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Abstract

Coronal Mass Ejections (CMESs) cause the largest geomagnetic disturbances at Earth
which impact satellites, wired communication systems and power grids. The CME Anal-
ysis Tool (CAT) is used to determine a CME’s initial longitude, latitude, angular width
and radial speed from coronagraph images. These are the initial conditions for the Wang-
Sheeley-Arge (WSA) Enlil solar wind model, along with the ambient solar wind proper-
ties derived from magnetograms. However, the coronagraph imagery is limited by field
of view. We have incorporated heliospheric imagery (HI) from the Solar Terrestrial Re-
lations Observatory (STEREO) into CAT to create the CME Analysis Tool with Helio-
spheric Imagery (CAT-HI). These HI images have a larger field of view, allowing tracking
of CMEs to greater distances from the Sun. We have compared the performances of CAT
and CAT-HI by examining the expected arrival times of CMEs at the L1 Lagrange point
and found them to be consistent. However, CAT-HI is advantageous because it could be
used to prune ensemble forecasts and issue routine updates for CME arrival time forecasts.
Finally, we discuss CAT-HI in the context of an operational mission at the L4 or L5 La-

grange points.

1 Plain Language Summary

Our sun often releases large explosions of hot charged particles. These eruptions
can travel through space all the way to the Earth. Here, they can damage satellites and
disrupt communication systems and power grids. Therefore, we would like to predict their
arrival time accurately but currently this is difficult. At the moment, operators use a tool
based on coronagraph images, which look at the atmosphere of the Sun. This allows them
to see the eruptions leaving the Sun. However, coronagraphs have a limited field of view,
so the operators quickly lose sight of the eruptions. In this work, we have added a new
kind of imagery which directly images the eruptions in the space between the Sun and
the Earth. This new tool will allow the operators to track the eruptions for longer, and
to update their predictions of when they will arrive at Earth. The new tool could also be
used in conjunction with a dedicated operational mission to monitor these eruptions. In
summary, we think that the new tool presented in this paper could be a major advance in

our ability to forecast these violent ejections.
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2 Introduction

Coronal Mass Ejections (CMEs) are of the utmost importance in predicting geo-
effective space weather events. In September 2017, active region AR12673 released 3
CME:s within the space of a week, along with 4 X-class solar flares and a Solar Energetic
Particle event that caused a ground level enhancement [Redmon et al., 2018]. These space
weather effects can endanger technology and human lives. During the 2017 hurricane
season, these solar flares caused a radiation blackout that impacted disaster relief efforts,
and the CMEs compressed the magnetosphere sufficiently to put geosynchronous satel-
lites in the magnetosheath. This was a rare case of intense space weather coinciding with
extreme terrestrial weather. Redmon et al. [2018] provides a full account of this incident
and its consequences. This event underlines the importance of accurate CME forecasting,
the focus of this paper. CMEs are also responsible for creating Geomagnetically Induced
Currents, due to the way they compress the magnetosphere [Sibley et al., 2012; Pulkkinen
et al., 2017]. This can be damaging to electric power grids and wired communications

systems.

Multiple methods have been proposed to fit CME fronts for the purposes of deter-
mining their speed. For example, these include the fixed-® method [Rouillard et al., 2008]
and the harmonic mean method [Lugaz, 2010]. Lugaz et al. [2012] compared these two
methods and found that the harmonic mean method gave a more accurate time of arrival.
Colaninno et al. [2013] compared six ways of fitting the CME leading edge and compared
the time of arrivals of each. Howard and Tappin [2010] use their own model that accounts
for the appearance of the CMEs in the images. All of these studies used Heliospheric Im-
ager (HI) data from the Solar Terrestrial Relations Observatory (STEREO) [Kaiser et al.,
2008; Driesman et al., 2008; Howard et al., 2008]. These are white light images of CMEs
and are explained more below. This study develops the CME Analysis Tool (CAT) devel-
oped by Millward et al. [2013] to fit the CME’s leading edge visually.

Currently, the CAT is used for operational space weather forecasting at the Na-
tional Oceanic and Atmospheric Administration (NOAA) Space Weather Prediction Center
(SWPC) in the USA and the Met Office Space Weather Operations Centre (MOSWOC)
in the UK. The goal of CAT is to determine the initial parameters of a CME at 21.5 solar
radii. This is the inner boundary of the Enlil solar wind model [Odstrcil and Pizzo, 1999;

Odstrcil et al., 2002; Odstrcil, 2003], which can be used to estimate the time of arrival of
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the CME at Earth. These parameters are the latitude, longitude, angular width and radial
speed of the CME. For operations, the CAT uses beacon-quality coronagraph images of
CMEzs, ideally from at least three spacecraft. From 2006 to 2014, these were the Large
Angle Spectroscopic Coronograph (LASCO) [Brueckner et al., 1995] C2 and C3 corona-
graphs on the Solar and Heliospheric Observatory (SOHO) [Domingo et al., 1995] and the
COR?2 coronagraphs on the STEREO A (Ahead) and B (Behind) satellites. However, since
2014, contact has been lost with STEREO B so only SOHO and STEREO A are cur-
rently in use operationally (https://stereo-ssc.nascom.nasa.gov/behind_status.
shtml). Henceforth, we will only discuss the two-satellite case. Many scientific studies
have used the CAT to investigate CMEs [e.g., Lee et al., 2015; Cash et al., 2015], albeit
using science-quality images. Science-quality images are preferable to beacon-quality im-
ages due to better temporal coverage and improved detail. However, they are not available

in near-real time. This study uses science-quality images.

The CAT works by projecting a three dimensional lemniscate (teardrop shape) on
to the CME in corresponding two dimensional coronagraph images from the two satel-
lites. These images do not have to occur at simultaneous times. The lemniscate was an
improvement on the simpler cone model of Xie et al. [2004]. This model suffered from
a degeneracy between the half-angle and radius of the cone for halo CMEs and system-
atically underestimated the speed of the CMEs [de Koning et al., 2012]. Using the CAT,
the operator can adjust the latitude, longitude, half-angle and radius of the lemniscate to
"lasso" the front edge of the CME as it appears in the two images. This fitting is done vi-
sually by the operator. The radius of the lemniscate can then be changed for subsequent
images to produce a CME leading edge versus time plot from which the radial velocity of

the CME can be calculated.

Two important assumptions of the CAT are that the initially defined latitude, longi-
tude and half-angle remain constant and that the CME does not accelerate. Another as-
sumption is that the CME has a circular front. Use of the CAT depends on the skill of the
human forecaster, which means the fitting process is subjective and depends on their per-
sonal definition of where the CME leading edge is located. Allowing the latitude, longi-
tude and half-angle to vary would increase the number of degrees of freedom the operator
has to manage when fitting the lemniscate. Using an elliptical lemniscate would introduce

a further three degrees of freedom (major axis, minor axis and rotation). This would make
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the fitting intractable. Therefore, the assumptions of a constant, radially-expanding, circu-

lar shape are used to reduce the complexity for forecasters when using the tool.

These three parameters, plus the radial velocity estimate, can then be used to cre-
ate a "cone file". The density of the CME used in the cone file is assumed to be four
times greater than the background density. Changing the density is expected to impact the
CME arrival time but currently, we have no way to measure it so this is the assumption
employed. This cone file can be put into the Enlil solar wind model to understand how
the CMEs propagate towards Earth. Also required is the background solar wind speed,
which is calculated using the Wang-Sheeley-Arge (WSA) model [Wang and Sheeley, 1990;
Arge and Pizzo, 2000; Arge et al., 2003, 2004; Sheeley Jr., 2017]. This model uses mag-
netograms from the Global Oscillations Network Group [Hill, 2018] to calculate the solar
wind velocity. These two models are then combined to form WSA-Enlil. WSA-Enlil is
in use operationally at both SWPC [Parsons et al., 2011] and MOSWOC, and is used to

model the propagation of CMEs throughout the solar system.

Currently, the operational imagery is limited by the fields of view of the COR2 and
LASCO C3 coronagraphs on STEREO A and SOHO, respectively. These are 15 and 32
solar radii respectively. Therefore using CAT, we can only observe the CME from one
viewpoint at 21.5 solar radii. It is at this distance that mulitple viewpoints are most nece-
sarry. By constrast, the wider fields of view of the STEREO heliospheric imagers (HI-1
and HI-2) provide the opportunity to directly image the CMEs as they propagate through
the heliosphere all the way to the Earth. This cannot be done with coronagraphs. For ex-
ample, HI-1 has a field of view from around 15 solar radii to over 80 solar radii. Hence,
it is clear that using HI-1 data can address the issue of a lack of coronagraph data at 21.5
solar radii. Both heliospheric imagers work by detecting Thomson scattered white light

from the charged particles in the CME.

Accordingly, we have updated the CAT tool to include science-quality heliospheric
imagery [Eyles et al., 2009] from the STEREO A satellite and hence created the CME
Analysis Tool with Heliospheric Imagery (CAT-HI). CAT-HI uses a more complex view-
ing geometry than CAT did. It uses a ’camera object’ in order to project the lemniscate
onto the HI images, which are assumed to be flat, an assumption discussed further in sec-
tion 3.1 and the appendix where we find it is reasonable to treat the HI-1 images as flat.

Estimating the CME speed using measurements extending to a greater distance from the
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Sun will also improve the linear velocity estimation at 21.5 solar radii. The studies pre-
viously mentioned by Howard and Tappin [2010]; Lugaz et al. [2012]; Colaninno et al.

[2013] all employed HI data. Harrison et al. [2017] have already argued that HI can be
used to improve space weather forecasting and Amerstorfer et al. [2018] have performed

ensemble runs on CMEs using the HI data.

In this paper, we compare CAT-HI to the operational CAT. We assess the consis-
tency of the tool in initial parameter selection, the difference in field of view and pre-
dicted CME arrival times. Finally, we discuss how CAT-HI could be used in conjunction
with ensemble modeling of CMEs to prune ensembles, how it could be used to provide
CME trajectory corrections, and its relevance to a hypothetical operational mission at the

L4 or L5 Lagrange point.

3 CAT-HI: CME Analysis Tool with Heliospheric Imagery
3.1 Additional Features for CAT-HI

Since the loss of STEREO B, the CAT has relied only on images from SOHO and
STEREO A. To reflect this in CAT-HI, we have removed the STEREO B panel so only
two image panels remain, which can be seen in Figures 1 and 2 at the top. These can be
compared to a similar screenshot in Millward et al. [2013] of the original three-panel CAT.
For operational usage, the CAT uses beacon-quality coronagraph data from STEREO.
These files have a greater compression and poorer resolution than science-quality im-
ages but are available to the forecasters in near realtime. In a similar manner, CAT-HI
can show beacon and science quality HI-1 images, which are shown in Figures 1 and 2,
respectively, so the reader can see the difference. Science and beacon images are differ-
ent images taken at different times, hence the mismatch of ~1 hour between the times-
tamps in Figures 1 and 2 for both HI-1 and LASCO C3 images. The difference in ap-
pearance can also be due to differences in the image properties (e.g. image saturation).
Despite both Figures showing the same CME at approximately the same time, the shape
of the manually-fitted lemniscate is different. This is mainly because it is difficult to repli-
cate the CAT tool operator’s subjective judgement of where the CME’s leading edge is
on different fits of the same set of images, rather than because of the differences in qual-
ity between the beacon and science images. This subjectivity is one of the limitations

of the tool. We used science-quality data for this study as the CAT-HI tool was initially
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developed for STEREO science-quality imagery, the rationale being that a future L4/L5
mission would likely aim to provide the equivalent of STEREQ’s science-quality im-
agery on an operational basis. Nevertheless, Figure 1 shows that it is also possible to use
STEREO’s beacon-grade imagery in CAT-HI. Hence, its usefulness is not contingent on
having science-grade imagery from any future mission. Science-quality images are also
taken more frequently by the HI cameras, giving better coverage of CME events for our

study.

Another complication is that because STEREO A has passed solar conjunction, it is
now behind the Earth in its orbit. Originally, an earthward-directed CME would propagate
left across the STEREO A image towards the middle panel (SOHO image), and propagate
right across the STEREO B image, also towards the middle panel. But because STEREO
A is now behind the Earth in its orbit, earthward-directed CMEs propagate the opposite
way across the image, away from the middle panel. The position of the two panels (after
removal of STEREO B) was discussed with the MOSWOC forecasters and, for consis-

tency, we have left the STEREO A panel on the right.

Another small change is that the animation panel, which allowed the user to animate
a series of images, has now been removed after conversation with the MOSWOC forecast-

ers. It was agreed this was not a useful feature so all aspects of it have been removed.

The main change is the introduction of HI-1 and HI-2 imagery from STEREO A. L1
DNS (Data numbers per second per CCD pixel) images were downloaded from the UK
Solar System Data Centre: https://www.ukssdc.ac.uk/solar/. The HI-1 and HI-2
images are treated equivalently to the coronagraph images; that is, as flat squares - they
are not projected onto the inside of a sphere. This is a reasonable assumption for HI-1,
which has a smaller field of view, but unreasonable for HI-2. This assumption is discussed

in the appendix (section 7). Hence, we only use HI-1 data in this proof of concept study.

Forecasters now have the option to switch the image source on the right-hand panel
between COR2, HI-1 and HI-2. The black imagery timeline in the middle has been up-
dated to accomodate this and the lemniscate scaling updated to fit the fields of view of
the two HI telescopes. An example of the lemniscate lassoing a CME in HI-1 data is
shown in the top right panel of Figures 1 and 2. At this point in the process, the CME
has evolved far from the images at which its latitude, longitude and angular width were

defined. This means the fit looks more ambiguous and the CMEs are fainter than in early
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Figure 1. Cropped screenshot of the new interface for CAT-HI. The top left panel shows images from the
SOHO LASCO C2 or C3 coronagraphs. The top right panel shows images from either the COR2 corona-
graph, HI-1 telescope or HI-2 telescope on the STEREO A spacecraft. This figure shows beacon-quality

HI-1 data on the right. Below is the imagery timeline, where each rectangle represents an image’s universal
time. Spaces represent data gaps, but these can be back-filled later if the images become available - a common
occurrence in operational use. Filled in rectangles indicates which images have been used to create the range-
time plot. In the bottom row, from left to right, are panels to load the images, adjust their properties (such as
image saturation), sliders to determine the lemniscate properties, the plot to show leading edge of the CME vs

time and the controls to determine the velocity and save the CME metadata.

images due to their spatial dissipation. However, we have chosen this image to showcase
the propagation of the CME’s radial position with time in the graph in the bottom row. It

is from this graph that the radial velocity of the CME is calculated.

3.2 Validation of CAT-HI against the Operational CAT

CAT and CAT-HI were used (by the first author) to analyse the properties of 13
CMEs selected from the Goddard Space Flight Centre LASCO CME catalogue (https:
//cdaw.gsfc.nasa.gov/CME_list/). CMEs were identified from January 2016 to

October 2017 that met the following criteria: (1) were not classed as poor or very poor
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Figure 2. This screenshot shows the same CAT-HI interface as Figure 1 but with science-quality HI-1 data.

Note that the science-quality HI-1 images were taken at different times, hence the different timeline.

in the remarks column, (2) were classed as Halo in the Central PA [deg] column, and

(3) were clearly visible to us when loaded into the CAT tool. This gave 13 CME events
across the 22 months, including the 3 CMEs described in Redmon et al. [2018]. During
this time, STEREO A was located between -164 and -132 degrees Earth ecliptic longitude,
so would be viewing Earthward CMEs from the rear. These non-ideal angles will reduce

the accuracy of the lemniscate fitting.

These CMEs were first analysed with CAT then CAT-HI. There was no randomisa-
tion or blinding, which was considered acceptable as these methods would have been in-
effective for the small sample size. The images analysed were running differences, where
the previous image was subtracted from the current. This made it easier to observe the
CME. The latitude, longitude and half angle of the CME/lemniscate were fixed using a
single pair of images, usually from LASCO C3 and COR2. The fit of the lemniscate to
the image was entirely visual. The radius of the lemniscate was then varied for subsequent
and previous sets of images and a linear fit used to determine the radial velocity. For fit-

ting the lemniscate in HI images using CAT-HI, the initial parameters from the COR2
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images were kept for use on the HI images. The fit of the lemniscate to the CME was

observed to worsen as the CME progressed spatially, and the fitting was stopped when it
was clear the lemniscate no longer matched the CME. This may have been due to error
in the initial parameter estimation or that the shape of the CMEs evolved over time away

from the original fitted lemniscate. Due to the fixed shape of the lemniscate discussed in

section 2, the worsening of the fit over time is inevitable.
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Figures 3a-d show the corresponding latitude, longitude, half-angle and radial veloc-
ity measurements from using CAT and CAT-HI. The colour of the markers corresponds
to the event number, which can be found to the left of Figure 3e. The black dashed line

shows the line of equivalence. This data is also summarised in Table 1.

Table 1. Initial parameters for CMEs analysed in this study. For each CME, the first entry (blue text) shows
results from CAT and the second entry (red text) shows results from CAT-HI. The final column gives the event

numbers and colors for each event.

Enlil Start Time  Latitude (°) Longitude (°) Half-Angle (°)  Velocity (km/s) No. Images Event

20160102 01:17 -17.8 25.0 335 1795 8
20160102 01:06 -14.1 20.4 27.5 1826 7
20160106 18:11 -11.9 235 57.0 819 8
20160106 17:51 5.9 17.1 56.0 960 13
20160221 00:57 -39 213 65.0 332 10
20160220 21:45 2.6 29.6 57.0 478 10
20160221 17:10 -5.8 18.1 53.0 632 7
20160221 15:50 45 20.8 51.5 1053 12
20160701 00:03 132 28.2 58.0 476 7
20160701 01:33 8.6 35.6 58.0 397 7
20170419 00:28 8.5 -48.2 47.0 780 13 a
20170419 00:24 6.0 -35.9 49.0 766 18
20170714 06:26 3.8 315 60.5 730 8
20170714 06:46 5.7 32.6 59.5 661 13
20170723 07:03 -17.0 1763 575 1452 . s |
20170723 07:14 9.1 1732 59.0 1365 9
20170905 02:42 -16.5 103 69.0 542 7
20170905 01:17 -20.2 229 65.5 781 16
20170906 16:40 5.4 222 65.0 840 9
20170906 16:35 116 18.2 62.0 788 11
20170910 03:10 2.2 131.4 485 795 8
20170910 03:37 4.2 118.9 45 614 7
20170917 15:23 6.0 -148.6 55.0 1045 8
20170917 15:24 3.0 -147.7 59.0 1140 16
20171018 12:09 7.5 -39.2 54.0 797 10
20171018 12:01 113 -45.0 49.5 726 22

The longitude, latitude and half-angle were all consistent between the two tools.
The longitude appears to be the most consistent parameter, but this is just an effect of the

greater ranges on the axes. Any variation between the tools is due to uncertainty in fitting
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the lemniscate visually. It may also be the case that a different pair of images were used
when performing the fits with CAT and CAT-HI. The radial velocity was higher when
measured by CAT-HI for low velocity CMEs but this disparity is small. Figure 3e shows
the difference in the Enlil start time for each event derived by the two tools. The start
time is when the CME reaches 21.5 solar radii, the inner boundary of the Enlil model.
Figure 3e shows that on average (red dashed line) the CME reaches 21.5 solar radii just
under 20 minutes sooner when it is measured by CAT-HI than when it is measured by
CAT. However, the standard deviation on this is 69 minutes, so this difference is insignif-
icant. All additional imagery used by CAT-HI for these events was HI-1, as the events
were usually too weak to be seen in HI-2. Note that these images have not been adjusted
to account for the spherical projection, the difference being negligible for HI-1 (see ap-
pendix). These results show that the inclusion of HI imagery does not make a significant

difference to the determination of the CME’s radial velocity (at 21.5 solar radii).

Figures 3f and 3g show how many images were used to determine the radial velocity
when using the CAT and the CAT-HI, respectively. On average, the operator used ~48%
more images when using the CAT-HI. For two events, the operator actually used fewer im-
ages when using the CAT-HI than the CAT. These are events 1 and 11. For some events,
the CME was not clearly visible in the heliospheric imagery and no images were saved.
When heliospheric imagery was available, the operator sometimes used fewer images from

LASCO C2/C3 and COR2 when using CAT-HI than CAT.

For each image that is used in determining the radial velocity of a CME, the lead-
ing edge radius defined by the lemniscate and the universal time of the image is recorded.
Figure 4 shows the evolution of the leading edge of the CME in time, when using CAT
and CAT-HI. In order to compare the different events, the x-axis shows the time relative to
the Enlil start time for that event. The Enlil start time is also the time of the WSA map
used for the simulation. The top plot shows the leading edge position for the different
images when using CAT and the bottom for CAT-HI. Each triangle represents an image.
Straight lines have not been fitted to this data as we did not want to make the assumption

that the velocity was constant.

The bottom plot shows an increase in images taken after the Enlil start time. This
increase is due to the use of HI-1 imagery. The operator was able to identify the leading

edge of the CME in HI-1 data to over 60 solar radii in one case, but consistently above 40

—12—
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Figure 4. Leading edge radius of CME as a function of time relative to the Enlil start time. Each colour
shows a different CME. Top shows results for CAT and bottom shows results for CAT-HI. The inclusion of

HI-1 imagery in the latter allows fitting of a CME’s leading edge further away from the Sun.

solar radii. Above these distances, the leading edge of the CME was too ambiguous and
difficult to fit with the lemniscate. Note that the same image used by both tools will have

different relative times, so will appear in different places on the x-axis.

Consistent measurement of the leading edge beyond 21.5 solar radii (the inner Enlil
boundary) was not possible with CAT due to the limited field of view of the telescopes
employed. Figure 4 illustrates the advantage of incorporating HI imagery into CAT; it al-

lows the CME to be tracked to much greater distances from the Sun. It opens up the pos-
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sibility of verifying the Enlil runs used to estimate the time of arrival of CMEs at Earth

and other planets. This is discussed further in section 5.

From visual inspection, it is difficult to determine whether any of the CMEs are ac-
celerating or decelerating. Therefore, we fitted a quadratic function (equation(1)) to the
profiles in Figure 4 and performed a statistical 7-test. x is the leading edge of the CME in
solar radii and ¢ is the event time minus the Enlil start time in hours, as shown in Figure
4. The constants a, b and ¢ represent the acceleration, linear velocity and position of the

leading edge at the Enlil start time, respectively.

x=at* +bt+c

Equation (1) was fitted to each profile using the method of least-squares and the
best-fit values of a, b and ¢ and their respective standard deviations o, 0 and o were
calculated. This was done with the Python Scipy library. The ¢ statistic was then calcu-
lated for the acceleration (and the other parameters) and the degrees of freedom (DOF)
found as the number of images minus 3, for the three parameters. The two-tailed p-value
could then be calculated. The significance level was set at 5%. Any values of p less than
5% were considered significant and the CME was considered to be accelerating or deceler-

ating.

These data are summarised in Table 2 for the acceleration parameter. Results for
CAT are shown in blue and those for CAT-HI shown in red, just as in Table 1. Events
with a significant p-values are shown in bold. For analysis with CAT, events 3, 5 and
7 showed a significant acceleration (or deceleration), whereas for CAT-HI, there were
eight events (events 2, 4, 5, 6, 7, 10, 12, and 13). Of the significant CAT results, all three
CMEs were decelerating; this was more mixed for the larger sample of significant CAT-HI
results, where three CMEs were accelerating and five were decelerating. Note that of the
three significant events found with CAT, only two of those were also identified as signifi-

cant with CAT-HI.

These results suggest that including HI-1 images typically increases the chance of
measuring a significant acceleration for the CME compared to just using coronagraph
imagery. Interestingly however, the CMEs with a significant acceleration in this sample

do not show a consistent behaviour, with a few accelerating and the others decelerating.
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Table 2. Results of statistical test for acceleration/deceleration. For each CME, the first entry (blue text)
shows results from CAT and the second entry (red text) shows results from CAT-HI. The significance level is
set at 5%. Events with a significant p-value are in bold. The final column gives the event numbers and colors

for each event.

Enlil Start Time  a (Rg/hr?) o4 (Rs/hr?) t DOF p (%) Event
20160102 01:17 0.298 0.182  1.633 5 163 [ 1]
20160102 01:06 0.155 0152 1019 4 366

20160106 18:11 -0.375 0.150  2.490 5 552
20160106 17:51 0.115 0051 2241 10 4.89

20160221 00:57 -0.180 0.063 2867 7 241 3
20160220 21:45 -0.001 0.057 0009 7 993

20160221 17:10 -0.059 0.057  1.034 4 360
20160221 15:50 0.408 0.055 7356 9 4.30x107
20160701 00:03 -0.402 0.038 10.689 4 4.34x1072
20160701 01:33 -0.270 0.047 5802 4 4.39x107
20170419 00:28 -0.020 0.043 0450 10 662 [ 6]
20170419 00:24 -0.050 0014 3655 15 235x107
20170714 06:26 -0.306 0.104 2940 5 322

20170714 06:46 -0.101 0.019 5405 10 2.99x1072
20170723 07:03 0.844 0.673 1255 3298
20170723 07:14 -0.494 0.300  1.647 6 15.1

20170905 02:42 0.167 0.064 2604 4 598

20170905 01:17 0.056 0.035 1594 13 135

20170906 16:40 -0.059 0.067  0.875 6 415
20170906 16:35 -0.091 0.031 2928 8 191

20170910 03:10 0.340 0.268 1267 5 26.1

20170910 03:37 -0.320 0.118 2720 4 530

20170917 15:23 -0.124 0.108  1.147 5303

20170917 15:24 0.068 0.028 2405 13 3.8

20171018 12:09 0.161 0.178  0.903 7397

20171018 12:01 -0.116 0.010 12194 19 1.98x1078

However, the sample size here is small, so we did not attempt further analysis and note

that over the radial distances considered, there does not seem to be a universal tendency.

The increased significance of the acceleration estimates achieved via the addition
of HI-1 data to CAT-HI does open the possibility of providing the acceleration of a CME
to the forecaster as a secondary data product. In principle, this information could be en-

tered into the WSA-Enlil solar wind model and be used to improve the time of arrival pre-
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338 dictions of the CME at Earth. However, the other limitations of the tool, primarily the

a9 accuracy in fitting the lemniscate visually, result in a lot of uncertainty on the leading

240 edge estimates. This uncertainty affects the acceleration values. We can see that the rel-

341 ative error (0, /a) in Table 2 for some events can be greater than 100% (e.g. event 10 for
42 CAT). As the acceleration is not always a reliable parameter, we judge that the benefit of
43 including will likely be marginal in an operational context. This view takes into account
a4 the added complexity the occasional inclusion (contingent on significance) of an additional
45 free parameter adds to the forecaster’s tasks. Given this, we judge it more prudent to re-
a6 tain the current constant velocity paradigm for specification of the initial CME velocity in

a7 the WSA-Enlil-cone approach.

48 4 CME Time of Arrival Predictions with CAT-HI

49 For each of the 13 CME events, a "cone file" was made using both CAT and CAT-
a0 HI, so that WSA-Enlil runs could be performed for each tool and all CMEs. There were

U5t two instances where the CMEs were emitted in very close succession, those being two

352 CMEs in mid February 2016 (events 3 and 4) and early September 2017 (events 9 and

53 10). These ’double’ CME events were combined into single cone files. This gave 22 WSA-
54 Enlil runs, or 11 events. The model’s predicted measurements expected at L1 could then
a5 be compared to data from the Deep Space Climate Observatory (DSCOVR) (https:

56 //www.nesdis.noaa.gov/content/dscovr-deep-space-climate-observatory).

361 Table 3. Contingency table showing predictions vs. observations for each event. Top table shows predic-

362 tions with CAT and bottom table for CAT-HI.

CAT Forecast Hit Forecast Miss

Observed Hit 6,7,9,10, 11 13

Observed Miss 1,2,3,4,5, 8,12
CAT-HI Forecast Hit Forecast Miss

Observed Hit 6,7,9,10,11, 13 -

Observed Miss 1,2,3,4,5 8,12

] Table 3 shows the predictions and outcomes for the 13 CMEs with regards to hitting
a4 L1. The contingency tables show prediction results using CAT and CAT-HI. The results

65 for both tools are similar. The tables are defined very simply, as they are intended only
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Figure 5. WSA-Enlil time of arrival prediction of the CME compared to DSCOVR data for CMEs in (a)
July 2017 (event 8) and (b) September 2017 (events 9/10). For (a) and (b) respectively, Top: Magnetic field

magnitude. Middle: Solar wind velocity. Bottom: Solar wind density. Double headed arrows show the range

of predictions on the CME scoreboard (see text).

as a simple heuristic of whether CAT-HI yields very different results from CAT. CMEs

are recorded as observed at L1 by Enlil if there is a peak in the cloud tracer parameter
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[Odstrcil and Pizzo, 2009]. Similarly, CMEs are recorded as observed at Earth in L1 ob-
servations if there is an observed shock arrival time entry in the CCMC CME scoreboard
(https://kauai.ccmc.gsfc.nasa.gov/CMEscoreboard/PreviousPredictions/),
for entries where the CCMC CME start time at 21.5 solar radii is consistent with ours.
Hits are then defined as times when CMEs are observed in Enlil and in L1 data, and so
forth. Under this definition, the preliminary indications are that there is little difference
between the two tools: Seven CMEs were predicted correctly for CAT, and eight for CAT-

HI. For both tools, there were five false alarms.

Note these results should not be over-interpreted, as the definitions used are very
simple. Specifically, we do not define a threshold for the peak in the cloud tracer param-
eter - peak values can range from 10'-1073%, where the latter are likely to be associated
with "glancing blows". We have not introduced a threshold here - the presence of a peak
of any magnitude is simply considered as "observed in Enlil". Likewise, we have not de-
fined a minimum threshold for the time error (between an observation of a CME in Enlil

and L1 data) required to constitute a hit. Differences can be greater than a day.

Three of the CMEs predicted to hit are presented in Figure 5. Figure 5a shows the
single CME event from July 2017 (event 7) and Figure 5b shows the double CME event
from September 2017 (events 9/10), the same event discussed by Redmon et al. [2018].
For Figure 5a and 5b, the top, middle and bottom panels show magnetic field magnitude,
solar wind velocity and solar wind density, respectively. Blue lines show predictions when
using CME parameters derived with CAT, red lines when using CAT-HI, and green shows

data from DSCOVR. Vertical dashed lines show the Enlil start time.

For both of these events, the predicted time of arrival was late on both the CAT and
CAT-HI runs. The double-headed arrows in Figure 5 describe the range of predictions
made by other people from the CME scoreboard. In Figure 5a, our prediction is on the
late end of this range. For Figure 5b, we have predicted both CMEs to be later than the
range of predictions from the CME scoreboard. Wold et al. [2018] performed studies with
a large number of CMEs and found on average, the WSA-Enlil prediction is 4 hours early.
A study by Mostl et al. [2014] (not using WSA-Enlil) found a similar result and this was
attributed to an overestimation of the CME speed. The CMEs analysed in Figure 5 ar-
rived earlier than predicted, opposite to the findings of Méstl et al. [2014] and Wold et al.

[2018]. Figure 5a shows that the CAT run was closer to the actual arrival time than CAT-
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HI, whereas in Figure 5b, the CAT-HI run performed better but was still nearly 24 hours
late. For the double CME event, interaction between the CMEs may have complicated

their motion, making predicting the time of arrival more difficult in this case.

Consequently, the preliminary indications of this study (with small sample size and
without rigorous thresholds) are that incorporating the HI imagery into CAT to further
constrain the CME parameters introduced at the Enlil inner boundary, does not produce
any meaningful improvement in the resulting estimated time of arrival of CMEs using
Enlil. This is similar to the results of Barnard et al. [2017]. They used HI data and a drag
based model to estimate the time of arrival of CMEs but found that the HI data did not

improve the predictions compared to the SWPC prediction.

However, the advantages of using the HI imagery may be in using it to update initial

predictions and to prune ensemble forecasts. This is discussed in section 5.

5 Discussion

Accurate determination of the time of arrival of CMEs at Earth has so far proven
difficult. For example, Millward et al. [2013] found, with all 3 spacecraft, an average ab-
solute error in the arrival time of 7.5 hours when using the CAT to give input values to
the WSA-Enlil model. It is worth noting that determining CMEs parameters with CAT-HI
is partly subjective due to CMEs not having a well defined edge or geometry. A different
user of CAT-HI, such as an experienced forecaster, would get slightly different values for
the CME parameters. However, we expect that the overall results would agree with the
conclusions of this study (that there are no significant differences beteween the two tools).
Due to the easier availability of data, this study only looked at CMEs from Jan 2016 to
Oct 2017 and was considered sufficient for this proof-of-concept study. Any future study
should also use data from a wider range of years to reduce the uncertainty in the results

and use a more formal testing procedure.

The predicted time of arrival of the CME depends on the initial CME parameters
such as its speed [Lee et al., 2013; Mays et al., 2015] and the ambient solar wind condi-
tions throughout the whole heliosphere [Lee et al., 2015; Wold et al., 2018]. Mostl et al.
[2014] and Wold et al. [2018] have found that on average, the estimated time of arrival is
a few hours too early (unlike in Figures 5a and 5b), either because the initial speed of the

CME is overestimated or the CME deccelerates through the heliosphere. Even for experi-
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enced forecasters, determining the CME’s initial properties is inevitably uncertain. Obser-
vational knowledge of the state of the entire solar wind is also not possible to obtain and

instead, forecasters must rely on models.

In terrestrial weather, ensemble modeling is used to indicate uncertainty in the pre-
dictions. Instead of using a single set of initial conditions for one model run, ensemble
modeling takes a set of perturbed initial conditions and creates a set of runs (an ensem-
ble), which describes the uncertainty in the initial conditions. The spread of the ensem-
ble can be used to assign a probability to a particular outcome. Ensemble modeling can
be used to improve the forecasting of chaotic systems, such as hurricanes [e.g., Zhang
and Krishnamurti, 1997], and to generate seasonal forecasts [e.g., Arribas et al., 2011;

MacLachlan et al., 2015].

In recent years, it has become increasingly clear that ensemble modeling could also
improve space weather forecasting [Riley et al., 2013; Henley and Pope, 2017; Murray,
2018]. Many studies have been conducted applying ensemble modeling to CME forecast-
ing [e.g., Emmons et al., 2013; Lee et al., 2013, 2015; Cash et al., 2015; Amerstorfer et al.,
2018], including Mays et al. [2015] who applied ensemble modeling to an operational sys-
tem. Amerstorfer et al. [2018] has also applied ensemble modeling to HI observations of
CMEs. In general, it has been found that ensemble modeling of CMEs reduces the error
in the time of arrival and usually includes the correct prediction in its range. Applying
ensemble methods to CME propagation requires consideration of the underlying dynam-
ics, as this affects the approach used to set up the ensemble. Pizzo et al. [2015] show that
CME shock front propagation may be treated more as a deterministic issue (dominated by
unknown initial conditions, similar to tsunami propagation), rather than as a chaotic prob-

lem (dominated by internal variability, similar to hurricane propagation).

CAT-HI gives the opportunity to improve model predictions by two routes: pruning
away unlikely ensemble members and providing mid-trajectory corrections, both using the
HI data. When an operator makes a prediction using imagery from the LASCO and COR2
coronagraphs, they are unable to track the CME after it passes beyond LASCO C3’s field
of view. With CAT-HI, the STEREO HI data are incorporated into the operational tool,
yielding data for a longer period after the Enlil start time (see Figure 4). Therefore, with
post-processing of the WSA-Enlil model results to generate synthetic white light images

[Odstrcil and Pizzo, 2009] it should be possible to compare the original WSA-Enlil runs

-20-

©2018 American Geophysical Union. All rights reserved.



463

464

466

468

469

70

7

472

‘73

474

75

476

477

478

79

+80

+82

183

484

487

188

489

493

with the latest HI imagery. The ensemble runs could then be pruned so that the ensem-
ble spread better reflects the true uncertainty, or the model rerun with the new informa-
tion, providing trajectory corrections for CMEs. This process could be repeated every few
hours as new HI data became available, allowing the forecasters to increase the accuracy
of their predictions over time, albeit with decreasing forecast lead time. This would be a
major step forwards in predicting CME arrival times. It would also be beneficial if the
WSA-Enlil model could be rerun with the Enlil inner boundary at a greater distance from

the Sun, but currently this is not possible.

STEREO-A is in a continuously drifting orbit relative to the Earth and is currently
approaching the Earth. As the angle between the Sun-Earth and Sun-STEREO-A lines
decreases from -90 degrees towards 0 degrees, the accuracy of determining the CME’s
initial parameters is expected to worsen. For this study, STEREO-A was located between
Earth ecliptic longitudes of -164 and -128 degrees, which is non-ideal. Many authors have
recently lobbied for a permanent mission at the L4 or L5 Lagrange points to counter for
this loss of capability and to ensure good quality and long term space weather monitor-
ing capabilities [Hapgood, 2017; Wold et al., 2018; Amerstorfer et al., 2018]. CAT-HI
could easily be adapted to use imagery from dedicated operational missions at L1 and
LA4/LS. It would be particularly powerful if a mission at L4/L5 had a heliospheric imager
onboard. With the added HI, this would give continuous observation of CMEs from per-
manent viewing points and improve the quality of space weather monitoring. This study
has used science-grade data, as its improved quality allows easier identification of CMEs
further out than is possible with beacon-grade data, potentially improving the information
available to forecasters. However, while we have shown CAT-HI can use beacon-quality
data, we have not investigated performance with this, so cannot state what the benefit is (if
any) of science-quality data over beacon-quality. Further work would be required to assess

this, and may help to inform downlink requirements for an operational mission.

6 Summary

This paper has introduced an adapted version of the operational CME Analysis Tool,
CAT. CAT-HI incorporates Heliospheric Imagery (HI) from the STEREO spacecraft and
hence provides the possibility of tracking CMEs out to much greater distances than was
possible with CAT. Although the use of HI imagery does not produce an improvement in

the initial prediction of a CME’s arrival time, it could potentially be used in conjunction
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with ensemble modelling. Once a WSA-Enlil prediction is made, the model output could
be post-processed to generate synthetic white light imagery. This would allow easy com-
parison with new HI imagery, as this becomes available, allowing the forecast to be up-
dated by pruning ensemble runs. Any new HI imagery could also be used as the basis for
new CME fits to use as input into new model runs, also allowing forecast updates. There-
fore, we see this tool not as an improvement to the CAT tool, but as a proof of concept
for using HI data operationally. This tool also supports the development of a dedicated
LA4/LS operational mission equipped with a heliospheric imager. It is our intention that

CAT-HI will enter use operationally at both NOAA/SWPC and MOSWOC.

7 Appendix

In this section, we discuss the projection of HI images onto a flat plane, the so-
called "plane of sky". This is used by the coronagraphs, and it is helpful to apply the
same concept to the HI images, so they can be treated equivalently by CAT-HI. Figure 6
shows the viewing geometry of the HI imagers. In CAT-HI, it has been assumed that the
image can be displayed as a flat, square image like COR2, which is the red plane in Fig-
ure6. However, the HIs have wide fields of view. Therefore, the correct projection is onto
the inside of a sphere, which is the blue plane in Figure 6. This curved image then needs
transforming to the plane of sky. In this appendix, we quantify the difference in radial
distances under these two projections in order to understand whether a flat projection is

justified.

In Figure 6, position O represents the location of STEREO A (or B). § represents
the position of the Sun, which for convenience, lies in both the red and blue planes. OA
(or OV) is the viewing direction of a HI camera and OC (or OF) is the direction of the
point of interest in the image, the leading edge of the CME. a. and S, are the horizontal
and vertical angles between the viewing direction and the CME direction. « is the angle
between the viewing direction and the Sun, which from Eyles et al. [2009] is 14° for HI-1

and 53.7° for HI-2.

We can use Figure 6 to calculate the distance CS, the "correct” plane of sky pro-
jection. This can then be compared to the original determination where the HI image
was projected as a flat square. We call the distance OS = Ry, the Sun-spacecraft dis-

tance. Then OA = Rgcos(a) and AS = Rgsin(a). AB = Rgcos(a)tan(a,.) so BS =
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Figure 6. The projection of HI images onto a flat plane (red) and the inside of a sphere (blue). O is the
location of STEREO A and S is the location of the Sun. OA/OV is the viewing direction of the HI camera.
OC/OF is the direction of the point of interest, the leading edge of the CME. @, and 3. are the horizontal and
vertical angles from the viewing direction to the CME. « is the angle between the viewing direction and the

Sun.

Rs(sin(a@) — cos(a) tan(a.)). AE = Rgcos(a)tan(B.) and AE = BC. Finally, we can get
CScirc using Pythagoras’ theorem (equation (2)), where the subscript circ is to distin-

guish that this difference refers to the correct projection.

CScire = RS\/cosz(a) tan?(B.) + (sin(a) — cos(e) tan(a))? (2)

To compare to CAT-HI, we get the equivalent distance in the coordinates of the flat
projection, where the x-coordinate is in the a direction and the y-coordinate is in the

direction. The equivalent radial distance CSF;4, is given by equation (3).
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CSriar = Rs(@ — ac)? + B2 A3)

587 We now calculate CScir/CSFiq; for all combinations of a. and B. possible in the
3 HI-1 and HI-2 viewing geometries. This is shown in Figure 7. Note that the scales are

539 different for the HI-1 and HI-2 cases.

542 For HI-1, we can see that the greatest difference between CSc;r. and CSfjq4; is

™ ~1.5%, or 1.015 on the colourbar in Figure 7 (left). Typical radial distances of the leading
edge of the CME might be of the order 30-50 solar radii (see Figure 4, giving a maximum

545 possible error of less than a solar radii. Given the other assumptions and constraints of

546 CAT-HLI, this difference is not significant.

47 For HI-2, the greatest difference is ~22%, or 1.22 on the colourbar in Figure 7 (right).

548 If CAT-HI measures a point at 150 solar radii in the plane of the sky with the flat field

1 assumption, it will overestimate the distance by ~27 solar radii, a significant distance.
550 Hence, assuming that the HI-2 image can be treated as a flat square is a poor assumption
51 and will lead to significant errors when matching the lemniscate to the image. This does
552 not affect the results presented in this paper, as we have not included any matches from
53 HI-2.
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Figure 8. Flat vs. Curved Projections. Top row is HI-1, bottom row is HI-2. Left column shows an image

plotted as a square and the middle column shows the image plotted onto the inside of a sphere. The right
column shows the location error for each point in the image when projected as a flat square. The pointing

direction is general and assumes a Sun-Spacecraft distance of 215 solar radii.

We can also observe the distortion by comparing the flat, square assumption with
the equivalent image projected onto the inside of a sphere. This is illustrated with "fake"
images in Figure 8. The top row shows HI-1 projections and the bottom row shows HI-2
projections. The left column shows the image plotted as a flat square whilst the middle
column shows the image plotted onto the inside of a sphere, as it would appear looking
along the viewing direction of the telescope. The Sun-Spacecraft distance is set at 215 so-
lar radii, and is not assumed to point in a particular direction. The right column shows the
position error of any point in the image when projected as a flat square. So in order for
the flat image to match the curved image, those pixels that are red need moving radially
outwards by this amount. Likewise, blue pixels need moving radially inwards to match the

curved image.

Figure 7 shows us that for HI-1, there is very little difference between the correct
curved projection (in the middle) and the flat projection (on the left). The right column
shows us that assuming a Sun-Spacecraft distance of 215 solar radii, features in the flat

projection will be located no more than 0.8 solar radii away from the correct position (in
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a plane containing the Sun). However, for HI-2, the wider field of view creates a much
greater distortion, and towards the corners, the leading edge of the CME can be projected

in the wrong place by over 20 solar radii. This is a more significant error.

This analysis shows us that the curvature of the image makes a negligible difference
for the HI-1 images, and so we have used the more convenient flat square projection in
CAT-HI. However, the error that comes from this assumption for HI-2 is much greater.
For this study, we did not use HI-2 images, so the results are not affected, but these effects

should be considered for future studies if it is desired to extend these effects further out.
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