies within
the area of the ellipse.
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ability for the miss distance and this is part of the under-
way validation process beyond the scope of the present
work.
[35] In the case of the CME that misses the Earth con-

sider the diagram shown in Figure 3a. The ellipse has the
same structure and is in the same coordinate system as in
Figure 2 except that this time the origin (the location of the

Earth) does not lie inside the ellipse. The center of the
ellipse is located at a position angle F which is also shown.
This representation in heliospheric space (i.e. relative to
the Sun‐Earth line) is shown in Figure 3b. The latitude �
and longitude � of the center of the CME are indicated
along with the angular separation between the center of
the CME and the Sun‐Earth line y0. Noting that the dis-

Figure 3. (a) Modeled CME cross‐section for the case where the CME misses the Earth, given with
the same parameters and coordinate system as in Figure 2. Here the origin is located outside the
area of the ellipse, showing that it has missed the Earth. The point of closest approach is indicated
(P) along with the longitudinal and latitudinal distance of P from the center of the CME (d� and d�
respectively). The angular separation between the CME center and the point of closest approach is
shown as y, which in this coordinate system is a function of � and �. (b) Cartesian representation of
the CME relative to the location of the Sun and the Earth. Along with the angular separation of the
center of the CME to the ecliptic plane (y0), the central longitude and latitude (�0,�0) are indicated.
Also shown is the angle F which is the position angle of the CME, from the Sun‐Earth line.
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tance to the center of the CME is measured relative to the
actual distance later we can easily show that

cos F ¼ sin�0
sin 0

: ð9Þ

[36] The point of closest approach, P, is shown in Figure 3a
and is located at longitudinal and latitudinal separations
of d� and d� from the center. So if we let � and � be the
coordinates of P then Equation (2) becomes

��2

D�2
þ ��2

D�2
¼ 1: ð10Þ

Also, from the geometry shown in Figure 3a,

tan F ¼ ��

��
; ð11Þ

which upon substitution into Equation (10) reveals

�� ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

D�2 þ 1
D�2 tan2 F

q : ð12Þ

Then

�� ¼ 1

tanF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

D�2 þ 1
D�2 tan2 F

q : ð13Þ

Equations (12) and (13) describe the angular separation
components between the center of the CME and the point
of closest approach. The actual angular separation y is
therefore determined from

cos  ¼ cos ��ð Þ cos ��ð Þ: ð14Þ

The closest approach is then simply the difference between
y0 based on the central latitude and longitude (Equation (1))
and y. This is measured in units of angle along the arc con-
taining y. The time of closest approach may be determined
in the same manner as the impact case.

4. Mock Forecast
[37] The objective of the present paper is to demonstrate

the potential utility of the TH Model for space weather
forecasting, specifically the arrival time and speed of an
Earth‐directed coronal mass ejection. To this end, we have
selected three events that have been investigated in pre-
vious studies and pretend we are observing them for the
first time. Each event first appears as a halo (or partial halo)
coronal mass ejection in white light coronagraphs, from
the Large Angle Spectroscopic Coronagraph (LASCO) on
board SOHO and (for one event) the CORs on board
STEREO. Speed measurements from LASCO allow us to
estimate the time at which we may expect to first observe
each event in the heliospheric imagers, and we look for
the CME in their data from that time. Once the CME

appears, measurements accumulate until we have suffi-
cient to perform the TH Model to a successful conversion
(typically around 4 or 5 SMEI images or a combination of
SMEI and HI images). The TH Model is then run with
these measurements, adding new measurements and addi-
tional re‐runs of the model as further orbits are received.
Stage 1 is run a number of times in order to minimize
statistically insignificant convergences which occasionally
arise in the genetic algorithm. In all cases the times required
for each stage are logged, along with an allowance for an
appropriate latency between actual observation and the
appearance of the images on the computer. The procedure
is detailed in Section 4.2.

4.1. Events
[38] Three events were selected for this initial study.

The first was an Earth‐directed geoeffective coronal mass
ejection that was detected late in May 2003 [Tappin et al.,
2004]. There were two coronal mass ejections associated
with this event: The first was launched on 26 May and the
second on 28 May. The second was considerably faster
than the first. There were two shocks detected by the ACE
spacecraft near the Earth a few days later. The first was a
weak shock which arrived at 11:55UT on 29 May and a
much stronger shock arrived at 18:30UT on the same day.
Later still on that day at around 21:00UT a geomagnetic
storm was initiated with the occurrence of a sudden
commencement. The storm achieved a maximum Kp of 8+
and minimum Dst of −131. We believe it is the second
shock that is associated with the sudden commencement.
[39] The second event was a geoeffective CME detected

in early December 2004 [Howard et al., 2006a]. The CME
associated with this event erupted at the beginning of
3 December (00:24UT) and an interplanetary shock arrived
at ACE on 5 December at 06:56UT. Less than an hour later,
at 07:45UT a sudden commencement indicated the onset of
the geomagnetic storm (Kpmax = 4+, Dstmin = −58).
[40] The third event occurred in mid‐November 2007

and was observed by a large range of instruments, includ-
ing LASCO, the SECCHI and PLASTIC instruments on
STEREO and ACE. It was associated with a shock observed
by ACE and STEREO‐B, but there was something unusual
about the event in STEREO‐A. Howard and Tappin [2009b]
reported that it was likely to be a combination of a CME
and a corotating interaction region (CIR), with the former
component impacting ACE and STEREO‐B and the latter
arriving at STEREO‐A. The shock arrived at STEREO‐B and
ACE on 13:50UT and 17:15UT on 19 November, and weaker
shocks arrived at STEREO‐A at 21:30UT and 23:45UT on
20 November. A small geomagnetic storm was associated
with this event, starting around 18:11UT on 20 November.
[41] The first and second event occurred before the

launch of STEREO, and so only LASCO data were used in
the CME identification and SMEI data used for the TH
Model. For the third event, we used LASCO, the CORs
and HI‐1s to identify and predict the arrival in SMEI and
the HI‐2s, and a combination of SMEI and HI‐2 leading
edge measurements were used for the TH Model. The
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mock forecast for Event 1 was run using Version 1 of the
model and for Event 2 we used Version 2. For Event 3 we
used Version 2 with the STEREO modification. This is not
the same as Howard and Tappin [2009b], who used Version 1
for their model convergence.

4.2. Procedure
[42] Because of the different versions used for each

event, a slightly different procedure was used for each
mock forecast.
4.2.1. Event 1 (Staged on 2 March 2009)
[43] The procedure for Event 1 is as follows.
[44] 1. The halo (Earth‐directed) coronal mass ejection is

observed by the coronagraphs on board SOHO.
[45] 2. Confirm the event is Earth‐directed by checking

for other solar “surface” phenomena (such as flares, erupt-
ing filaments, coronal dimming etc).
[46] 3. A data latency is allowed for the transfer of the

data from spacecraft to the ground and for the creation of
the images to be measured. We have assumed a latency of
four hours for LASCO and SMEI. This is based on careful
evaluation and testing of the SMEI transfer times, allow-
ing for maximum delay in data transfer and post proces-
sing timing with current computer systems.
[47] 4. Height‐time measurements are made from the

leading edge of the coronal mass ejection and a constant
speed estimated by assigning a least squares linear fit
through the height‐time measurements, and making use
of the Point‐P approximation.
[48] 5. Based on the constant speed assumption, the

arrival time of the CME in the field of view of the inner-
most camera of SMEI is predicted. This is around 20° elon-
gation, or around 75 solar radii. Using the same speed,
an assumption of the CME arrival at 1 AU can also be
estimated.
[49] 6. Starting a little before the estimated arrival time

in SMEI, images are observed as they become available
for the appearance of the CME. We include the four hour
data latency.
[50] 7. Once the CME has been confirmed in SMEI, a

sufficient number of images are allowed to emerge so that
enough measurements are available to feed to the TH
Model. We begin the first prediction when four clear
images of the CME have appeared (a clear image is one
where a measurable leading edge is defined).
[51] 8. Measure the leading edges of the four CME

images, including the data gaps.
[52] 9. Feed the measurements to the TH Model and run

Stage 1. In the Log, we have recorded the time required
for each run of the TH Model.
[53] 10. When the model is complete it will produce a

converging set of parameters along with an indication of
the “goodness” of fit of these parameters.
[54] 11. One of these parameters is speed, from which an

estimate of arrival time at 1 AU can be made.
[55] 12. As new images appear, repeat steps 7–10 by

adding the new measurements to the database to be fed
to the TH Model. Because the model does not require any

order for the measurements to be entered, this allows
additional measurements on previous images to be made
as well. This is helpful as parts of the CME (e.g. in dif-
ferent parts of the sky) may have been missed in previous
images which may become clearer when compared with
later images.
[56] 13. Each new image allows a new execution of the

TH Model, producing a new prediction each time.
[57] 14. (Optional) When sufficient images are available

(at least 7 or 8), then we can run the Stage 2 part of the TH
Model, to gain some idea of how the speed is varying with
time.
4.2.2. Event 2 (Staged on 15 and 18 May 2009)
[58] For Event 2 we used Version 2 of the TH Model. We

did not run Stage 2, but instead ran Stage 1 five times for
each measurement and identified the median, maximum
and minimum. This is at Step 9 in the previous section.
[59] The new version also includes an automatic time

of arrival determination tool (Section 3.3). This calculates
whether or not the modeled CME passes the Earth and its
time of arrival there if it does. If it does not it provides a
time of closest approach to the Earth of the event and a
measurement of by how much it missed the Earth. This
is at Step 11.
4.2.3. Event 3 (Staged on 8 October 2009)
[60] The main difference with Event 3 is that for this

event data from the COR and HI instruments on STEREO
were available. Here we assumed the same data latency of
four hours for the CORs, but only two hours for HI. We
have reduced the latency for the HIs because the HI team
has already demonstrated short‐latency by making the
beacon images available in near‐real time (C. J. Eyles, pri-
vate communication, 2009).
[61] As Event 3 could be tracked continuously in

STEREO‐B from the CORs to HI‐1 and then HI‐2, there
was no need to estimate the arrival time in SMEI using
forward projection of coronagraph speed measurements.
As explained by Howard and Tappin [2009b], it was neces-
sary to await observation by all three heliospheric imagers
(HI‐2A, HI‐2B and SMEI) before a reliable convergence
of the TH Model (and hence a reliable prediction) could
be produced. There was a data gap in STEREO‐A from
18 November around 01:00UT to 19 November around
03:00UT, and so the first image in HI‐2A in which the
event appears is on 02:59UT. This then became the first
time at which we begin looking for the event in SMEI,
meaning that once the next SMEI image (02:10–03:52UT)
was recorded on the computer we could investigate the
series of images leading up to it. As it turned out, the event
first appeared in SMEI in the next image (03:52–05:33UT)
and confirmed in the following image, so the first pre-
diction was made after the TH Model was performed
when this image reached the computer. This resulted in a
first prediction time at 13:40UT on 19 November (mock
trial time), four days after launch and 412 hours before
impact with the Earth.
[62] To demonstrate the usage of the model with desk-

top computers it was run for Event 3 using the computer
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of the lead author, which performed at a slower rate than
the high‐speed computer at NSO used for Events 1 and 2.
Given that the speed of the TH Model is linearly depen-
dent on the number of images it processes and that
there were a large number of HI‐2B images to process, we
were unable to obtain the total of five images during the
102 min between SMEI images. So we reduced the num-
ber of runs to four and then three for later runs, when
even more images were needed to be processed. As shown
in the Log (auxiliary material), it took around 20 min to
perform a single run for the event.1

[63] The objective was to produce an early prediction of
CME speed and arrival time at the Earth using the first
few images of the CME in SMEI and HI. It is anticipated
that the early prediction will be less accurate, and its
accuracy will improve as more images become available.
For faster events such as Event 1 or events with data gaps
such as Event 3, this does not allow a large number of
predictions to be made before it is too close for useful
prediction. More predictions were possible for the slower
fully covered Event 2.

5. Log
[64] The Log of each forecast is included as auxiliary

material. The following notes are important for its
interpretation.
[65] 1. Two Times: Because the timing of these events

was different from the times at which the procedure was
carried out, we have listed two times in the Log. The first is
the actual timing of the events themselves (May 2003,
December 2004 and November 2007) and the second is the
time log on the day of the mock prediction (March, May
and October 2009). We have recorded the time in this way
so we can keep track of the time it takes to make the
required measurements and run the model. Hence, the
actual timing in the first column is a reflection of the time
taken to make the necessary measurements. Data latency
is also included in the first column.
[66] 2. Predictions (bold font): When the TH Model is

complete and a prediction made, this time is highlighted
by bold font. The following are listed: a) whether the
model predicted an impact with the Earth (Hit) or not
(No Hit); b) The modeled speed of the CME; c) The pre-
dicted arrival date and time for a Hit, or time of closest
approach for a No Hit.
[67] 3. Shock Arrival and Storm Times: When the CME

arrives at the in‐situ spacecraft (ACE and PLASTIC) it is
often preceded by a shock. This is certainly the case with
the three events reported here. Hence the arrival time of
the CME at ACE (at 0.99 AU) and STEREO‐A (∼1.05 AU)
and STEREO‐B (∼0.95 AU) can be accurately measured.
Also when the CME arrives at the Earth it begins the
geomagnetic storm. The best indicator of such an occur-
rence is the Sudden Storm Commencement (SSC), the time

of which is noted in the Log. Predictions made after this
time are therefore meaningless. The times of shock arrival
and geomagnetic storm onset are marked with an
underlining of the text.

6. Results
[68] Figure 4 shows the results from the TH Model con-

version for Event 1. Figure 4a shows a zenithal equidistant
(“fisheye”) SMEI image of the event on 14:08–15:50UT on
29 May with the modeled leading edge at 14:49UT super-
imposed. Figure 4b shows the same map of the modeled
CME from which the leading edge was generated and
Figure 4c shows the 3‐D reconstruction of this event. The
reconstruction shows an almost head‐on collision of the
CME with the Earth, which may account for the intensity of
the resulting storm. Similar images for Events 2 and 3 have
been presented in previous publications [Tappin and Howard,
2009; Howard and Tappin, 2009b] so we do not reproduce
them here.
[69] The complete version of the mock forecasts,

including each prediction, the time at which it was made,
whether it was predicted to hit or not, and its predicted
time and speed of arrival is detailed in the Log. A sum-
mary of important results is outlined in Table 2, with
travel time given as the time of first appearance in the
coronagraph to the arrival of the associated sudden com-
mencement at the Earth. The average CME speed is
simply the distance (1 AU) divided by the travel time, and
does not accommodate for acceleration effects.
[70] To summarize, for the first event we were able to

produce a prediction nine hours before the impact with
the Earth, and the accuracy of this prediction was within
one hour. For the second event we could produce a pre-
diction much earlier (17 hours before impact) but the pre-
diction was less accurate: 10 hours. For the second event
the accuracy of predicted arrival time improved until the
last prediction within 15 min of the actual arrival time.
This prediction was made one hour before the CME shock
was detected at ACE. We arrived at an accuracy within
one hour, five hours before impact. For the third event
the first prediction was made only 412 hours before impact,
but all four of the predicted arrival times were within two
hours. This means that in all three cases the TH Model
produced predictions within two hours. We note that for
Events 1 and 3 there was no direct relationship between
the predicted arrival time accuracy and the time at which
the prediction was made.
[71] Figure 5 (left) shows plots of predicted time of

arrival vs time of prediction for the three events. This
provides an indication of how the predictions change with
passing time. The median and upper and lower limits
for the prediction are included except for Event 1, where
there was only time to run Version 1 once before the
next SMEI image became available. For Event 1, the
most accurate prediction is the first and predicted arrival
times move away from the actual until around 17:00UT
on 28 May (28.7). Accuracies then show improvement until

1Auxiliary materials are available in the HTML. doi:10.1029/
2009SW000531.
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impact. For Event 2, with the exception of one outlier,
there is a clear tendency for the prediction to improve
with increasing measurements, and for Event 3 the pre-
dictions were roughly level at around 1.5 hour difference,
with the exception of the more accurate outlier. The ten-
dency in Event 2 is what was hoped for, with an early
less accurate prediction followed by successive predic-
tions with increasing accuracy. The differences in the other
events may be due to the lateness of their first predictions,
but further investigation with a large number of events is
needed.
[72] Figure 5 (right) shows a plot of predicted time of

arrival vs elongation of the measured leading edge from
the Sun (excluding Event 1). This provides an indication
of how far from the Sun the CME was when we make
the measurements (90° elongation ∼ arrival at 1 AU for an
Earthward CME).
[73] Figure 6 shows the accuracy of the speed measure-

ments with increasing time. For Events 1 and 2 the accu-
racy dropped off for several predictions before improving
again and there were not enough measurements to iden-
tify a trend for Event 3. For Event 1 the largest devi-
ation was 378 km s−1, for Event 2 it was 208 km s−1 and
only 41 km s−1 for Event 3. It is also shown that the speed
was generally overestimated for Events 2 and 3, but
underestimated for Event 1. This may be due to the dif-
ference between the speed of the bulk plasma and that
of the shock. If the shocked material is responsible for
the observed leading edge in SMEI and the HIs, then the
speed with which the material was traveling would be
expected to be the shock speed, which is faster than the
bulk plasma speed [e.g., Howard and Tappin, 2005].

7. Discussion
[74] The TH Model demonstrates the potential for early

arrival time and arrival speed forecasting and with further
validation could become a powerful tool for accurate high
speed space weather forecasting. We are confident that
accuracy can be improved with an operational version of
a heliospheric imager.
[75] The mock forecasting performed with this limited

number of events has shown that the model can produce
early predictions up to 17 hours before impact, and this
can be made earlier if a future mission can observe closer
to the Sun or if the HI‐1s can be incorporated. Attempts
to include HI‐1, however, have so far shown unreliable

Figure 4. Images for Event 1 observed in late May 2003.
(a) SMEI image from the orbit running from 14:08 to
15:50UT, with the modeled leading edge from the final
forecast simulation computed at 14:59UT superposed.
The projection is a “fisheye” cut off at 90° elongation.
(b) Modeled image for the final simulation at R =
0.9AU (15:42UT), with the same leading edge super-
posed. (c) A 3‐D view of the structure of final modeled
disturbance, again at R = 0.9 AU. Viewed from 40°E 30°N.

HOWARD AND TAPPIN: TH MODEL APPLICATION TO FORECASTING S07004S07004

10 of 15



results [e.g., Howard and Tappin, 2009b]. Forecasts using
SMEI for one event are shown to improve with time,
allowing later and more accurate predictions until the CME
impacts the Earth. We have also shown that predictions
of accuracies within an hour of the arrival time can be
made up to 12 hours before impact, and that accuracies
better than 30 minutes can be achieved.
[76] Arrival speed measurements have also shown great

promise, with the largest deviation for the high‐speed
Event 1. The reason for the variation in the speed mea-
surements is currently unknown, but it is likely that the
CME continues to accelerate or decelerate in the field of
view of the heliospheric imagers. Such acceleration can be
estimated using Stage 2 of the TH Model [Tappin and
Howard, 2009; Howard and Tappin, 2009b] but the reliabil-
ity of such estimations is currently questionable.
[77] The forecast using the combination of SMEI and

STEREO data have, for one case, also shown encouraging
results, with all predicted arrival times within two hours of
the actual times and the most accurate speed predictions
of the three cases. This validates the heliospheric image
incorporation techniques of the TH Model, including the
adjustment of the location of the starting point R0.
[78] The model is currently undergoing a validation pro-

cess to enable it to be used for forecasting and to be com-
pared with existing forecasting models and methods. This
validation includes a statistical survey of a number of geoef-
fective CMEs that have been observed by heliospheric
imagers, as well as the calculation of a probability of impact

based on the location of the Earth relative to the CME. We
intend to eventually include automatic measurements of
leading edges in the heliospheric images in order to objec-
tify the selection and measurement process. These efforts
are currently underway. From there a fixed procedure for
establishing the forecast will be accomplished including
arrival time and speed, probability of impact and reli-
ability of forecast.
[79] One major restriction of the utility of the TH Model

for CME forecasting is the relative late timing of the first
forecast. This is due to two reasons. First, the model relies
on heliospheric image data, which are not available until
the CME is at least at around 20° elongation (∼0.35 AU from
the Sun). For SMEI, it takes a number of images before the
CME can be reliably identified and then further images
must be accumulated before the model will converge to a
reliable solution, so it is more likely the CME will have
reached 0.5 AU before we are able to run the model with
any degree of confidence. Secondly, the model must await
the arrival of the appropriate images at a computer in order
for the leading edges to be measured. This then requires
a short data latency, which is not possible with SMEI.
SMEI has a long latency because of the means by which
the Coriolis spacecraft transmits data to the ground, and
because the raw data need to be “stitched together” into
sky maps before they can be used. Here is where the
STEREO spacecraft have an advantage, as they transmit
beacon mode images at a much higher rate and do not
require significant post‐processing before its images can

Table 2. Summary of the Mock Trial Results From the Three Eventsa

Event 1 Event 2 Event 3

Time of first appearance of CME (UT) 28 May 01:40 3 Dec 00:26 15 Nov 18:10
Time of arrival at Earth (UT) 29 May 21:00 5 Dec 07:45 19 Nov 18:11
Total travel time 1 day 19 h 20 mins 2 days 7 h 19 mins 4 days 1 min
Time of first prediction (UT) 29 May 11:50 4 Dec 15:06 19 Nov 13:40
(time after impact) (−9 h 10 mins) (−16 h 39 mins) (−4 h 31 mins)
First predicted arrival time (UT) 29 May 21:31 5 Dec 21:41 19 Nov 19:35
(time after impact) (+0 h 31 mins) (+9 h 56 mins) (+1 h 24 mins)
Time of last prediction (UT) 29 May 20:23 5 Dec 05:53 19 Nov 17:59
(time after impact) (−0 h 47 mins) (−1 h 52 mins) (−0 h 12 mins)
Last predicted arrival time (UT) 29 May 23:49 5 Dec 07:31 19 Nov 19:55
(time after impact) (+2 h 49 mins) (−0 h 14 mins) (+1 h 44 mins)
Most accurate predicted arrival time (UT) 29 May 21:31 5 Dec 07:31 19 Nov 17:51
(time after impact) (+0 h 31 mins) (−0 h 14 mins) (−0 h 20 mins)
First predicted arrival speed (km s−1) 467 584 450
Last predicted arrival speed (km s−1) 675 658 471
ACE bulk plasma speed of CME (km s−1) 750 450 430
Average CME speed (km s−1) 962 753 433

aTimes in brackets are how long after impact the measurement or prediction was made. A positive (+) value indicates a time after impact while
a negative (−) time indicates before impact.

Figure 5. Plots of predicted time of arrival for (a) Event 1, (b) Event 2 and (c) Event 3 vs (left) time of mock pre-
diction and (right) leading edge elongation. The time of actual arrival is indicated by the horizontal line. For both
plots for Event 2 the median, maximum and minimum predicted times are shown. Times are given as fractions of
the day in December 2004, so for example for Event 2, 5.4 is 09:36UT on 5 December. The asterisk in the left plots
indicates the time of the SSC.
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be used. As mentioned earlier, the HI team has demon-
strated a capability of providing HI beacon images in
near‐real‐time. When regarding methods to improve data
latency one must consider such issues as antenna cover-
age needed to maintain a full stream and the downlink
cycle.

7.1. CME‐Based Space Weather Forecast Utility:
Future Heliospheric Imager Mission
[80] The success of the TH Model for CME arrival time

and speed forecasting depends entirely on the availability
of heliospheric image data of sufficient quality and sky
coverage to allow accurate conversions. There are cur-
rently three heliospheric imagers in operation with the
capability of observing white light CMEs beyond 30° elon-
gation: SMEI and the HI‐2s. SMEI has been in operation
for seven years and hot pixels have been slowly degrading
the images obtained with its innermost camera (Camera 3)
during its lifetime. It is likely that this camera will be
unusable in the next 1–2 years. Without Camera 3 SMEI
will not be able to be used for early CME detection as Earth‐
directed CMEs will be much closer to the Earth (0.85 AU)
before they appear in its next camera (Camera 2).
[81] The STEREO spacecraft continue on their orbit

about the Sun with their expanding angular separation
from the Earth. They will reach the plane of the Sun
around February 2011 and will become less effective at
Earth‐directed CME detection beyond this time. This will
be because of their large distance from the Earth and the
physics that allow us to observe the scattered light from
the CMEs, which require backside CMEs to decrease rap-
idly in intensity with increasing distance from the Sun. It
is important to note that no " > 30° heliospheric imager
has ever observed a back‐sided CME.
[82] Hence in about two years time (by around early

2012) there will be no useful heliospheric imagers avail-
able for space weather forecasting. We therefore conclude
this report with an evaluation of the currently available
heliospheric imagers with regard to the TH Model, and
with recommendations for consideration in the design of
future heliospheric imagers.

7.2. Limitations of SMEI and HI‐2
[83] A key limitation to the accuracy of the TH Model is

the inability to obtain full coverage of the measured CMEs.
Instruments currently in operation limit this capability for
reasons that differ for each instrument.
[84] For SMEI the polar orbit introduces noise from

particles, auroral ovals and the South Atlantic Anomaly that
obscure large parts of the SMEI field of view. Also lim-

Figure 6. Predicted speed vs time of forecast for
(a) Event 1, (b) Event 2 and (c) Event 3. For Figures 6a
and 6b only the speeds are shown, but for Figure 6c
the standard deviations are shown as error bars. The hor-
izontal dashed line represents the actual bulk plasma
speed measured by the ACE spacecraft.
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itations in thermal design causes Camera 3 (the inner-
most camera) to run hot, resulting in hot pixels that
obscure parts of the sky map. The inner part of the field of
view is blocked, resulting in late detection of the CME and
the data latency is comparatively long. For HI the limited
position angle range (localized only near the equator) is
too restrictive for accurate reconstruction, the long expo-
sure time results in a smearing of CME images making
leading edge measurements difficult to make, and the orbit
of the STEREO spacecraft are not favorable for long‐term
space weather monitoring.
[85] For optimum compatibility with the TH Model a

future heliospheric imager would therefore need to have
full position angle coverage, active CCD cooling to ensure
the instrument is operating at optimum temperatures, short
exposure time at any point on the image (e.g. a scanner like
SMEI), and an orbit that does not pass through the polar
cap or South Atlantic Anomaly (e.g. equatorial orbit or L1).
If such noise can be minimized the location of the space-
craft is not important, so long as it is not too far from the Sun‐
Earth line. The THModel can operate from any perspective.
Wewould require ameans to measure closer to the Sun (e.g.
an additional wide‐field coronagraph or full‐PA version of
the HI‐1 instrument) and shorter data latency. Ideally the
time to download and process an image should be equal to
or smaller than the cadence of the instrument.

7.3. Concluding Remarks
[86] The present paper demonstrates the potential utility

of the TH Model for CME‐related space weather fore-
casting and the value of scientific and operational infor-
mation obtained from heliospheric imagers. Arrival times
and speeds show great promise for high‐speed, highly
accurate forecasting, and a complete validation is under-
way to assess its performance. As the model relies on
heliospheric image measurements, predictions are later
than other models, limiting its capability for early fore-
casting. It is also a phenomenological model, so cannot per-
form without a CME or with a CME that is not observed to
have a clear leading edge. We aspire to eventually offer the
TH Model as part of the collective of space weather fore-
casting tools, and encourage the use of heliospheric image
data with existing forecasting techniques.

[87] Acknowledgments. SMEI was designed and constructed by
a team of scientists and engineers from the Air Force Research Lab-
oratory, the University of California at San Diego, Boston College,
Boston University (US), and the University of Birmingham (UK).
SOHO is a project of international cooperation between ESA and
NASA. The Heliospheric Imager (HI) was developed by a collabora-
tion including the Rutherford Appleton Laboratory and the Univer-
sity of Birmingham (UK), the Centre Spatial de Liége (Belgium),
and the Naval Research Laboratory (US). This work is supported in
part by the National Research Council Fellowship Program, funded
by AFOSR contract F49620‐02C‐0015 and the NSF SHINE competi-
tion, award 0849916. The National Solar Observatory is operated by
AURA, Inc., under cooperative agreement with the National Science
Foundation. Support for S.J.T.’s work at NSO is provided by the
USAF under a Memorandum of Agreement.

References
Baker, D. N., et al. (2009), Severe Space Weather Events—Understanding
Societal and Economic Impacts: A Workshop Report, Natl. Acad. Press,
Washington, D. C.

Brueckner, G. E., et al. (1995), The large angle spectroscopic corona-
graph, Sol. Phys., 162, 357.

Cargill, P. J. (2004), On the aerodynamic drag force acting on inter-
planetary coronal mass ejections, Sol. Phys., 221, 135.

Chen, J. (1996), Theory of prominence eruption and propagation:
Interplanetary consequences, J. Geophys. Res., 101, 27,499.

Davis, C. J., J. A. Davies, M. Lockwood, A. P. Rouillard, C. J. Eyles,
and R. A. Harrison (2009), Stereoscopic imaging of an Earth‐
impacting solar coronal mass ejection: A major milestone for the
STEREO mission, Geophys. Res. Lett., 36, L08102, doi:10.1029/
2009GL038021.

Dungey, J. W. (1963), The structure of the exosphere or adventures
in velocity space, in Geophysics: The Earth’s Environment, edited by
C. DeWitt, J. Hieblot, and A. Lebeau, p. 550, Gordon and Breach,
New York.

Eyles, C. J., G. M. Simnett, M. P. Cooke, B. V. Jackson, A. Buffington,
N. R. Waltham, J. M. King, P. A. Anderson, and P. E. Holladay
(2003), The Solar Mass Ejection Imager (SMEI), Sol. Phys., 217, 319.

Eyles, C. J., et al. (2009), The heliospheric imagers onboard the
STEREO mission, Sol. Phys., 254, 387.

Fry, C. D., W. Sun, C. S. Deehr, M. Dryer, Z. Smith, S.‐I. Akasofu,
M. Tokumaru, and M. Kojima (2001), Improvements to the HAF
solar wind model for space weather predictions, J. Geophys. Res.,
106, 20,985.

Hakamada, H., and S.‐I. Akasofu (1982), Simulation of three‐
dimensional solar wind disturbances and resulting geomagnetic
storms, Space Sci. Rev., 31, 3.

Harrison, R. A., et al. (2008), First imaging of coronalmass ejections in the
heliosphere viewed from outside the Sun‐Earth line, Sol. Phys., 247,
171.

Houminer, Z., and A. Hewish (1972), Long‐lived sectors of enhanced
density irregularities in the solar wind, Planet. Space Sci., 20, 1703.

Howard, T. A., and S. J. Tappin (2005), Statistical survey of earth-
bound interplanetary shocks, associated coronal mass ejections
and their space weather consequences, Astron. Astrophys., 440, 373.

Howard, T. A., and S. J. Tappin (2009a), Interplanetary coronal mass
ejections observed in the heliosphere, 1. Theory, Space Sci. Rev.,
147, 31.

Howard, T. A., and S. J. Tappin (2009b), Interplanetary coronal mass
ejections observed in the heliosphere, 3. Physical implications,
Space Sci. Rev., 147, 89.

Howard, T. A., J. C. Johnston, and D. F. Webb (2006a), Coronal mass
evolution in the inner heliosphere: Geometry and speed, Eos Trans.
AGU, 87(52), Fall Meet. Suppl., Abstract SH32A‐04.

Howard, T. A., D. F. Webb, S. J. Tappin, D. R. Mizuno, and J. C.
Johnston (2006b), Tracking halo coronal mass ejections from 0–1 AU
and space weather forecasting using the Solar Mass Ejection Imager
(SMEI), J. Geophys. Res., 111, A04105, doi:10.1029/2005JA011349.

Hundhausen, A. J., J. T. Burkepile, and O. C. St. Cyr (1994), Speeds
of coronal mass ejections: SMM observations from 1980 and 1984–
1989, J. Geophys. Res., 99, 6543.

Jackson, B. V., and H. R. Froehling (1995), Three‐dimensional recon-
struction of a coronal mass ejection, Astron. Astrophys., 299, 885.

Jackson, B. V., A. Buffington, P. P. Hick, X. Wang, and D. Webb (2006),
Preliminary three‐dimensional analysis of the heliospheric response
to the 28 October 2003 CME using SMEI white‐light observations,
J. Geophys. Res., 111, A04S91, doi:10.1029/2004JA010942.

Kahler, S. W., and D. F. Webb (2007), V arc interplanetary coronal mass
ejections observed with the Solar Mass Ejection Imager, J. Geophys.
Res., 112, A09103, doi:10.1029/2007JA012358.

Lugaz, N., A. Vourlidas, and I. I. Roussev (2009), Deriving the radial
distances of wide coronal mass ejections from elongation measure-
ments in the heliosphere—Application to CME‐CME interaction,
Ann. Geophys., 27, 3479.

Odstrcil, D., R. Riley, J. A. Linker, R. Lionello, Z. Mikic, and V. J. Pizzo
(2003), 3‐D simulations of ICMEs by coupled coronal and helio-
spheric models, in Solar Variability as an Input to the Earth’s Environ-
ment, edited by A. Wilson, Eur. Space Agency Spec. Publ., ESA SP‐535,
541.

HOWARD AND TAPPIN: TH MODEL APPLICATION TO FORECASTING S07004S07004

14 of 15



Smith, Z. K., and M. Dryer (1995), The interplanetary shock propaga-
tion model: A model for predicting solar‐flare‐caused geomagnetic
sudden impulses based on the 2‐1/2D MHD numerical simulation
results from the Interplanetary Global Model (2D IGM), Tech.
Memo. ERL/SEL‐89, NOAA, Silver Spring, Md.

St. Cyr, O. C., et al. (2000), Properties of coronal mass ejections: SOHO
LASCO observations from January 1996 to June 1998, J. Geophys.
Res., 105, 18,169.

Tappin, S. J. (2006), The deceleration of an interplanetary transient
from the Sun to 5 AU, Sol. Phys., 233, 233.

Tappin, S. J., and T. A. Howard (2009), Interplanetary coronal mass
ejections observed in the heliosphere, 2. Model and data compari-
son, Space Sci. Rev., 147, 55.

Tappin, S. J., et al. (2004), Tracking a major interplanetary disturbance
with SMEI, Geophys. Res . Let t . , 31 , L02802, doi :10.1029/
2003GL018766.

Webb, D. F., et al. (2006), Solar Mass Ejection Imager (SMEI) observa-
tions of coronal mass ejections (CMEs) in the heliosphere, J. Geophys.
Res., 111, A12101, doi:10.1029/2006JA011655.

Webb, D. F., T. A. Howard, C. D. Fry, T. A. Kuchar, D. R. Mizuno, J. C.
Johnston, and B. V. Jackson (2009), Studying geoeffective inter-
planetary coronal mass ejections between the Sun and Earth:
Space weather implications of Solar Mass Ejection Imager obser-
vations, Space Weather, 7, S05002, doi:10.1029/2008SW000409.

Xie, H., L. Ofman, and G. Lawrence (2004), Cone model for halo
CMEs: Application to space weather forecasting, J. Geophys. Res.,
109, A03109, doi:10.1029/2003JA010226.

Yashiro, S., N. Gopalswamy, G. Michalek, O. C. St. Cyr, S. P. Plunkett,
N. B. Rich, and R. A. Howard (2004), A catalog of white light coronal
mass ejections observed by the SOHO spacecraft, J. Geophys. Res.,
109, A07105, doi:10.1029/2003JA010282.

T. A. Howard, Department of Space Studies, Southwest Research
Institute, 1050 Walnut St., Ste. 300, Boulder, CO 80302, USA.
(howard@boulder.swri.edu)
S. J. Tappin, National Solar Observatory, Sunspot, NM 88349, USA.

HOWARD AND TAPPIN: TH MODEL APPLICATION TO FORECASTING S07004S07004

15 of 15



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


