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[1] The Shock Propagation Model (SPM) based on an analytic solution of blast waves
has been proposed to predict shock arrival times at Earth. Here to reduce the limitations
of the SPM theoretical model in real applications and optimize its input parameters, a
new version (called SPM?2) is presented in order to enhance prediction performance.
First, an empirical relationship is established to adjust the initial shock speed, which, as
computed from the Type Il burst drift rate, often contains observational uncertainties.
Second, an additional acceleration/deceleration relation is added to the model to eliminate
inherent prediction bias. Third, the propagation direction is derived in order to mitigate
the isotropy limitation of blast wave theory in real predictions. Finally, an equivalent
shock strength index at the Earth’s location to judge whether or not an interplanetary
shock will encounter the Earth is implemented in SPM2. The prediction results of SPM2
for 551 solar disturbance events of Solar Cycle 23 demonstrate that the success rate of
SPM2 for both shock (W-shock) and nonshock (W/O-shock) events at Earth is ~ 60%.
The prediction error for the W-shock events is less than 12 h (root-mean-square) and 10 h
(mean-absolute). Comparisons between the predicted results of SPM2 and those of Shock
Time of Arrival (STOA), Interplanetary Shock Propagation (ISPM), and
Hakamada-Akasofu-Fry version 2 (HAFv.2) based on similar data samples reveal that the
SPM2 model offers generally equivalent prediction accuracy and reliability compared to
the existing Fearless Forecast models (STOA, ISPM, and HAFv.2).
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1. Introduction

[2] Predicting arrival times of interplanetary (IP) shocks
at Earth is an important ingredient of space weather forecast-
ing because the passage of an IP shock at Earth will com-
press the magnetosphere and produce corresponding space
weather effects [Russell et al., 2000]. Coronal mass ejec-
tions are responsible for producing strong IP shocks. Type
IT bursts are thought to be the signature of coronal shock
waves associated with these solar transients. Both empiri-
cal and physics-based models have been proposed to predict
shock arrival times (SATs) based on the relationship between
features of solar disturbances and their corresponding IP
shocks. By using available solar data as input parameters,
these physics-based models have been employed to give
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“near real-time” predictions of shock arrivals at Earth, such
as the “Shock Time of Arrival” (STOA) Model [Dryer and
Smart, 1984; Smart and Shea, 1984, 1985], the “Interplan-
etary Shock Propagation” Model (ISPM) [Smith and Dryer,
1990, 1995], and the “Hakamada-Akasofu-Fry version 2”
(HAFv.2) model [Dryer et al., 2001, 2004; Fry et al., 2001,
2003, 2007; McKenna-Lawlor et al., 2002, 2006, 2012;
Smith et al., 2005, 2009; Sun et al., 2002a, 2002b, 2003].
The STOA, ISPM, and HAFv.2 models use similar input
solar parameters, including the source location of the asso-
ciated flare, the start time of the metric Type II radio burst,
the proxy piston-driving time duration, and the background
solar wind speed. Their predictions are frequently referred
to in the literature as “Fearless Forecasts”, and the predic-
tion results were sent to interested members of both scientific
and operational communities through emails within 10 h
after the solar events. The Fearless Forecast models can pre-
dict not only the shock arrival times but also whether or
not the IP shock can encounter the Earth by introducing a
judgement index (i.e., the Alfvén Mach number in STOA,
shock strength index in ISPM, and Shock Searching Index in
HAFv.2). There are other physical models established on the
base of the Fearless Forecast models. A practical database
method for predicting SATs at the L1 point was presented by
Feng et al. [2009a] based on the HAFv.1 model and a set of
hypothetical solar events. STOA was used with the help of
solar energetic particle (SEP) observations and/or soft X-ray
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observations at L1 to predict whether a shock will encounter
the Earth [Qin et al., 2009; Liu and Qin, 2012].

[3] Physics-based magnetohydrodynamic (MHD) numer-
ical models are also often used to provide SAT predictions
since they can simulate the propagation of solar disturbances
in the background solar wind [Feng et al.,2007,2011]. Feng
et al. [2009b] proposed an operational method for SAT pre-
diction using the 1-D Conservation Element and Solution
Element (CESE)-Hydrodynamics (HD) solar wind model,
and their prediction results demonstrated potential capabil-
ity of the model to improve real-time forecasting because the
CESE method can be extended to three-dimensional (3-D)
MHD from the solar photosphere to any heliospheric posi-
tion [Feng et al., 2007, 2010, 2011, 2012a, 2012b; Zhou et
al., 2012]. The 3-D-MHD simulations are promising in real-
time space weather predictions. However, they presently
need considerable computing resources.

[4] Due to the limitation posed by the long comput-
ing time required for MHD models, physics-based models,
which need much shorter computing time, are expected to
be used to predict SATs both presently and in the future.
We have proposed a physics-based model, called the Shock
Propagation Model (SPM), to predict SATs at Earth [Feng
and Zhao, 2006]. This model combines the analytical solu-
tion for the propagation of blast waves from a point source in
a moving, steady state, density-variable medium [ Wei, 1982;
Wei and Dryer, 1991] with the energy estimation used by
the ISPM [Smith and Dryer, 1990, 1995]. The input param-
eters of SPM include the initial shock speed (V) computed
from the Type II radio burst drift rate, the proxy piston-
driving time duration (7), and the background solar wind
speed (up) detected by L1 spacecraft at the start time of the
event. The output of SPM gives the predicted transit time
of the shock to any given radial distance R. As an analyti-
cal model, SPM can provide prediction results immediately
after its input parameters are supplied. Details concerning
the SPM can be found in Feng and Zhao [2006]. On apply-
ing the SPM to 165 solar events during the periods January
1979 to October 1989 and February 1997 to August 2002,
it was found that the mean-absolute error of SATs predicted
by SPM was about 14 h. This demonstrates that SPM has
the capability to be used in the “near real-time” prediction
of SATs. However, the SPM presently requires upgrading as
follows: (1) The shock strength index at the Earth’s loca-
tion should be introduced into the model in order to predict
whether the shock would encounter the Earth; (2) The blast
wave theory may not be suitable for all the shocks, since,
as pointed out by Li et al. [2008], the propagation of some
shocks deviates from that of blast waves; (3) The initial
speed of the shock wave, as determined by the metric Type
II radio burst drift rate, often contains inevitable uncertainty
due to the lack of sufficient spatial information concerning
radio bursts. All these issues constitute hindrances for the
prediction precision of the model. To try to correct or lessen
these drawbacks is the objective of this paper, which puts
forward an updated version of SPM, called SPM2 hereafter.
The paper is organized as follows. In section 2, we give a
detailed description of the solar-related-IP shock events used
in the present study. Improvements in SPM are described in
section 3. In section 4, we present the SPM2, its prediction
results, and comparison with other models. A brief summary
and discussion is given in section 5.

2. Solar Disturbance-IP Shock Events
in Solar Cycle 23

[5s] In this study 551 solar-related-IP shock events taken
from Fearless Forecast publications are utilized. We selected
168 solar flare-Type II shock events from Fry et al. [2003],
151 shock events from McKenna-Lawlor et al. [2006], and
232 shock events from Smith et al. [2009]. In this way, we
collected 551 solar-IP shock events during the period Febru-
ary 1997 to December 2006, covering almost the whole of
Solar Cycle 23. Fry et al. [2003] listed 173 solar flare-Type
IT burst events during February 1997 to October 2000, but
there are five events among them with Ty, > IIf—U. Here
Tobs 18 the observed transit time of the shock from the Sun
to the L1 point spacecraft, and Vj, is the background solar
wind speed. This means that the averaged propagation speed
of the shock is lower than the background solar wind speed
for these five events. One reason for this could be the spa-
tial variability of V, (i.e., coronal hole fast wind streams).
The relationship between solar disturbances and L1 shocks
is “questionable” in these events (called herein questionable
events). We thus exclude these five questionable events from
our study. McKenna-Lawlor et al. [2006] listed 166 solar-IP
shock events for the period November 2000 to August 2002
among which is one questionable event (7gps > llf—g). In addi-
tion, there were 14 shock events associated with more than
one solar disturbance in their event list (called herein inter-
action events), which are excluded from the present study
because SPM2 is not designed to take account of shock
interactions. Smith et al. [2009] presented 245 events dur-
ing August 2002 to December 2006. This sample contains
13 questionable events (7ops > ﬂﬁ*—U). For each chosen event,
the following parameters are needed: the start time of the
Type 11 burst, the source location of the associated flare, the
coronal shock speed computed from the Type II radio burst
drift rate, the proxy piston-driving time duration, the back-
ground solar wind speed, the arrival time of the associated
IP shock at L1 if indeed it arrives, and the prediction results
of STOA, ISPM, and HAFv.2 (including whether or not the
IP shock could encounter the Earth and when it would arrive
if it could arrive). For the total 551 events, only 202 of them
had associated IP shocks observed near the Earth, and they
are called “with-shock™ (abbreviated as “W-shock”) events
in this paper; the other 349 events were not accompanied
at Earth by IP shocks, and they are called “without shock”
(abbreviated as “W/O-shock™) events. The Fearless Forecast
event numbers for these 202 W-shock events, 349 W/O-
shock events, 14 interaction events, and 19 (5 + 1 + 13)
questionable events are given in Tables S1-S4 in the sup-
porting information, respectively. On applying SPM to the
202 W-shock events in our sample, it was found that the
mean-absolute error and root-mean-square error of SATs for
these 202 events were 13.19 h and 16.76 h, respectively. As
the SPM has no capability to predict whether an IP shock
would encounter the Earth, it cannot be used to predict the
349 W/O-shock events.

3. Improvements in the Shock Propagation Model

3.1. Corrections to the Initial Shock Speed

[6] The initial speed of a shock wave is a crucial param-
eter in predicting the arrival time of the shock. In Fearless
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Figure 1. —7— plotted versus V; sin 6 for 80 events with

|Ve“D V5‘| <1 Vexp is the “expected” initial shock speed by the

SPK/I in order to fit the real arrival time of IP shocks, V5 is the
coronal shock speed computed from the Type II radio burst
drift rate, 6 is the source longitude of the shock (determined
by the associated flare). The solid line denotes the line fitting
to the data points.

Forecast models, this parameter is computed from the fre-
quency drift rate of metric Type II radio bursts, based on
an assumed coronal density model, as metric Type II bursts
are signatures of coronal shocks. However, the shock speed
derived in this way often contains uncertainties since infor-
mation concerning the propagation direction is not available
from solar radio bursts. For example, the radio emission
from solar limb located shocks might be generated from the
slower portions of the expanding coronal shock so that
the fastest part of the shock, while deviating much from
the Sun-Earth direction, has only a small surface area
exposed to the radio telescope. In this case, the flanks of
the shock propagate at some angles to the radial (local ver-
tical) direction. In these circumstances the frequency drift
rate and the inferred Type II shock speed will be lower than
the actual shock speed [Fry et al., 2003]. Sun et al. [2002a,
2002b] pointed out that the initial speed of shock waves,
determined by metric Type II radio burst observations, must
be substantially reduced (30% on average) for most high-
speed shock waves, and adjusting the initial speed can lead
to a significant improvement in the SAT prediction accu-
racy. Luo et al. [2011] obtained an empirical formula to
adjust the initial shock speed computed from the metric Type
IT radio burst through comparing simulation results of the
HAF model with observations of satellites at 1 AU, namely
V""IJ;V‘“ =-0.07V;+74 for the shocks originating in the West-

ern Hemisphere, and “'I',— =-0.13V + 124 for the shocks
originating in the Eastern Hemisphere. Here Vy; is the shock
speed computed from the metric Type 1l radio burst, and Vq;
is the adjusted shock speed.

[7] Thus, the source location of the shock on the solar
surface, especially its longitude, is an important factor influ-
encing the accuracy of the initial shock speed computed
from Type II bursts. In this study, we used the SPM to
“train” the initial shock speed computed from Type II bursts
and developed an empirical method to correct the input V.
Assuming in the first case that we know all the other input
parameters as well as the arrival times of these 202 W-shock

events except for Vg, we used the SPM to derive the
“expected” initial shock speed (Ve,) for each of them. We
then studied the relative difference between the “expected”
initial shock speed and the speed computed from the Type 11
burst drift rate, i.e., m and investigated how this rela-
tive difference was affected by the Type II burst drift speed
Vs, duration time 7, source longitude 6, source latitude ¢,
and their combinations. It was thereby found that Vsinf

has the strongest correlation with V“" s . Figure 1 shows the

Vexp—Vii
variation of 22— ”’ =

| Vexp Vii

plotted versus VSl sin 6 for 80 events with
| < 1. The solid line is the line of fit to the data points,

Wthh yields =2—= Yoo Vi — ) 3818-3.0x 104 Vg sin 8. Therefore,
we obtained the’ following empirical relation to correct the
initial shock speed:

Vi = (03818 —3.0 x 107V sin 0)Vy; + Vg (1)

This will be used, see below, in the SPM2 model despite the
low correlation coefficient (C.C. = —0.43) shown in Figure 1.

3.2. Consideration of Acceleration/Deceleration

[8] After the initial shock speed correction, the prediction
of SPM for the 202 W-shock events contains a predic-
tion error AT = Typs — Tprea > 0 for 114 events, and AT
= Tops — Tprea < O for only 88 events. The histogram of
event number distribution along AT is thus not symmetri-
cal. This means that SPM gives shorter Tjeq times than those
observed (T,s) for the majority of the events (AT > 0). A
similar result was found by Li et al. [2008]. This caused
us to add an acceleration/deceleration in term Fp to the
shock propagation equation of SPM [Feng and Zhao, 2006,
equation (7)] in order to remove the distribution asymmetry
in these prediction errors (AT)

dR Ey 1
Vi=— =20+ /QM)P+ —+ — F 2
a [ 1 (2A1) JoR NO}MOX ap (2

As the specific form of Fp is not clear, we assumed it
to be a constant for each individual shock. The integral
of equation (2) gives the predicted arrival time for each
shock. The observed arrival times of the 202 W-shock events
were used as inputs to solve the integral of equation (2) to
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Figure 2. The variation of Fap plotted against the back-
ground solar wind speed u for the 202 W-shock events.
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Figure 3. The number frequency distribution of the 202 W-shock events along the prediction error (A7)
(a) before the acceleration/deceleration correction and (b) after the acceleration/deceleration correction

had been applied.

derive Fap for each shock. Then we investigated the cor-
relation between Fap and various input parameters such as

& T, 0, ¢, ug, and possible combinations between them
(see section 3.1). It was found that u, had the maximum
correlation coefficient with Fap. Figure 2 displays the vari-
ation of Fap plotted versus u, for the 202 W-shock events
and the correlation coefficient between them. The line fitting
between Fap and u, gives

Fap = 1.244 - 6.28 x 1074, (3)

[¢9] The predictions of equation (2) following the modi-
fication provided by equation (3) yields AT > 0 for 100
shocks, and AT < 0 for 102 shocks. That is, the event num-
bers for positive and negative errors are nearly equivalent.
Therefore, the bias in AT is eliminated. Figure 3 shows the
number frequency distribution of these 202 W-shock events
along AT before (Figure 3a) and after (Figure 3b) the cor-
rections provided by equation (3), which clearly indicates
this point. Equation (3) reveals that the correction of either
acceleration or deceleration depends on the ambient solar
wind speed uy. For high solar wind speed (1, > 388 km/s),
Fap <1 introduces a deceleration correction, while for low
solar wind speed (uy < 388 km/s), Fap >1 involves an
acceleration correction.

3.3. Effect of Propagation Direction

[10] According to the blast wave theory adopted in SPM,
a shock propagates outward with a circular front. Therefore,
the shock will propagate along different directions with the
same speed and arrive simultaneously at the same heliodis-
tance. This is definitely not true in real cases. Shocks often
propagate with the fastest speed at their “nose” position
(i.e., along the main propagation direction) and arrive ear-
lier in this direction than along other directions for the same
radial distance. In the STOA model, the shock speed at an
angle ¢ from the flare radial direction is assumed to be
Vy = Vr(1+cosy)/2, where V', is the blast wave shock front
speed at an angle ¥ from the flare radial direction and V3 is
the wave speed along the flare radial direction. Here to take
account of the influence of the shock’s propagation direction
on its arrival time at Earth, we add a propagation direction
term (Fpp) in equation (2) as follows:

dR Ey 1
Vi=— =241+ ,/CA )2+ — + — F Fpp (4
dt { R Y 2J0i|u0>< ap X Fep (4

If it is assumed that the radial direction passing through the
Sun center and the source location is the main propagation
direction of the IP shock, the direction angle i can be com-
puted from i = arccos(cos 6 cos ¢) for the Earth observer,
which represents the angular distance between the shock’s
main propagation direction and the Sun-Earth line. Calcu-
lation of Fpp and the correlation investigation between Fpp
and the trigonometric functions of direction angle v are car-
ried out in a similar way to what we have done above for Fap
in section 3.2. It is found that cos ¥ has the maximum corre-
lation with Fpp, as demonstrated in Figure 4. Line fitting to
the data points gives

Fpp =0.85+0.2cos ¢ %)
This correction relation can be used to transform the shock
front speed along its main propagation direction to the
expected front speed along every direction. Equation (5)
also results in a simplified shock front speed profile in three
dimensions. An ecliptic plane projection of this shock front
speed profile is shown in Figure 5 (solid black line). In
this figure we also show for comparison the shock front
speed profile adopted by STOA (dotted blue line) and SPM
(dashed red line). It can be seen that the shock front speed
profile derived here lies between those adopted in STOA
and SPM.
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Figure 4. The variation of Fpp plotted against cosy for
the 202 W-shock events.
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Figure 5. Comparison of the shock front speed profile for
STOA (dotted blue line), SPM (dashed red line), and SPM2
(solid black line).

3.4. Equivalent Shock Strength Index

[11] A judgement index is needed to predict whether or
not an IP shock will encounter the Earth. The Fearless Fore-
cast models provide ways to estimate the shock strength.
STOA uses the shock magnetoacoustic Mach number (M,)
at the Earth’s orbit, which is the ratio of the shock speed rela-
tive to the characteristic magnetoacoustic speed of plasma in
the solar wind frame. Also, the IP shock at Earth is assumed
to be a perpendicular shock (the shock normal is perpen-
dicular to the upstream interplanetary magnetic field). A
value of M, = 1 is used as the threshold to discriminate
the shocks predicted to encounter the Earth from those pre-
dicted to decay to MHD waves. In ISPM, a “shock strength
index” (SSI, logo of the ratio of the dynamic pressure jump
at the shock relative to the background value) is adopted and
the value SSI = 0 is used as a criterion to predict whether
an IP shock would encounter the Earth [see Smith et al.,
2000]. In HAFv.2, the predicted SATs are extracted from
automatic scans of the temporal profiles of the dynamic pres-
sure simulated at L1 using a “shock search index” (SSly),
i.e., SSIy = AP/Py;,, where P is either the dynamic pres-
sure or momentum flux, AP is the difference in P during
consecutive 1 h time steps and Py, is the minimum P value
for these time steps. SSI; = —0.35 is set as the threshold
value for predicting the shock’s arrival at Earth. Similar to
the Mach number used in STOA, we define the “equivalent
shock strength index” (ESSI) as the ratio of the shock speed
at the Earth’s location relative to the fast-mode wave speed
in the frame of solar wind

VS(EL) —Uo

ESS[= 20 6
Vi ©

Here Vi(EL) is the shock speed at the Earth’s location pre-
dicted by equation (4), and V; is the fast-mode wave speed
of the background solar wind at the Earth’s location. In the

case of a perpendicular shock, V; = 4/ Vj + C2, where 7, and
C, denote the Alfvén speed and sound speed, respectively. In

order to get V, the following typical parameters of the solar
wind and the interplanetary magnetic field are adopted: 7' =
1.5 x 10° K, B=7nT, n =4.0 cm>, y = 5/3. These yield
V; ~ 100 km/s. For each event in our sample, we can com-
pute its ESSI value through knowing V(EL), uo, and V. The
next step is to set a threshold value for ESSI, i.e., ESSI,,
to discriminate the shocks that can encounter the Earth from
those that cannot. If ESSI > ESSI,,, the shock is predicted to
encounter the Earth. Otherwise, if ESSI < ESSI,,, the shock
is predicted not to encounter the Earth. Figure 6 demon-
strates the distribution of the prediction success rates for
these two kinds of event along ESSI,,. It can be seen that
the prediction success rate for the W-shock events decreases
with ESSI,,, while for the W/O-shock events it increases.
The two curves intersect at ESSI;, = 2.29, and the prediction
success rates are ~ 61% for both kinds of event. Therefore,
we select ESSI;, = 2.29 as the threshold value to predict
whether the shock will encounter the Earth to equalize the
prediction success rates of both the W-shock and W/O-
shock events.

4. SPM2 and Its Prediction Results

4.1. SPM2

[12] Following the corrections introduced in the above
indicated steps, a new version of SPM, i.e., SPM2, is estab-
lished. Input parameters include the initial shock speed (V)
computed from Type Il radio bursts, the proxy piston-driving
time duration (7), the angular width of the shock (w, often
assumed to be 60°), the source longitude (), source latitude
(¢), and the background solar wind speed (u). These inputs
are used to compute the propagation speed of the shock at
the Earth’s location (¥ (EL)) according to

dR E 1
Vs=dt=|:2kl+ (le)2+°+} uo X Fap X Fep (7)

JoR 27,

100 [ T T l T

80
60

40

Prediction Success Ratio (%)

20

Figure 6. The prediction success rate for the W-shock
events (solid black line) and W/O-shock events (dotted blue
line) plotted versus the threshold values of ESSI that were
used to predict whether or not a shock would encounter
the Earth. The coordinates for the intersection point of the
two curves are indicated by the vertical dashed line and the
horizontal dashed line.
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Table 1. Forecast Contingency Table of Hits, Misses, False
Alarms, and Correct Nulls for the Prediction Results of SPM2
and HAFv.2 for 551 Events of Solar Cycle 23 (February 1997 to
December 2006)*

SPM2 HAFv.2
Forecast Prediction Prediction
Observation Yes No Yes No Yes No
Yes a c 123 79 154 48
No b d 137 212 207 142
Total at+b c+d 260 291 361 190

*Definitions and explanations: a = Hits, b = False alarm, ¢ = Miss, d =
Correct null. This table is transposed from the format adopted by Smith et
al. [2000], Fry et al. [2001, 2003], and McKenna-Lawlor et al. [2006] in
order to facilitate comparisons of these models.

Here Ey= L@ D p* — (03818 — 3.0 x 10-*¥,; sin )

Au

Va+ Vi, Fap=1244 — 628x10%u, Fpp=085 +
0.2cos 0 cosp, A=300 kg m™', C=0.283 x 10%¥erg.m>.
sec2.deg’!, and D=0.52 h. Then, the “equivalent shock

strength index” (ESSI) for each event is derived to be

Vs(EL) —
ESSI = u (®)
V

with V; ~ 100 km/s. If ESSI > ESSI;, = 2.29, the shock
is predicted to encounter the Earth. Otherwise, if ESSI <
ESSI;, =2.29, the shock is predicted to miss the Earth. For
the events with ESSI > ESSI, =2.29, the following equation
is used to predict shock arrival times at Earth:

J
T=— "0 ] 4\[R+2E,—2E,In(R +2Ey)] +2VX

Uup X FAD X FPD

1622+ L)E 1
_a R V(R4 20413+ o

2 1
J4x3 + 0

(16A?+ flo)Eo JX+ 421 E,
N W | 8 EyxIn| XA

2,/403 + 5 (R+2Eo)

©

with VX =,/ 2R+ (F-)R?, R=1 AU, and T is determined
by the restriction R = 0 when 7 = 0.

Table 2. Forecast Contingency Table of Hits, Misses, False
Alarms, and Correct Nulls for the Prediction Results of SPM2 and
STOA for 463 Events That STOA Has Predictions For?

4.2. Prediction Results, Verification, and Statistics

[13] The 2 x 2 “contingency table” is often used in the
evaluation of meteorological models [e.g., Schaefer, 1990].
It provides information about the success or failure of the
forecast in the data set and has been employed in Fearless
Forecast models [Fry et al., 2003; McKenna-Lawlor et al.,
2006, 2012; Smith et al., 2009]. In this paper, we follow
the fundamental definitions adopted in the Fearless Fore-
casts, namely, if a shock is predicted to arrive and actually
observed within £ 24 h, then the prediction is called a “Hit”
(h); if a shock is detected, but predicted not to arrive, or
predicted to arrive 24 h away from the detection time, this
prediction is called a “Miss” (m); if a shock is predicted
to arrive, but no shock is observed 1-5 days after the solar
event, then the prediction is called a “False alarm” (fa); and
if a shock is neither predicted to arrive nor detected 1-5 days
after the solar event, then this prediction is called a “Cor-
rect null” (cn). These definitions are used to divide the solar
events of our sample into hits, misses, false alarms, and cor-
rect nulls according to the prediction results. The predictions
of SPM2 for 551 sample events yielded 123 hits, 137 false
alarms, 79 misses, and 212 correct nulls. Table 1 demon-
strates the forecast 2 x 2 contingency table for the prediction
results of SPM2 and HAFv.2. In this table, a, b, ¢, and d
denote the number of hits, false alarms, misses, and correct
nulls, respectively. N =a+b + ¢ + d stands for the total event
number, which is 551 for SPM2 and HAFv.2. This table is
transposed from the format adopted by Smith et al. [2000]
and Fry et al. [2001, 2003] to list the prediction results of
SPM2 and HAFv.2 side by side. Similarly, Tables 2 and 3
give the forecast 2 x 2 contingency table to compare the
prediction results of SPM2 with those of STOA and ISPM
based on rather similar data sets, which are 463 events for
STOA and 418 events for ISPM (see http://www2.gi.alaska.
edu/pipermail/gse-ft/).

[14] A range of statistical forecast skill scores can be
computed from the contingency table in order to evaluate
the model’s prediction result. These skill scores include (1)
probability of detection, yes, PODy = a/(a + c); (2) prob-
ability of detection, no, PODn = d/(b + d); (3) false alarm
ratio, FAR = b/(a + b); (4) bias, BIAS = (a + b)/(a + ¢);
(5) critical success index, CSI = a/(a + b + ¢); (6) true skill
statistic, TSS = PODy + PODn — 1; (7) Heidke skill score,
HSS =(a+d - Cl1)/(N - Cl), here C1 =C2 + (b + d)(c +
d)/N, C2 = (a + ¢)(a + b)/N; (8) Gilbert skill score, GSS =
(a—C2)/(a+ Db+ c—C2); (9) success rate, SR = (a + d)/N.
Details about the definitions and applications of these skill
scores can be found in Schaefer [1990], Mozer and Briggs
[2003], Smith et al. [2009], and McKenna-Lawlor et al.

Table 3. Forecast Contingency Table of Hits, Misses, False
Alarms, and Correct Nulls for the Prediction Results of SPM2 and
ISPM for 418 Events That ISPM Has Predictions For?

SPM2 STOA SPM2 ISPM
Forecast Prediction Prediction Forecast Prediction Prediction
Observation Yes No Yes No Yes No Observation Yes No Yes No Yes No
Yes a c 106 61 133 34 Yes a [¢ 97 55 78 74
No b d 113 183 186 110 No b d 103 163 98 168
Total a+b c+d 219 244 319 144 Total a+b c+d 200 218 176 242

“Definitions and explanations: the same as Table 1.

?Definitions and explanations: the same as Table 1.
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Table 4. Statistical Comparison of the Values of Several Standard Meteorological Forecast Skill Scores
Derived by SPM2 With Those Derived by HAFv.2, STOA and ISPM Based on Rather Similar Data Sets of

Solar Cycle 23 (February 1997 to December 2006)*

Forecast skill score SPM2 HAFv.2 SPM2 STOA SPM2 ISPM
Probability of detection, yes (PODy) 0.61 0.76 0.64 0.80 0.64 0.51
Probability of detection, no (PODn) 0.61 0.41 0.62 0.37 0.61 0.63
False alarm ratio (FAR) 0.53 0.57 0.52 0.58 0.52 0.56
BIAS 1.29 1.79 1.31 1.91 1.32 1.16
Critical success index (CSI) 0.36 0.38 0.38 0.38 0.38 0.31
True skill statistic (TSS) 0.22 0.17 0.25 0.17 0.25 0.15
Heidke skill score (HSS) 0.20 0.15 0.24 0.14 0.24 0.14
Gilbert skill score (GSS) 0.11 0.08 0.13 0.08 0.13 0.08
Success Rate (SR) 0.61 0.54 0.62 0.53 0.62 0.59
X2 24.0 16.2 27.4 14.1 244 8.3
P3 9.5x 107 56x10° 1.7x107 1.8x10* 7.8x107 0.0039

2The Event Number of Similar Data Sets Is 551 for HAFv.2, 463 for STOA, and 418 for ISPM.

[2012]. The specific parameter of interest to a user depends
on his/her purpose. For example, if a user is interested in the
prediction success rate of the observed shocks, then PODy
(the ratio between the shocks correctly predicted and all
the shocks observed) is the crucial parameter. A value 1 of
PODy means that all the observed shocks are correctly pre-
dicted. Therefore, 1 is called here the “ideal value” of PODy.
Similarly, PODn compares the number of correct nulls to
that of false alarms, and PODn=1 means that all the non-
shock events are predicted not to encounter the Earth. SR
gives the prediction success rate for the combined shock
and nonshock events. However, it should be pointed out
that among these various standard parameters, only PODn,
TSS, HSS, and SR involve correct nulls. These forecast skill
scores have earlier been used to evaluate the Fearless Fore-
cast models [e.g., Fry et al., 2003; McKenna-Lawlor et al.,
2006, 2012; Smith et al., 2009]. Table 4 gives a statistical
comparison of these skill scores derived by SPM2 with those
derived by HAFv.2 based on 551 rather similar events, with
those by STOA on 463 events, and with those by ISPM on
418 events. The prediction success rate of SPM2 is 0.61
for both the W-shock events (PODy) and W/O-shock events
(PODn). Although HAFv.2 with PODy being 0.76 performs
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Figure 7. Comparisons of the prediction error of SPM2,
STOA, ISPM, and HAFv.2 models: the root-mean-square
(RMS) AT (green bars) and the mean-absolute AT (blue
bars). The number of “hit” shocks for each model is labeled
on top of the bars.

better than SPM2 for the W-shock events, it performs worse
for the W/O-shock events (with PODn being only 0.41).
The prediction success rate of SPM2 is slightly higher (SR
= 0.61) than that of HAFv.2 (SR = 0.54) for the total 551
events. It should be noted that McKenna-Lawlor et al. [2012]
showed for a sample of 584 events that the parameter PODy
yielded values for the rise/maximum/decay phases of Solar
Cycle 23 and when using the composite sample of 0.85, 0.64,
0.79, and 0.77. Also, that the parameters SR obtained were
correspondingly only 0.53, 0.51, 0.59, and 0.55. McKenna-
Lawlor’s analysis provided evidence as to how changing
circumstances on the Sun and in interplanetary space can
affect the performance of the HAFv.2 model. The effect of
solar cycle phase on the model’s performance and corre-
sponding comparisons between different models will not be
taken into account in the present paper but will be consid-
ered in our future work. For all nine forecast skill scores
from PODy to SR (row 2 to row 10 in Table 4), PODn, FAR,
BIAS, TSS, HSS, GSS, and SR of SPM2 yield better values
than those of HAFv.2, but the values of PODy, CSI of SPM2
are worse than those of HAFv.2. A x? test was also used to
validate the model’s prediction capability as demonstrated in
rows 11 and 12 of Table 4. Here the p-value is estimated for 3
degrees of freedom, and a value of p; < 0.05 indicates a high
level of significance [McKenna-Lawlor et al., 2012]. Higher
values of y? and lower values of p; mean that the depen-
dence between observations and predictions is stronger. The
p3 values of both SPM2 and HAFv.2 are less than 0.05. This
indicates a high level of significance for their predictions.
Similarly, the values of PODn, FAR, BIAS, TSS, HSS, GSS,
and SR of SPM2 are better than those of STOA, and the val-
ues of PODy, FAR, CSI, TSS, HSS, GSS, and SR of SPM2
are better than those of ISPM for the data samples compared.
Also, the y? tests demonstrate that SPM2 has the highest
prediction performance.

[15] The prediction error AT, i.e., the difference between
the observed and predicted arrival times is another parame-
ter used to demonstrate the prediction precision of models.
The root-mean-square (RMS) and mean-absolute value are
two commonly used measurements of AT. The RMS AT of
SPM2 is 11.39 h for 123 “hit” shocks. Similarly, the RMS
AT of STOA, ISPM, and HAFv.2 are 11.79 h for 133 “hit”
shocks, 10.68 h for 78 “hit” shocks, and 11.14 h for 154
“hit” shocks, respectively. The mean-absolute AT of the four
models range from 8.6 h to 10.0 h, while this error of SPM2
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Figure 8. Histograms showing the arrival time error (A7) between the observed and predicted values
for the models (a) SPM2, (b) STOA, (c) ISPM, and (d) HAFv.2. The number of “hit” shocks registered

by each model is entered on.

is 9.45 h. Figure 7 displays the comparison of the predic-
tion error of four models for their “hit” shocks. Green bars
in this figure denote the RMS error, and blue bars denote the
mean-absolute error. The number of “hit” shocks for each
model is also shown on top of the bar. Figure 8 gives for
SPM2, STOA, ISPM, and HAFv.2 the histograms of AT
for their “hit” shocks. For each model, the event number
is highest near the zero-error location and decreases with
increasing |AT |. This property showing an approximately
normal distribution in AT demonstrates the reasonableness
and rationality of the model’s prediction.

5. Conclusion and Discussion

[16] On the basis of the Shock Propagation Model (SPM),
a series of corrections and improvements are adopted in this
paper to improve the performance of SPM. These correc-
tions comprise adjusting the initial shock speed computed
from the Type II radio burst drift rate, adding an accelera-
tion/deceleration term in the propagation function of blast
waves, considering the effect of the shock’s propagation
direction on its arrival time, and defining the equivalent
shock strength index (ESSI) as the judging parameter to
predict whether a shock will encounter the Earth. These
efforts lead to a new version of the model, i.e., SPM2. In
order to check the prediction efficiency of SPM2, 551 solar-
IP shock events in Solar Cycle 23 were utilized to train
the performance of SPM2. The prediction results demon-
strate that the prediction success rate of ~ 60% for SPM2

and the values for some skill scores are a little higher than
those attained using the Fearless Forecast models. Variations
due to the solar cycle phase are not taken into account in
these estimations. For the prediction error of SATs, the RMS
error is within 12 h with the mean-absolute error within 10
h, respectively. Especially, SPM2 can provide predictions
immediately given the input parameters. All of these results
demonstrate the value of SPM2 as a real-time space weather
prediction tool.

[17] The superiority of SPM2 in contrast to SPM is due
to the combined effect of four correction steps. As far as
each step is concerned, the correction is empirical and lim-
ited. For example, only 80 events with |M| < 1 were
used to derive the empirical relation of adjusting the ini-
tial shock speed, instead of utilizing all the 202 W-shock
events. This is because Ve, < 0, or Vey, — Vi > Vi for the
remaining 122 events. Inclusion of these 122 events would
make the relation between M and V;sinf more compli-
cated. Especially, Sun et al. [2002a, 2002b] found similar
relations between the initial speed provided by metric Type
IT radio bursts and an ex post facto “adjusted speed”. The
mean-absolute error of AT for the 202 events was reduced
from 13.19 h to 12.81 h after this correction step. In the cor-
rection of acceleration/deceleration, our aim was to equalize
the event numbers of AT > 0 and AT < 0, and addition-
ally, the mean-absolute error showed a decrease of 0.55 h
(from 12.81 h to 12.26 h). The consideration of propagation
direction only produced a decrease of 0.22 h in the mean-
absolute error (from 12.26 h to 12.04 h), while the RMS error
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is decreased by 0.57 h (from 15.84 h to 15.27 h). This may
imply that the arrival time of a shock does not depend sig-
nificantly on its propagation direction as being anticipated.
The adoption of ESSI strengthens the predictive ability of
SPM2 as to whether a shock will encounter the Earth. But
the threshold value (ESSIy) is set to be 2.29, rather than
the theoretical value 1 in order to equalize the prediction
success rates of the W-shock and W/O-shock events. If
ESSI, = 1 is adopted, then the prediction success rate for
the W-shock events is raised to nearly 90%, but for the
W/O-shock events it is decreased below 5% as demonstrated
in Figure 6. Similarly, STOASEP used M, > 2 directly to
predict that the shock would encounter the Earth no mat-
ter whether the SEP was detected or not [Qin et al., 2009].
In addition, the classification of those events with |A7] >
24 in the “Miss” catalogue in section 4.2 decreased the
prediction error greatly (the mean-absolute error decreased
from 12.04 h to 9.45 h; the RMS error decreased from
15.27 h to 11.39 h).

[18] It should be mentioned that SPM2 does not take into
account the influence of the structured solar wind on the
shock’s propagation in the IP medium, such as coronal den-
sity inhomogeneities, fluctuations, high speed solar wind,
heliospheric current sheet, and their combinations. These
structures would have evident effects on the shock’s prop-
agation and corresponding arrival time at Earth as pointed
out by other researchers [e.g., Heinemann, 2002; Feng and
Zhao, 2006; Wu et al., 2006]. Especially, the interactions of
two or more shocks in IP space are missed in the SPM2
model. This kind of interaction can lead to a situation where
more than one solar disturbance is related to one IP shock
in the Earth space. On the other hand, a blast wave may not
be suitable to represent the shock wave driven by the Inter-
planetary Coronal Mass Ejection (ICME) all the way from
the Sun to 1 AU [Leblanc et al., 2001]. Further improve-
ment of SPM2 at hand will be the solar cycle phase effect
and verification by new events from Solar Cycle 24.
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