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Abstract.  This is a companion to [Savani et al., 2015] that discussed how
a first-order prediction of the internal magnetic field of a coronal mass ejec-
tion (CME) may be made from observations of its initial state at the Sun

for space weather forecasting purposes (BSS model). For eight CME events,
we investigate how uncertainties in their predicted magnetic structure influ-
ence predictions of the geomagnetic activity. We use an empirical relation-
ship between the solar wind plasma drivers and Kp index together with the
inferred magnetic vectors, to make a prediction of the time variation of Kp
(KpP59)). We find a 20 uncertainty range on the magnetic field magnitude
(|B|) provides a practical and convenient solution for predicting the uncer-
tainty in geomagnetic storm strength. We also find the estimated CME ve-
locity is a major source of error in the predicted maximum Kp. The time vari-
ation of KpB39 is important for predicting periods of enhanced and max-

imum geomagnetic activity, driven by southerly-directed magnetic fields, and
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periods of lower activity driven by northerly directed magnetic field. We com-
pare the skill score of our model to a number of other forecasting models,
including the NOAA/SWPC and CCMC/SWRC estimates. The BSS model
was the most unbiased prediction model while the other models predomi-
nately tended to significantly over-forecast. The True skill score of the BSS
prediction model (T'SS = 0.43 £ 0.06) exceeds the results of 2 baseline
models and the NOAA/SWPC forecast. The BSS model prediction performed
equally with CCMC/SWRC predictions while demonstrating a lower uncer-
tainty.

Key Points

e Long lead-time magnetic vector predictions of 8 CME are converted into
Kp predictions for comparisons to forecasts

e Model retained a more consistently strong skill for the more stringent
‘Hit’ criteria, while also displaying significantly lower uncertainty

e Uncertainty in magnetic field strength and velocity is the most practi-

cal solution for Kp forecast uncertainty
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1. Introduction

In this second of two companion papers, we study how predictions of the magnetic
vectors within coronal mass ejections (CMEs), the topic of the Paper 1 [Savani et al.,
2015]; may be used to forecast the geomagnetic response from these CMEs. In particular,
we investigate the effects on predicting the Kp geomagnetic index by varying the inputs
to the CME magnetic field vector prediction method.

Extended periods of southward magnetic field, often found within and surrounding
Earth-directed CMEs, result in periods of enhanced reconnection on Earth’s dayside and
energy input into the magnetosphere. In contrast, northward-directed fields inhibit re-
connection, resulting in a weaker magnetospheric response [Dungey, 1961]. As CMEs
usually generate the most geo-effective events [e.g., Tsurutani and Gonzalez, 1997; Zhang
et al., 2007; Zhang and Moldwin, 2014], inferring the magnetic field direction along the
trajectory of Earth through the CME would be a major advance in geomagnetic activity
prediction.

Theory and observations suggest that the magnetic fields inside CMEs are often twisted
“flux ropes” [Vourlidas, 2014]. Such twisted fields are also often found in in-situ during
the passage of CMEs [e.g., Lepping et al., 1990; Marubashi, 1997; Hidalgo et al., 2002; Hu
and Sonnerup, 2002; Owens et al., 2006; Savani et al., 2013a]. However, the challenge has
been to predict the structure of in-situ flux ropes from observations of the source of the
CME at the Sun.

A link between solar active regions or eruptive filaments and flux rope structures has

already been proposed by Marubashi [1997]. Further supporting evidence is provided
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by the chirality of these structures [Rust, 1994; Bothmer and Schwenn, 1994; Bothmer
and Rust, 1997] and their axis orientation in the ecliptic plane | Yurchyshyn et al., 2007]
and over a large range of heliographic latitudes [Rees and Forsyth, 2003]. Evidence has
shown that the relationship of interplanetary flux ropes and their solar progenitors is more
straightforward for filaments than active regions [Leamon et al., 2002, 2004]. However, a
large fraction of CMEs are associated with active regions.

Bothmer and Schwenn [1998] suggested that the magnetic topology of CMEs should
be driven by conditions below the solar surface [Hale, 1925; Wang, 2013]. In particular
they proposed a scheme that predicted the magnetic topology based on two parameters:
whether the solar cycle number is even or odd, and whether the CME originated in the
northern or southern hemisphere. However, it is now clear that this scheme can fail in
some cases. For example, Liu et al. [2006] and Harra et al. [2007] reported an event whose
overlying field arcade from which a CME erupted spanned two solar active regions. The
resulting interplanetary magnetic flux rope structure was shown to be different from that
of a prior CME that erupted from just one of these active regions. In response, Paper
1 introduced an additional parameter to the hemisphere-handedness scheme (adjusted
Bothmer-Schwenn scheme, BSS) to allow for a single or double active region source.

The Earth trajectory through a model CME strongly influences the predicted magnetic
field wvectors at Earth. The vectors are also affected by evolution of the CME as it
propagates to Earth. Radial propagation of CMEs have suggested a flattening of a circular
cross section CME [Riley and Crooker, 2004; Savani et al., 2011a, 2012]. However, in situ
evidence often from model fittings, suggest a circular cross section may be appropriate

on local scales [Démoulin and Dasso, 2009; Savani et al., 2011b, 2013b]; the non-radial
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extent is less well constrained [Owens, 2008]. CME deflections [Cremades and Bothmer,
2004; Kay et al., 2013] and rotations | Vourlidas et al., 2011; Nieves-Chinchilla et al., 2013]
may also influence the magnetic structures that encounter the Earth, as can deformations
of a CME due to interactions with the ambient solar wind [Savani et al., 2010] or other
interplanetary CMEs [Lugaz and Farrugia, 2014; Liu et al., 2014]. Studies have also shown
evidence that the magnetic flux rope structure within a CME may also erode away during
propagation [Ruffenach et al., 2012; Manchester et al., 2014; Ruffenach et al., 2015].

In this paper, we discuss how the scheme for predicting the magnetic fields in CMEs
described in Paper 1 may be used to forecast geomagnetic activity. We first describe the
current geomagnetic storm forecasts provided by NOAA and NASA (Section 2). Second,
we outline our empirical approach for predicting the Kp values (Section 3) and directly
compare our predictions with current space weather forecasting products. Thirdly, we
discuss how uncertainty in the trajectory of Earth through a model CME structure changes
the predicted magnetic vectors and how this influences the predicted Kp values (Section
5). Additionally, we also investigate how other parameters affect the final Kp prediction
and quantify the predictive capabilities with skill scores (Section 6). Finally, we discuss
the results and best approach for developing the forecasting system in Section 7 and

discuss future improvements in Section 8.

2. Kp Forecasting

The NOAA Space Weather Prediction Center (SWPC) is the official U.S. source for
space weather forecasts. For geomagnetic storms, their current procedure is to: 1. Release
a geomagnetic “watch” notice after a solar eruption is observed, i.e., 36-72 hrs prior to
expected storm arrival; 2. Send out a “warning” ~ lhr prior to storm onset using data
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from ACE/Wind spacecraft at the L1 point to formulate a robust Kp prediction based on
established relations between the solar wind parameters and Kp; and 3. Provide “Alerts”
in a now-casting/real time format during the geomagnetic storm using a real-time proxy
of the official Kp index. SWPC also publishes routine 3-day Kp forecasts based on a
heuristic approach that is heavily dependent on the skill and personal experience of the on-
duty forecaster, for example, in interpreting ENLIL simulation results and incorporating
knowledge of historical events.

NASA’s Space Weather Research Center (SWRC) hosted by the CCMC (Community
Coordinated Modeling Center) at the Goddard Space Flight Center (GSFC) employs
more experimental forecasting procedures using the latest scientific techniques that have
only recently been deployed in an operational-like setting. The CCMC is an inter-agency
partnership to facilitate community research and accelerate implementation of progress
in research into space-weather operations. CCMC/SWRC are tasked with addressing the
space weather needs of NASA’s robotic missions through experimental research forecasts,
notification and analysis. As part of its activities, CCMC gathers predictions from re-
searchers around the world and compares them with the actual observed space weather in
order to understand the strengths and limitations of the different forecasting techniques.

Both NOAA/SWPC and CCMC/SWRC use ENLIL to model the propagation of CMEs
between the Sun and Earth, and estimate arrival times [Odstreil, 2003; Odstreil and Pizzo,
2009]. However, the currently released ENLIL models do not include CME magnetic fields;
only the magnetic structure of the ambient solar wind is included in the model. Thus,
ENLIL cannot provide any forecasts of the magnetic field vectors inside CMEs, at the

moment. CCMC are implementing an experimental method to forecast Kp with quan-
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titative uncertainties using the maximum field strength from ENLIL model runs [Mays
et al., 2015a]. Recent developments have shown that real-time operations of numeri-
cal simulations that include CME magnetic fields are now possible [Shiota and Kataoka,

2016).

3. Kp Theory

Kp is the global magnetospheric index often used by forecasters to indicate the sever-
ity of a space weather event [ Wing et al., 2005, and references therein|. As discussed in
Paper 1, a function is required that characterizes the coupling of the solar wind to the
magnetosphere. Many functions that couple the solar wind to a wide variety of magne-
tospheric activity have been proposed in the past, often incorporating the magnetic field
orientation [Lockwood et al., 2013, and references therein]. A recent study suggests that
one parameter correlates best with 9 out of 10 indices of terrestrial activity [Newell et al.,
2007]. This parameter, d®/dt, represents the rate at which magnetic flux is opened at the

magnetopause and is defined as

d®/dt = v | B |*/3 sin®3(0,/2) (1)

where v is the velocity of the solar wind; | B | is the magnetic field magnitude; and
the interplanetary magnetic field (IMF) clock angle is defined by 6. = tan™!(By/Bz).
The correlation coefficient of d®/dt with the Kp index is r= 0.76 [see table 3, Newell
et al., 2007]. The predicted magnetic field time-series in GSM coordinate system is used
to calculate a theoretical magnetic flux rate. A Kp prediction is then generated by the

empirical correlation.
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Kp(BSS) = 05— eA—B(d@/dt) (2)

where A = 2.18, B = 5.20 * 10°, and with the velocity and magnetic field measured in
km /s and nT, respectively [Emmons et al., 2013; Mays et al., 2015a]. The Kp predictions
are easily converted to the official NOAA geomagnetic storm scale (G1 to G5) by a linear
mapping of the Kp values. (http://www.swpc.noaa.gov/noaa-scales-explanation).

Equation 1 displays how the predicted values of Kp are influenced by the solar wind
speed. In this article we will use the average velocity during passage of the CME, as
measured from the ACE and WIND data sets at L1. The reason for implementing the
observed velocity from L1 is a simple one; we wish to understand and isolate the effects
of the predicted magnetic vectors without prejudice from uncertainties in other model
parameters that influence estimated arrival time or velocity [e.g., Taktakishvili et al.,
2010; Colaninno et al., 2013; Vrsnak et al., 2014; Tucker-Hood et al., 2015].

The derived Kp estimates using real time in situ data from L1 are currently implemented
within the CCMC integrated Space Weather Analysis System (iISWA). The real L1 data
has been used to derive the Kp for several CMEs and compared to a proxy L1 time-series
created from an ensemble of ENLIL runs [Mays et al., 2015a]. The level of geomagnetic
activity predicted using the L1 data was shown to have a root mean square error of less
than a single geomagnetic storm scale.

Currently CCMC/SWRC use a simple and arbitrary process for the long-lead time
geomagnetic activity forecasts. The magnetic field strength from ENLIL in the compressed
sheath material ahead of a CME is assumed to be constantly pointing West, Southwest

or South during the passage of the CME, and the expected Kp is estimated for each
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case. The average Kp estimate is taken from the Southwest direction. The Kp forecast
for NASA robotic operations issued by CCMC/SWRC is then the range between these
extreme cases, with the highest Kp prediction originating from a southward field [ Emmons
et al., 2013; Mays et al., 2015a).

In this paper, the observed arrival time of the CME from L1 data is used only as a

BS9) prediction. This is because we define

guide to define the time-interval for the Kp!
our quantitative skill score metrics based upon a time interval where the predicted and
observed Kp have a maximum correlation (see Section 6 for more details). This time
shifting process enables a consistent analysis of Kp skill for all CMEs. However, imple-
mentation of this tool in an operational setting will require the arrival time to be fixed

and dictated by a separate arrival time forecast process (which is likely to be determined

through multiple ENLIL model runs).

4. Events

This article discusses eight Earth directed CME events between 2010 and 2014, whose
criteria for selection are further detailed in Paper 1. Table 1 displays the solar initiation
time of the CMEs. For these events, the estimated magnetic vectors overlaid onto solar
wind magnetic fields, measured at L1 using ACE and WIND spacecraft [Lepping et al.,
1995;.Smith et al., 1998, are displayed in Figure 1. Both observed and predicted values are
displayed in the GSE coordinate system (See Appendix A for the cartesian Bz component
of the magnetic field). The technique of estimating the vectors is detailed in Paper 1.

After converting the predicted magnetic field vectors into the GSM coordinated system,

equations 1 and 2 are used to obtain the predicted Kp values (Kp(B9),

In Figure
2, predicted Kp values are displayed alongside the observed Kp values for the January
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2014 CME event highlighted in Paper 1. The predicted times-series have been time-
averaged (KpB%%) prediction, red curve) to match the resolution of the observations.
For this event a significant false alarm was noted by the operational forecasters. The
maximum Kp forecast from both NOAA/SWPC and CCMC/SWRC are also displayed
with uncertainties in their Kp magnitude estimation and with an uncertainty in their
CME sarrival time. The uncertainty of the maximum KpZS% prediction is generated
from warying the magnitude of the magnetic field strength, which is explained further
in section 5.5. The predicted Kp values of all eight CMEs overlaid on the observed Kp

measurements are displayed in Figure 3.

5. Results

In this section, the Earth-directed CME detected in January 2014 is used as a case
study to highlight how various adjustments effect the predicted magnetic vectors and
hence the resulting Kp predictions. Adjustments to the hypothetical trajectory through
the model flux rope structure are manually made to investigate the changes. Details of
the implemented constant alpha flux rope model are given in Savani et al. [2013a], which
closely follows the model of Lepping et al. [1990]. As this model has a circular cross-section
cylindrical morphology, all possible trajectories can be generated through adjustments in
two perpendicular directions: parallel and perpendicular to the flux rope axis.

Sub-sections below investigate “thought experiments” that manually adjust all the dif-
ferent degrees of freedom within the BSS model. Thus the uncertainty of our time-varying
Kp predictions is studied by changing parameters such as the chirality and CME orienta-

tion.
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5.1. Chirality of CME Axis

Bothmer and Schwenn [1998] suggested that the magnetic topology of CMEs above the
solar surface should be driven by the subsurface behavior of the Sun [Hale, 1925; Wang,
2013]. The original scheme employed a prediction of the magnetic topology based on two
parameters (odd/even solar cycle and north/south hemisphere). Paper 1 describes a new
methodology (BSS scheme) to improve the reliability by introducing a third parameter;
single/double active region. The introduction of an extra parameter does not change the
chirality of the structure, but flips the field direction of the central axis. Cases where
the overlying field arcade, from which a CME is released, emanate between two active
regions are significantly less frequent than a single active region scenario. Panel G and
Fuin Figure 1 and 3, show observations related to two events originating in double active
regions.

Figure 4 displays the fictitious magnetic vector and KpB9% predictions had the stan-
dard Bothmer-Schwenn scheme been used for the January 2014 event (i.e., only a single
active region) in red, along with the adjusted Bothmer-Schwenn (BSS scheme) prediction
in gray which takes into account that two active regions were associated with this CME.
Whether the standard or adjusted scheme is used has a significant effect on the predic-
tions made. In particular, the north-south component of the field is flipped such that with
the adjusted scheme, the field rotates from southward to northward with time, whereas
assuming the standard scheme, the rotation is in the opposite direction as suggested in
Figure 4.

This delay in the southward field excursion, evident in the second panel of Figure 4,

causes the predicted maximum KpP5% to be delayed by approximately 6 hours but
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the maximum KpB5%) remains the same (5-). Uncertainty in the arrival time of this
maximum magnitude is of the same order as the uncertainty in the CME Earth arrival
time predictions even though the scientific mechanisms are unrelated. Thus, the correct
inference of the flux rope topology that emanates from double active regions is crucial for

improving peak geomagnetic forecasts.

5.2. Variations of Earth Trajectory Parallel to CME Axis
The hypothetical trajectory through the model flux rope structure is manually adjusted

BSS) prediction.

to better understand the effect on the predicted magnetic vectors and Kp(
This new trajectory through the CME is then the assumed path of Earth. The morphology
of this simplified model is a circular-cross section cylinder with a straight central axis,
which is a reasonable local approximation for a flux rope at 1 AU [Owens et al., 2012].
The vector direction of the central axis is determined observationally and through an
empirical relationship (see Paper 1 for further details).

All hypothetical trajectories can be generated by simple modifications along an orthog-
onal vector set (e.g., East/West and North/South). We choose to define our orthogonal
vector set to be parallel and perpendicular to the central flux rope axis. Trajectory move-
ments along the parallel direction increase the radial component of the predicted magnetic
flux rope axis as the trajectory moves from the center to either legs of the CME. Figure
5 displays the effect of moving the Earth trajectory parallel to the flux rope axis towards
the southern leg of the CME. A manual adjustment of &~ 50% of the axis half-length is
added to the original prediction for the January 2014 event.

BSS

Figure 6 displays the resulting magnetic vector prediction and KpB%%) forecast for a

manual change to the Earth-trajectory. In this scenario, the predicted magnetic vector
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direction has a stronger and slightly more prolonged excursion in the southerly direc-
tion. However, the predicted peak in KpB%9) remains unchanged at 5-. For some other
CMEs, the duration of the southerly field excursion is increased, extending the interval

of enhanced Kp values.

5.3. Variations of Earth Trajectory Perpendicular to CME Axis

The perpendicular distance of a trajectory from the flux rope axis may be expressed as
the impact parameter Y, defined as 0 if the trajectory intercepts the central axis of the
flux rope, to 1 if it grazes the outer edge. Figure 7 schematically displays a manual change
for the January 2014 event, by decreasing the impact parameter from 0.91 to 0.21.

BS9) prediction for

Figure 8 displays the resulting magnetic vector prediction and Kp'
this smaller impact parameter. In this scenario, the predicted magnetic vector smoothly
rotates over a much larger angle. For this event, the larger field rotation is clearly shown
in the By component. This faster rotation of the field direction means the field rotates
into a northerly direction earlier and for a longer duration, which in turn reduces the

BSS

maximum KpP59) prediction from 5- to 4-.

5.4. Tilt rotation of CME Axis

The predicted magnetic field vectors along a given trajectory can also be changed by
varying the tilt of the flux rope axis with respect to the ecliptic. As discussed in paper
1, the tilt is determined near the Sun from multi-point coronagraph images using the
graduated cylindrical shell (GCS) model [Thernisien et al., 2009], though any other el-
liptical cone model could be used. While the morphology of a CME can be reasonably

well constrained by triangulation using observations from three well-separated spacecraft,
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uncertainties increase if these spacecraft are in a less than optimal configuration or if
observations are not available from every spacecraft.

Using Figure 9, we test the robustness of the time-varying Kp prediction to a change in
the tilt angle of the CME axis. The axis is manually increased from 40° to 60°. With this
change in CME tilt, the predicted maximum Kp decreases slightly, from 5- to 44+. When
the same tilt angle change was combined with the lower impact parameter discussed in
Section 5.3, the predicted maximum Kp decreased further, to 3+ (figure not shown). For
this case, the Earth’s trajectory changes from being slightly East of the CME’s central
nose to slightly West. This has an important consequence on the predicted heliocentric

radial component of the CME axis direction, which changes sign.

5.5. Variations of the Magnetic Field Strength

For:the purposes of providing an early lead-time estimate of the magnetic vectors ar-
riving at L1, we estimate the field strength along the central axis of the CME by incorpo-
rating results from ENLIL simulation runs provided by CCMC/SWRC. CCMC/SWRC
make predictions and forecasts based on the maximum field strength and CME velocity
at L1 from the WSA-ENLIL+Cone model. These maximum values usually pertain to
the sheath plasma pile-up region ahead of a CME. Essentially, this method correlates the
estimated CME field strength to the assumed CME momentum (from observations and
ENLIL) and the different background solar wind conditions. Several other techniques to
estimate the magnetic field strength in CMEs have been suggested, but do not provide a
consistently reliable estimate for all observable CME events [e.g., Longcope et al., 2007;

Kunkel and Chen, 2010; Poomuises et al., 2012; Tun and Vourlidas, 2013].
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A statistical approach is taken to estimate the uncertainty in the magnetic field strength.
Lepping et al. [2006] investigated 82 CME events using in situ observations from the
WIND spacecraft. The authors fitted a constant alpha flux rope model to observed CME
magnetic fields and determined the standard deviation of the magnetic field strength at
the central flux rope axis to be ¢ = 6.9nT. For this study, we then choose to vary the
field strength as | B |*72. The reason for choosing a larger positive uncertainty is that
predictions of maximum geo-effectiveness are of particular interest for storm forecasting,
and with this choice, the uncertainty is biased towards larger fields that will lead to higher
geomagnetic activity if the field is favorably orientated.

Figure 10 displays the resulting magnetic vector prediction and Kp®%% prediction for
a'manual increase in the maximum field strength along the central axis by 20 (| B |=
31.8nT"). In this scenario, the predicted direction of the magnetic vector in the By and
B4 panels remains unchanged. However, a dramatic and uniform increase in the field
strength extending over the duration of the event has a relatively simple effect on Kp:
Since d®/dt increases, KpP5% also increases (cf equations 1 and 2). The double peak in
the predicted Kp(PS%) remains but with a faster rise and reaching a larger maximum Kp

(increasing from 5- to 6).

5.6.. Variations to CME Velocity
In Paper 1, we used the average speed within the CME from the measured in situ data
at L1. Here, to simulate a real-time forecasting scenario, we test the BSS magnetic field

technique in a real-time forecasting setting. We use the maximum velocity (along the

Earth trajectory) from a real time WSA-ENLIL+Cone model run by CCMC/SWRC.
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Figure 11 displays the KpP%9) generated by the CCMC/SWRC 840 km/s velocity
estimate. This is an increase of 470km/s from the observed speed at WIND (370 km/s),
and above the 20 variation in the predicted velocity. The effect of this velocity is to
increase the rate at which the Kp values rise and to reach a higher maximum value
(increasing from 5- to 8). For this case study, the change to the maximum estimated
Kp'P59) is very large. Usually the uncertainty of the CME velocity (relative to the
measured speed) is smaller than the relative uncertainty of the field magnitude.

A simple view of equation 1 indicates changes to the CME velocity (via the effect of v*/3)
would have a greater impact on the Kp(P59) than the magnetic field strength. However,
the dynamic range of expected maximum magnetic field is larger than the velocity, and
the uncertainty in the velocity decreases as the arrival time predictions become more
accurate. Both arrival-time and CME speed at the Sun are separate estimates that are
well investigated with many attempts to improve both of these prediction parameters in
the current literature [e.g., Gopalswamy et al., 2001; Crosby et al., 2012; Bothmer et al.,
2013; Vrsnak et al., 2013; Iju et al., 2014; Tucker-Hood et al., 2015; Shi et al., 2015]. In
this paper, we wish to understand and isolate the effects of the predicted magnetic vectors

without prejudice from these arrival-time estimates.

6. Skill scores

To test the capability of the new BSS technique to predict Kp, a variety of skill scores
will be applied to the eight CMEs discussed above. As with all skill scoring systems, the
definition of an ‘event’ must be carefully defined in such a way that the same definition
can also be used in future tests of a larger number of events or other forecasting. The
definitions must also consider time-discretization of an event as well as relevant thresholds
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for a ‘Hit’. We define an ‘event’ as a 3-hour period corresponding to a single Kp value
and the interval investigated as the period of ‘active solar wind’ during the passage of a

CME and its associated structures, e.g. shock and sheath.

6.1. Current Static skills

The Government Performance and Results Act metrics for NOAA/SWPC are based
on the performance of geomagnetic storm forecasts, which monitor the Kp index.
NOAA/SWPC geomagnetic Storm Forecast Accuracy is measured as the percentage of
times that the 24 hour geomagnetic storm forecast is correct for the 60 most recent ge-
omagnetic storms. The 24 hour geomagnetic storm forecast is considered accurate if a
Kp=5 (G1 storm) or greater storm event was predicted. This measure is based on the
next-day forecast of maximum Kp, and is verified against the NOAA Kp estimated from
ground-based magnetometer observations [NOAA, 2014].

By monitoring the forecast skill in a 24 hour ‘event’ block, the duration of an entire
solar storm passing over Earth, or ‘active solar wind’ period, is individually assessed as a
single event within a contingency table (or skill score matrix). This time-static approach
to measuring the skill score has two major implications in regards to the work presented
here: 1) A comparison of the BSS model forecast to NOAA forecasts is less pertinent,
as one focuses on how the Kp index varies during a solar storm and, the other on the
overall maximum Kp impact of a solar storm. 2) The significantly lower time-resolution
of the forecasting skill used by NOAA drastically reduces the total number of events to
below where reliable statistical analysis can be performed. Indeed, NOAA /SWPC assess
over the 60 most recent geomagnetic storms to maintain statistical significance for their

important probability of detection (POD) metric [NOAA, 2014].
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We investigated the ‘Hit’ criteria based on the NOAA/SWPC methodolgy. An event
is considered to be the entire duration of a CME interval, and a ‘Hit’ is defined when
both predicted and observed have Kp > 5. As the lead-time forecast for the BSS model
is greater than 24 hours, the first available NOAA /SWPC 3-day forecast that includes an
influence of the CME is investigated.

As NOAA /SWPC transitioned to forecasting the G scale (Kp Index) in 2012, we investi-
gate the skill for the six CME events between 2012-2014. The NOAA /SWPC forecasting
accuracy, the probability of detection, were POD = 0.8 for these CMEs. The official
NOAA/SWPC Geomagnetic Storm Forecast Accuracy between 2012 and 2014 were POD
= 47% and 40% respectively; while also achieving their target accuracy of 53% in 2015
[NOAA, 2013]. Therefore, our six CME events can be considered as between typical and
relatively better forecasted than the annual averages; albeit using a smaller sample of the
NOAA forecasts.

Table 2 displays further skill metrics using the same ‘Hit’ criteria for forecasts made by
NOAA /SWPC, CCMC/SWRC and the equivalent new BSS model. Due to the limitation
of statistics in our sample size, care is required prior to drawing strong conclusions. For
this reason, the majority of skill tests shown in table 2, show comparable results between
the different forecast techniques. Although, there appears significant improvement in the
True skill score metric, that warrants further investigation with better statistics.

6.1.1. Model Static Skills
Here we discuss a more appropriate metric skill score designed to investigate how the Kp

forecast varies during the passage of a CME (i.e. within the active solar wind period). This
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new skill criterion also addresses the limitation of statistics in the prior NOAA/SWPC
methodology.

In this article, the CCMC/SWRC Kp prediction is considered as the baseline to
which our predicted KpB%9 is compared. On a practical sense, the long lead-time Kp
predictions by CCMC/SWRC are generally a static maximum Kp value that will be
reached at some point within the uncertainty of the arrival time. This methodology by
CCMC/SWRC provides a comparable forecast to NOAA/SWPC alerts.

Table 3 displays the contingency table for each CME when a single event is a 3-hour
Kp interval and a ‘Hit’ is defined when both observed and predicted (BSS) have Kp > 5.
(Le., Kp© > 5 and KpP%) > 5). A ‘Correct Null’ is defined when neither the observed
nor predicted Kp is found to be > 5 i.e., meets or exceeds the NOAA G1 storm level.

Although Kp is defined for 3 hour periods, predicted variations in the IMF are made
on shorter time scales, and can influence the level of geomagnetic activity (e.g. geomag-
netically induced currents). Hence, averaging the IMF over intervals that match those
of Kp may suppress features that are important drivers of geomagnetic activity. Nev-
ertheless, for the purpose of this paper, we choose to average the Kp estimate from the
field vectors predicted by the BSS model over the same 3-hour intervals as the Kp val-
ues; as this currently represent the service provided by NOAA/SWPC. NOAA/SWPC
storm level provides a consistent threshold for future development, without which ambi-
guity. may persist in defining a succesful forecast threshold magnitude for magnetic field
components, e.g. By or Bz.

The comparison between observed and predicted Kp is performed after time shifting

the Kp P99 to a region of maximum correlation. The start time of the predicted KpB5S)
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is placed at the estimated observed storm ‘sudden commencement’ and allowed to shift
to maximize the correlation with the observed, with a maximum time shift restricted to 9
hours (3 Kp events). By enabling this time adjustment, each forecast method will provide
their best possible skill metrics, without introducing skill score uncertainty that is driven
by the uncertainty of arrival time predictions.

For the January 2014 event, the CME arrival time is poorly defined since this made a
glancing encounter with the Earth and there are no clear signatures of CME arrival. In
fact the delayed arrival suggested by Mays et al. [2015b] falls outside the time shifting
window around the official initially forecasted arrival. For completeness, the skill scores
for the later arrival time of this CME (i.e., a different assumed ‘active solar wind’ period)
were estimated for all the different ‘Hit’ criteria discussed below. In every case, no changes
to the skill metrics were observed.

6.1.2. Stricter criteria

Here we consider defining a ‘Hit’ criteria under a stricter regime that not only predicts
the occurance of a geomagnetic storm, but also correctly predictes the storm size under
the NOAA G-scale. As the predicted size of an observed storm is relevant to stakeholders,
testing this ‘Hit’ criteria is insightful for future forecasting development.

We define a ‘Hit’ both when either the observed or predicted goes above the threshold
(defined as Kp > 5), and when the observed and predicted Kp values are of similar values
to each other. In this case, the requirement is such that |[Kp(® — Kp(B99)| < 1.5. A more
stringent criterion of |Kp(® — KpBS%)| < 1.0 is also investigated. The Kp difference of
1.5is tested as there is evidence that a limitation in accuracy is present in the underlying

empirical Kp formulation [Mays et al., 2015a]. However, there will naturally be a long-
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term desire to correctly forecast the precise G-scale storm classification, which drives the
most stringent Hit criteria in the article. The contingency table and skill metrics for these
results using the BSS model and CCMC/SWRC predictions are shown in table 4.

By inspecting the metrics of both the CCMC/SWRC and BSS models we note a number
of interesting insights [e.g., Barnes and Leka, 2008; Wilks, 2011]. Under a time-static
forecast regime, CCMC/SWRC has a perfect hit rate. With closer inspection, the results
are extremely biased and significantly over-forecast, which also leads to a large false
alarm ratio. As a result, the CCMC/SWRC displays no skill under a Hanssen-Kuiper
discriminant (True skill score test). Alternatively, although the BSS model shows a lower
hit rate, the results are significantly closer to being unbias; with the True skill score

varying between 0.4 and 0.6 for the two stringent criteria described above.

6.2. Time-varying Skills

Here we correct the time-static forecast model that led to zero skill level under the
TSS test. Thus the single value for an entire geomagnetic storm is improved by incorpo-
rating the predicted time-varying Kp values for both NOAA /SWPC and CCMC/SWRC
forecasts.

Both NOAA/SWPC and CCMC/SWRC have a methodology that provides time-
varying Kp values with more than 24-hours in advance. NOAA /SWRC based their tech-
nique with more emphasis on a heuristic approach of the on-duty forecasters skill, while
CCMC/SWRC drive their estimates using the ENLIL simulation and equations 1 and
2. To test the Kp formulae, a separate baseline approach can be directly taken from the
real-time in-situ data(T0) and from solar wind conditions 27 days earlier (T27). Therefore

it is possible to compare these four time-varying predictions with the BSS method.
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Table 5 displays the overall metric skills for T0, T27, BSS, NOAA/SWPC and
CCMC/SWRC. The compilation of the scores are for the three ‘Hit" thresholds used
earlier. For both NOAA/SWPC and CCMC/SWRC, the first possible release of the
time-varying Kp values with CME information were used to compare against the ob-
served. For both NOAA/SWPC and CCMC/SWRC the six CME events between 2012
and 2014 were used in estimating the skill scores, because data prior to 2012 were unavail-
able. 'The uncertainty and averages were estimated using the jackknife method from all
28 combinations of choosing six CMEs from the total of eight CMEs available for investi-
gation. For NOAA/SWPC and CCMC/SWRC, the uncertainty was determined from 20
combinations of choosing three CMEs from the total of six CME events.

The skill score for the BSS display a general improvement on the TO, T27,
NOAA/SWPC and CCMC/SWRC methodologies when we focus on the more stringent
requirements that the predicted and observed magnitudes must be of comparable size.
The skill of the TO baseline also significantly and smoothly decreases as the ‘Hit’ criteria
becomes more stringent, which is approximately consistent with recent results by Mays

et al. [2015a], the Kp empirical formulation is accurate to about Kp=1.5.

7. Discussion
7.1.-. BSS model
The analysis of varying the predicted magnetic field within a CME for all eight events

(BSS) were caused

(figures not all shown) showed that the majority of the effects on Kp
by the changes to the CME velocity and field strength. In our case study January 2014

event, where the velocity was significantly overestimated during the real-time forecasting
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process, the uncertainty in velocity had a larger effect on the Kp(P9 than the field
strength.

For CME D, in June 2012, the predictive limitations of the very strong field strength
reduced the accuracy of the Kp predictions. Prior evidence has suggested the reason be
due to southerly IMF strength being the most dominant solar wind parameter for driving
geomagnetic activity at Earth. The strong correlation of solar wind speed to geomagnetic
activity is evident during CME conditions, but is only considered the most dominant
parameter during high speed streams [Holappa et al., 2014].

(BSS) variability

Thus we have chosen to focus our metrics towards estimating the Kp
with the magnetic field strength. This simplified method for uncertainty analytics is
chosen as a practical solution to quickly implement within forecasting procedures. With
the hope of more sophisticated techniques being designed as a larger number of events
are investigated and a suitable methodology for direct comparison between the predicted
and observed magnetic vectors can be developed.

As a simple test of the magnetic Bz component, a mean square error (MSE) was calcu-
lated between the real time in-situ data (T0) and a baseline predictor created by using the
solar wind conditions 27 days earlier (T-27). A similar MSE was estimated with the BSS
prediction model values and both MSE’s were compared while using 10 minute resolution.
Using Laplace’s law of succession for small sample sizes [ Wilson, 1927], the BSS technique
is likely to provide a more accurate prediction for 60% of CMEs when estimating the mag-

netic field Bz component and clock angle. However, these results would strongly benefit

from a larger sample size.
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Figures 5-10 illustrate the effects of changing the hypothetical Earth-trajectory through
the magnetic flux rope model. For cases when reliable triangulation of the CME direction
is not possible and reliance of CME tilt is determined by solar disc imagery, then large
differences in the hypothetical trajectory are possible. This does have a significant impact
on the estimated magnetic vectors at L1.

Assuming multi-spacecraft analysis of a CME is possible, a smaller range of uncertainty
in the hypothetical trajectory is possible. Small increases in the impact parameter (Yp,
perpendicular to the FR axis) causes the angular change of the vectors during passage of
the CME to decrease. For an event where the spacecraft trajectory is close to the central
axis of the flux rope, the field vectors are relatively unaffected by small uncertainties in
the trajectory, whereas larger changes occur for trajectories well outside the central axis.
However, the largest geomagnetic impacts result from near-central axis encounters for
which the field vectors are evidently less influenced by the spacecraft trajectory.

By using statistical analysis Riley and Richardson [2013] suggest that a distinct mag-
netic flux rope object may be contained within an overall propagating CME structure
and that the plasma-/$ is a good predictor variable. Savani et al. [2013b] used simulations
to confirm that such a scenario of a distinct coherent core obstacle can occur within the
CME structure and that a transition in plasma-3 can be observed. Therefore the BSS
model contains a region outside the central axis region but within the ‘volume of influence’
which is considered to be also composed of the sheath solar wind that has been disturbed
by interactions with the CME and contains magnetic field lines that are draped around

the CME, or CME plasma which is outside the flux rope structure.
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The constant alpha flux rope model [Lepping et al., 1990; Savani et al., 2013a] is often
used as a benchmark structure from which more sophisticated models are tested. Events
that deviate away from this ideal topology are frequently observed. Allowing future models
to change the alpha parameter is a simple adjustment that can replicate a non-symmetric
time-series of the CME profile. Reducing the alpha parameter may also provide a simple
solution to replicate possible flux erosion that has been observed during the CME evolution
[Ruffenach et al., 2012, 2015]. Panels E and F in Figure 1 display two clear examples of
where the CME field magnitude is highly non-symmetric.

Figures 1 and 3, Panel A, displays a CME-driven storm in April 2010 with maximum
observed Kp=8-. However, maximum Kp occurred just prior to the arrival of the magnetic
flux rope, and was due to strong southward fields in the sheath upstream of the flux rope.
This event highlights the need to forecast the field vectors not only in the flux rope but
also in the sheath [e.g., Huttunen and Koskinen, 2004].

Figures 1 and 3, Panel D, displays a geomagnetic storm during June 2012. This event
displays unusually strong magnetic field magnitude that illustrates another problem with
the field vector prediction scheme discussed here. This field strength was due to a complex
CME-CME interaction. The BSS model is not ideal under such cases, but can indirectly
adapt to such a situation if a real-time WSA-ENLIL+-cone forecast is provided with an
enhanced field strength from interacting CMEs. A CCMC/SWRC forecasting of a CME-
CME. interaction with the WSA-ENLIL+cone run was not performed, but is likely to
increase the magnetic field strength inferred from the model. The uncertainty analysis for
the BSS model also accounts for situations of large magnetic field by way of the 20 field

variation.
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7.2. Kp Model Skills

In this article we have focused on whether the BSS model can predict the Kp index
during the passage of CMEs, and have estimated skill scores for these predictions. It
is also important to be able to predict Kp during the intervening quiet periods. This
suggests that when estimating the skill of a complete forecasting system, it would be
useful to measure a sets of skills in two-steps: 1. 24-hour probability of detection skill for
the periods of quiet and active (or disturbed) solar wind; and 2. a skill estimated using
higher time resolution within the active period. Under a proposed 2-step skill scoring
system for forecasting, the skill of any CME prediction model can be tested at higher
time resolution during important storm epochs where the Kp variability persists within
the G1-G5 storm range.

We first investigated how our 8 CME case study events measured against the official
U.S. government metrics used by NOAA/SWPC. The results and geomagnetic forecast
accuracy from our small sample size were similar to the national annual trends measured
by NOAA /SWPC, thereby suggesting our event sample is typical.

Then we gathered skill scores metrics using more complex ‘Hit’ criteria which centered
around defining each event to be the same 3-hour duration as a Kp value. We defined
three ‘Hit’ criteria: 1. When both the observed or predicted goes above the threshold
(defined as Kp > 5); 2. When either the observed and predicted Kp values are above 5
and |Kp© — KpB9)| < 1.5; 3. When either the observed and predicted Kp values are
above 5 and |Kp© — KpPS9| < 1.0.

We compared 5 different prediction model techniques. Two were baseline methodolgies

defined as: 1. TO, the real-time data from L1 spacecraft; 2. T27, a L1 data time-series
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taken 27 days prior to the CME arrival. The other three methods were the NOAA /SWPC
3-day forecasts, CCMC/SWRC forecast tests and the BSS prediction model. The full
collection of metrics are displayed in table 5.

Unsuprisingly, the baseline T0O model (i.e. real-time prediction) performed with the best
skill for a significant number of the metrics tested, while the T27 was more frequently
the worst performing and often showing little improvement over having no skill. The T0
model Hit rate was above 70% for all other than the most stringent Hit criteria where the
success dropped to above 50%. The T0 model does show a dramatic increase in the false
alarm ratio (FAR) as the Hit criteria became more stringent, and this can be partially
explained by the significant increase in the bias to over-forecast (FBI). The decrease in
skill can be partly interpreted as a limitation in accuracy of the underlying empirical
relationship between the magnetic vectors to the kp Index.

The Hit rate (POD) for the 3-day lead-time NOAA/SWPC forecast, where we inves-
tigate the individual Kp values during a geomagnetic storm, shows similar results to
their official metrics (see Section 6.1). Moreover, these results appear robust to the more
stricter Hit criteria. However, the large false alarm ratio and false alarm rate with very
bias over-forecasting has led to an extremely low True skill score (TSS) value.

The CCMC/SWRC demonstrated a Hit rate as consistently good (above 70%) as the
real-time TO forecast model. However, this model also showed the worst over-forecasts
bias against all models under all Hit criteria. The threat score (which does not account for
correct nulls) also remained strong and out performed the T0O model at the more stringent

Hit criteria. The TSS value remained consistently high and again out performed the TO0
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model; but the uncertainty in this value remains high and improvement to the statistics
is warranted.

The new BSS model predictions have performed consistently amongst the best metrics
demonstrated by the other models. Across all Hit crtieria, the BSS predictions, have
consistently demonstrated the most unbiased results. Under the stricter Hit criteria, the
Hit rate of the BSS predictions are comparable to the TO predictions but not as good as
the CCMC/SWRC predictions. The True skill score under the least stringent Hit criteria,
were not as good as the T0O or CCMS/SWRC predictions. However, under the stricter Hit
criteria, the BSS model predictions beat the TO predictions and performed equally with

CCMC/SWRC while demonstrating a lower uncertainty.

8. Conclusions and Future Work

In this article, we test the robustness of the time-varying magnetic vector predictions
(BSS model) in relation to an empirically-driven model of the geomagnetic Kp index
(KpB99) forecast). We conclude that quantifying the uncertainty in this experimental
Kp forecast is best achieved by varying the maximum magnetic field strength and the
associated velocity within the predicted CME. Uncertainty in the field strength represents
the largest obstacle to replicating the in situ field vectors and providing a reliable Kp
forecast. However, the velocity estimate also has a significant impact of the predicted Kp
values using equations 1 and 2.

The implementation of BSS scheme, described in Paper 1, as a component within a
heuristic approach is also expected to qualitatively aid space weather forecasters, and
provide scientific insight by statistically quantifying the terrestrial response for future
events. Further statistical analysis of more events both from a historical data set [e.g.
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Marubashi et al., 2015] and ongoing real-time CMEs without discrimination will build up
the necessary statistics for skill score estimates using the BSS scheme.

Time variations in the Kp should also be considered when assessing the reliability of
forecast. We find that the time of peak predicted Kp value can vary by more than 6 hours,
depending on the time variation of the magnetic field direction and strength. Considering
the uncertainty in the best estimates for CME arrival times are also approximately 6
hours; the time-varying nature of the BSS prediction can provide significant assistance
towards geomagnetic forecasting.

Other sources of error lie in the estimated CME speed, direction and size. These
parameters can be estimated most reliably through triangulation using CME observations
from multiple spacecraft, as discussed in Paper 1. In the future, observations from a
spacecraft at L5 could be utilized in addition to observations at L1 [Vourlidas, 2015].

By treating forecasting skill as two separate measures of ‘all solar wind’ and ‘within
active solar wind’ periods, then the BSS tool for predicting the magnetic vectors shows
great promise towards better forecasting within the ‘active solar wind’ period. Using
various skill metrics (tabulated in table 5), the BSS model predictions were the most
unbias results. Out of the 5 models tested, two of which were baseline tests, four models
were consistently over-forecasting. The BSS model retained a more consistently strong
skill score for the more stringent ‘Hit’ criteria, while also displaying significantly lower
uncertainty. The True skill score for the BSS model prediction under the stricter Hit
eriteria ((Kp© U KpP59)) > 5 and |Kpl® — KpBS9| < 1) beat the TO real-time in situ
data model prediction and performed equally with CCMC/SWRC while demonstrating a

lower uncertainty.
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Further statistical analysis of both historical data sets alongside tests within a real-world
forecasting setting will go a long way to supporting the skill scores and the uncertainty

estimated here.

Appendix A: Bz Component of the magnetic field

Figure 12 displays the Bz component of the solar wind magnetic field at L1 in cartesian
GSE coordinates. The estimates from the BSS model are overplotted in red. The field
displayed in Figure 1 represents the full coordinate system, but in spherical coordinates
and not cartesian. As space weather concerns are often described by the magnitude of a

cartesian based Bz component driver, this figure below is provided to assist the readership.
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Table 1. Geomagnetic Storm Parameters Driven by CMEs

CME Flare Detection Max Kp Index

+# Date Time Observed NOAA prediction NASA estimate BSS prediction
a 3 Apr 2010  2:33 8— — — 6

b 25 Mar 2011 16:47 3+ — — 4+

¢ 10 Mar 2012 2:33 6-+ 7 6— 7

d 14 Jun 2012 2:49 6+ 5) 6— 5—

e 12 Jul 2012 7:23 7 4 7+ 7+

f 27 Sep 2012 23:36 T— 6 6 4—

g 7 Jan 2014  18:04 3 7 7 4+

h 10 Sep 2014 13:57 6+ 7 6 7—

(©2016 American Geophysical Union. All Rights Reserved.



Table 2. Skill Metrics for 6 Events (c-h), Using NOAA/SWPC Criteria
Skill Metrics Metric Range Perfect Score BSS CCMC SWPC

Proportion Correct [0 < PC < 1] 1 0.67  0.83 0.67
Hit Rate, H [0 < POD < 1] 1 0.6 1 0.8
False Alarm Ratio [0 < FAR < 1] 0 0 0.17 0.2
Freq Bias Index, B [0 < FBI < §] 1 0.6 1.2 1

Threat Score, TS [0 < CSI < 1] 1 0.6 0.83 0.67
True Skill Score [—1 < TSS < 1] 1 0.6 0 —0.2
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Table 3. Contingency Table and Metrics for CME Events. An event is each Kp value during

the predicted interval. A ‘Hit’ is defined as an event where the Kp = 5.
(TOTAL) BSS (TOTAL) CCMC  Skill Metrics BSS CCMC

12 7 20 45 Proportion Correct 0.76  0.31
15 58 0 0 Hit Rate, H 0.44 1

False Alarm Ratio 0.37 0.7

Hit False Alarm Freq Bias Index, B 0.7 3.25

Misses Correct Nulls Threat Score, TS 0.35  0.31
True Skill Score  0.34 0
(A) BSS CCMC (B) BSS CcCMC

1 2 — — 0 0 — —
6 3 — — 0 15 — —
(C) BSS CCMC (D) BSS CcCMC

2 2 2 7 0 0 4 4
0 5 0 0 4 4 0 0
(E) BSS CCMC (F) BSS CCMC

7 0 10 3 0 0 2 10
3 3 0 0 2 10 0 0
(G) BSS CcCMC (H) BSS CcCMC

0 0 0 11 2 3 2 10
0 11 0 0 0 7 0 0
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Table 4. Contingency Table and Metrics for Eight CMEs. Assuming time-static Kp prediction

for CCMC.
An event is each Kp value within the predicted interval. A hit for BSS®%) is defined when
either Observed or Predicted is Kp > 5 AND |Kp® — KpBSS| = 1.5. Similarly, BSS®9 is for
IKp® — KpBSS| = 1.0.

BSS!?) CCMC BSS(10) CCMC
19 6 9 56 14 8 8 o7
9 58 0 0 12 58 0 0
T The combined CCMC skill score are a combined total from 6 events between (C) and (H)
Skill Metrics ~ BSS(1-5) cCMC  Skill Metrics ~ BSS(1) CCMC
Proportion Correct 0.84 0.14  Proportion Correct  0.78 0.12
Hit Rate, H 0.68 1 Hit Rate, H 0.54 1
False Alarm Ratio 0.24 0.86  False Alarm Ratio 0.36 0.88
Freq Bias Index, B 0.89 7.2 Freq Bias Index, B 0.85 8.1
Threat Score, TS 0.56 0.14  Threat Score, TS 0.41 0.12
True Skill Score 0.58 0 True Skill Score 0.42 0
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Table 5. Metric Skill Score for the CMEs. Each Kp value within the predicted CME interval
is considered an event. TO is the baseline skill score generated by implemeting the real-time solar
wind conditions for each of the eight events. BSS, TO and T27 combined all eight events; while
the NOAA/SWPC and CCMC/SWRC are a result of six events after 2012. The 2-3 day lead-
time time-varying Kp values are used for both NOAA and CCMC forecasts. PC = Proportion
correct; POD = Probability of detection (Hit rate); FAR = False alarm ratio; FBI = Frequency

bias index; CSI = Critical success index (Threat score); TSS = True skill score.

PC Kp > 5 Kp(©O) _kKp®P)| <15 [Kp@ —KpP)| < 1.0 FBI Kp > 5 kKp(@O) —_kp®P)| <15 [Kp@ —KpP)| < 1.0
To 0.8 £0.04 0.75 £ 0.07 0.70 £ 0.07 TO 1241 0.15 1.77 £ 0.45 1.95 £ 0.49

T27 0.68 + 0.06 0.69 £ 0.06 0.69 + 0.06 T27 0.25 + 0.14 0.29 £ 0.13 0.29 + 0.15

BSS 0.76 £ 0.05 0.84 £ 0.03 0.78 + 0.04 BSS 0.71 + 0.14 0.90 £ 0.13 0.85 + 0.12
NOAA  0.42 £ 0.10 0.53 £ 0.12 0.44 + 0.11 NOAA  2.20 £ 1.78 1.57 + 0.90 1.78 + 1.30
CCMC  0.75 + 0.12 0.75 £ 0.11 0.72 £ 0.10 CCMC  1.59 + 0.80 1.84 + 10.5 2.36 £ 1.32

POD Kp > 5 Kp(©O) —_kKp®P)| <15 [Kp@ —KpP)| < 1.0 CsI Kp > 5 Kp(O) —_kKp®P)| <15 [Kp©@ —KpP)| < 1.0
TO 0.74 £ 0.09 0.71 £ 0.05 0.53 £ 0.09 TO 0.49 T 0.08 0.37 £ 0.10 0.23 T 0.05

T27 0.04 £ 0.03 0.08 £ 0.02 0.08 + 0.05 T27 0.03 + 0.02 0.07 £ 0.02 0.07 + 0.04

BSS 0.44 £ 0.11 0.67 £ 0.08 0.54 + 0.09 BSS 0.35 + 0.10 0.55 £ 0.05 0.41 + 0.06
NOAA 0.47 £ 0.32 0.62 £ 0.27 0.45 + 0.32 NOAA  0.17 + 0.07 0.33 £ 0.122 0.19 + 0.09
CCMC 0.71 £ 0.18 0.76 £ 0.133 0.78 + 0.14 CCMC 0.43 £ 0.18 0.43 £ 0.17 0.35 + 0.13

FAR Kp > 5 Kp©O) _kp(P)| <15 Kp©O —KpP)|<1.0 TSS Kp > 5 Kp©O) —kp(P)| <15 |Kp(©O —KkKpP)| < 1.0
TO 0.40 T 0.08 0.56 £ 0.13 0.71 £ 0.08 TO 0.55 £ 0.09 0.47 L 0.09 0.25 £ 0.1

T27 0:69 +0.38 0.59 + 0.35 0.62 + 0.36 T27  —0.04 + 0.05 0.00 + 0.05 0.00 + 0.07

BSS 0.38 £ 0.13 0.25 + 0.08 0.37 + 0.06 BSS 0.33 + 0.12 0.58 + 0.08 0.41 + 0.07
NOAA 0.75 + 0.11 0.55 + 0.18 0.72 + 0.13 NOAA -0.06 +0.3 0.16 £ 0.28 —~0.05 + 0.30
CCMGC  0.46 + 0.23 0.49 £ 0.22 0.60 + 0.16 CCMC  0.49 + 0.25 0.52 £ 0.21 0.49 £ 0.20
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Figure 1.  Predicted (red) and observed (L1; blue) magnetic vectors in spherical GSE co-

ordinates system for 8 CME events between 2010 and 2014. By is the angular magnetic field

direction out of the Sun-Earth plane. Further details of the BSS technique used to predict the

magnetic vectors are provided in Paper 1. [From Savani et al., 2015].
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Figure 2. Geomagnetic Kp index for the January 2014 CME event (green). The forecast
predictions by NOAA/SWPC and NASA/SWRC leading to a major false alarm forecast are
displayed in blue horizontal bars. The red bar represents the maximum value in the KpB99)
forecast, which is derived using the empirical relationship of Newell et al. [2007] with the predicted

magnetic field vectors (Figure 1G) as input. The shaded regions surrounding the forecast bars

represent the uncertainty in the maximum Kp value and storm arrival time.
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Figure 3. Kp index measuring the Earth’s geomagnetic response to the passage of eight CMEs
between 2010 and 2014 (green). The red curves display the Kp(Z%%) forecast using the estimated
magnetic vectors within the CME displayed in Figure 1. The red shaded regions indicate the
range in the predicted Kp that results from varying the magnetic field magnitude as discussed

in the text.
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Figure 4. The observed magnetic vectors (blue, in top three panels) and Kp index (green bar chart
in bottom panel) for the January 2014 CME event. The original predicted magnetic vectors using the
BSS scheme is overlaid in gray (cf. Figure 1G). The chirality of the predicted magnetic vectors (red) is
reversed back to the standard Bothmer-Schwenn system. In the bottom panel, the observed Kp index
is in green with the original predicted values using the BSS scheme (gray). The Kp(B35) forecast (red)
for these different predicted magnetic vectors is displayed on the observed Kp values. A red horizontal
red bar indicates the time and magnitude of the maximum predicted Kp.
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Figure 5. Empirical relationship for estimating the radial component of the CME axis for any
given Earth trajectory from movements parallel to the central CME axis. This increase away
from the CME nose (blue square), changes the orientation of the modeled CME central axis by
increasing the radial component of the axis. Solar inset displays the position of a hypothetical
CME moving relative to the Sun and Earth position. The Earth trajectory (green circle) moves
towards the eastern leg parallel to the central CME axis (black/white curve). Therefore the
original position of the Earth (gray circle) is no longer accurately represent in solar latitude and

longitude.
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Figure 6. The figure is in the same format as for figure 4, again using the January 2014 CME event.
Here we display the predicted magnetic vectors and KpP59) if the trajectory of Earth moved parallel

to the central CME axis as shown in Figure 5. The KpB59) forecast (red) is displayed on the observed
Kp values.
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Figure 7. Empirical relationship for estimating the impact parameter to the CME axis for
any given Earth trajectory from movements perpendicular to the central CME axis. Solar inset
displays the position of a hypothetical CME moving relative to the Sun and Earth position. The
Earth trajectory (green circle) moves towards central CME axis (black/white curve). Therefore
the original position of the Earth (gray circle) is no longer accurately represent in solar latitude

and longitude. The blue square is the location of the CME nose.
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Figure 8. The figure is in the same format as for figure 4, again using the January 2014 CME
event. Here we display the predicted magnetic vectors and KpB99 if the trajectory of Earth

moved perpendicular to the CME axis as shown in Figure 7.
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Figure 9. The figure is in the same format as for figure 4, again using the January 2014 CME

event. Here we display the predicted magnetic vectors and Kp(B59)

if the theoretical tilt angle
of the CME axis is rotated from 40 deg to 60 deg.
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Figure 10.. The figure is in the same format as for figure 4, again using the January 2014

(BSS

CME event. Here we display the predicted magnetic vectors and Kp ) if a 20 increase in the

magnetic field strength had occurred with no change in the field vectors directions.
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Figure 11. The figure is in the same format as for figure 4, again using the January 2014
CME event. Here we display the predicted magnetic vectors and KpB%9) if the maximum CME
speed from the WSA-ENLIL+cone model of 840 km/s (assumed by a real-time NASA/SWRC

forecast) rather than the observed speed of 370 km/s.
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Figure 12.  Predicted (red) and observed (L1; blue) magnetic vectors in the cartesian GSE

coordinates system for the Bz component. (A) - (H) display the 8 CME events between 2010

and 2014 as shown in figure 1.
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