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G. Qin,' M. Zhang,” and H. K. Rassoul®

Received 6 April 2009; revised 21 June 2009; accepted 6 July 2009; published 16 September 2009.

[1] Real-time prediction of the arrival times at Earth of shocks is very important for space
weather research. Recently, various models for shock propagation are used to forecast
the shock arriving times (SATs) with information of initial coronal shock and flare
from near real-time radio and X-ray data. In this paper, we add the use of solar
energetic particles (SEP) observation to improve the shock arrival time (SAT) prediction.
High-energy SEPs originating from flares move to the Earth much faster than the
shocks related to the same flares. We develop an SAT prediction model by combining

a well-known shock propagation model, STOA, and the analysis of SEPs detected at
Earth. We demonstrate that the SAT predictions are improved by the new model with the
help of 38—53 keV electron SEP observations. In particular, the correct prediction to false

alarm ratio is improved significantly.
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1. Introduction

[2] The arrival of interplanetary shocks can change the
terrestrial environment very much and have strong space
weather effects. Therefore real-time prediction of shock
arrivals at Earth is very important for the study of space
weather. Various physics-based models for shock propaga-
tion have been developed. The shock time of arrival (STOA)
model is based on modified similarity theory of blast waves
with the piston-driving concept [Dryer and Smart, 1984;
Smart et al., 1984, 1986; Smart and Shea, 1985; Lewis and
Dryer, 1987]. The interplanetary shock propagation model
(ISPM) is based on a 2.5-D MHD parametric study of
simulated shocks [Smith and Dryer, 1990]. The hakamada-
Akasofu-Fry version 2 (HAFv.2) model is a modified kine-
matic model that concentrates on the time and location
variation of solar wind speed, density, magnetic field, and
dynamic pressure [Fry et al., 2001]. Recently the forecast
capability of the models has been evaluated against flare-
related shock observations with information of initial shock
and flare from near real-time radio and X-ray data [e.g., Smith
etal., 2000, 2004a, 2009; Fry et al., 2003; McKenna-Lawlor
et al., 2006], the results show that the prediction skill of all
these models is essentially the same, and that their success
rates are usually not very high. Therefore it is very important
for us to find ways to improve the prediction of the models.

[3] Alternative SAT prediction models have also been
developed based on different methods, e.g., initial CME
speed [Manoharan et al., 2004], lateral expansion CME
speed [Schwenn et al., 2005], and analytical study for blast
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wave propagation with the energy estimation method in the
ISPM model [Feng and Zhao, 2006]. In addition, Feng et
al. [2009] developed a database method for prediction of
SATs at Earth by creating databases using previous numer-
ical prediction models that consider initial shock speed and
source longitude’s impact. Thus with the input parameters,
such as source conditions and the time of the observed solar
events, the SAT may be obtained immediately by looking
up the databases. It is also demonstrated that the prediction
performance of the database model is similar to that of the
previous methods.

[4] Itis believed that strong solar flares play an important
physical role in the generation of CMEs, which, if energetic
enough, can drive interplanetary shocks [Dryer, 1996, and
references therein]. In other words, the complex physical
process from which these interplanetary shocks originate
may also give rise to flares. Therefore among other inputs,
information of flares should be included in models to predict
SATs. Since flares and interplanetary shocks generated by
flares and CMEs can produce SEP protons and electrons, it is
also useful to include SEP measurements in SAT prediction
models.

[5] Smith and coworkers [Smith and Zwickl, 1999; Smith
et al., 2004b] used low-energy SEP observations to predict
the magnitudes of postshock geomagnetic disturbances based
on the fact that low-energy energetic ion enhancements are
mainly caused by acceleration by interplanetary shocks.
Recently, Lam [2009] studied operational geomagnetic dis-
turbance forecasting with the help of low-energy energetic
particle (electron and proton) observations. Since very high-
energy solar energetic particles (SEPs), e.g., high-energy
solar electrons, are considered to be accelerated by flares,
such kinds of SEPs can be associated with interplanetary
shocks related to the same flare, in other words, these SEPs
are signatures of flare-related shocks. Furthermore, as these
SEPs move to Earth much faster than the shocks, it is possible
to improve the real-time predictions of SATs of shock
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propagation models with the help of the analysis of very
high-energy SEPs detected at L1. Theoretically, we can use
either high-energy ions or electrons to predict shock arrivals;
however, in this work we use electrons since they give
earliest warning or longest lead time.

[6] In this paper, we present an SAT prediction method by
combining a shock propagation model, STOA, and analysis
of high energy, 38—53 keV electron, SEPs detected at L1.
In section 2, we describe the STOA model. In section 3, we
discuss the SEP measurements to help the prediction of
SATs with new models. In section 4, we study the prediction
skills of SATs at 1 AU with the models. The conclusions are
presented in section 5.

2. Description of the STOA Model

[7] In order to predict whether a solar event caused shock
can reach the Earth and, if so, the time of arrival of the
shock, a various models to simulate the propagation of inter-
planetary disturbances were developed. Among the models,
the shock time of arrival (STOA) model [e.g., Smart and
Shea, 1985] is widely used. STOA is based on the following
assumptions. The initial shock is driven for some time 7 at
the type II speed vy for some distance vy from the sun,
so the shock position at the end of the driven phase is 7o =
roo t vsoT, Where rog is the initial shock position which
can be assumed as 1.5 solar radii. After the driven stage, the
shock is changed to a blast wave riding over the solar wind
speed v,. It is further assumed that after the shock
converts to a blast wave, the velocity of the shock vy
measured at any central angular distance 6 has the form

vs = vso(cos O+ 1)/2. (1)

where 6 can be rewritten as cos 6 = cos 6, cos ¢, with
heliospheric longitude distance 6, and latitude distance ¢
[e.g., see Zhao et al., 2007].

[8] As the blast wave propagates through the interplane-
tary medium, the speed of the shock front vy, is assumed to
be propotional to 1/4/r, so we have

Vg = \/va. (2)
r

In order to calculate the shock’s transit time to a certain
location of the solar distance r,, the average shock front
speed v,,, can be calculated by

e
Vayr = — / Vsrdr - ZV.V (\/E - ”_0) (3)
rd Jry Ya Td

Furthermore, the transit time /A¢ of the blast wave is written
as

& (4)

At=—T4
Vll\’r + ‘}AWV
where ry < r; is used.

[v] STOA model computes the shock magnetoacoustic
Mach number M, as a measure of the shock strength as
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following [e.g., Smith et al., 2000]. M, is the ratio of the
shock

VXI‘
M,=——2 5
e (5)

where a is sound speed and V, is the Alfven speed. Here
the sound speed and Alfven speed are obtained by assum-
ing a representative solar wind property, proton density, n =
5 cm~3, proton temperature 7 = 10° K, IMF magnitude
B = 5nT, and the adiabatic index v = 5/3. M, = 1.0 is a limit
below which shocks decay to MHD waves.

3. SEP Measurements to Help the Prediction
of SATs: New Models STSEP and STOASEP

[10] We can use measurements of SEP at L1 to help the
prediction of SATs. Generally we are able to use solar
events observation as initial condition to compute SEP flux
by numerically solving SEP transport equation [Parker,
1963, 1965; Ng and Wong, 1979; Schliiter, 1985; Ruffolo,
1991; Kocharov et al., 1998; Qin et al., 2004, 2005, 2006;
Zhang et al., 2009]. If we actually detect SEP flux matching
the calculated results, we forecast a shock to arrive at the
time calculated by some model, e.g., STOA. Otherwise, we
forecast the shock will not arrive. However, it is currently
difficult to accurately determine from solar observations the
conditions that affect the SEP event. Therefore we use a
simple method instead as described below to include the
SEP measurements to determine the arrival of shocks.

[11] If we assume the first solar energetic particles with
energy E arriving at L1 move along the Parker interplane-
tary magnetic field line without scattering or acceleration in
interplanetary space, the transit time for these particles to
arrive can be written as #,= S;/v. Here, v is particles speed
and S;; is the length of Parker field line from Sun to L1.
For simplicity, we take it as a constant, 1.2 AU. If we use
a channel of solar particles data with energy range [E| : E],
the transit time of first arriving particles for maximum and
minimum of the energy range is in the range [, : 4], with
tn and tr, being associated with energy £, and £, respec-
tively. We use F), for the SEP background flux at the time
of the solar event Tgz. We also use the average flux F, in
the time range [T, : Ty ] as a target flux. Here T, Ty >
Tsp + ta, to be defined later. F; can be considered as the
flux associated with the solar event since [T, : T,1] is the
time range when the majority of particles in the channel
associated with the event arrive at L1. Therefore we have
to set T, a value larger than Tsz + ¢4 since the majority of
those particles arrive later than the first arriving particles
because of scatterings along interplanetary field lines. If
the ratio of the target flux and the background flux, F,/F,,
is larger than the threshold value R, the SEPs associated
with the solar event are considered detected, therefore, we
forecast that a shock will arrive and its time of arrival.

[12] In this article we use 5-min averaged solar energetic
electron measurements from the DE1 channel of ACE/EPAM
level two data within the range [E; : E>]=[38: 53] keV [Gold
et al., 1998]. The transit time of first arriving particles with
energy £, and E, are t; = 27.33 min and ¢, = 23.64 min,
respectively. In order to forecast the shock arrival time

20f6



A09104

5I\;Iin ACE EPAM data 0.038—-0.053 MeV electrons
10 E LA IR I L L ' Tt T T T
F I

1065—

Flux

10

103W

102 vy

PR T S T T .3. ol
3130 3135 314.0 3145 3150 3155 316.0
Day of Year 2000
Figure 1. Five-minute averaged 38—53 keV electrons flux

measured by ACE/EPAM instruments. The thin vertical line
indicates the time of a solar event. The dashed line indicates
the time at which the decision is made whether the shock
will arrive at the Earth by checking the SEP flux with the
model STSEP. The dotted line indicates the shock arrival
time (SAT) predicted by the model. The thick line indicates
the observed SAT.

at Earth, we make the following assumptions. To get the
averaged flux, or the target flux F,, we take T, = Tgp +
142.5 min and T,; = Tgz + 152.5 min to make sure
enough data of the flux associated with the solar event can be
detected, at the same time to keeping the early warning time.
In other words, about 2.5 hours after the solar event, we
forecast whether or not the shock will reach Earth.

[13] The background flux, F, is measured in 30-min aver-
ages during the time range [tgz — 15 min : fgz + 15 min].
Usually, if we choose the threshold value R to be larger, we
can get better prediction results for those shocks that do not
reach L1 but get worse prediction results for those shocks
that do reach L1, and vice versa. So we have to use an
appropriate R, which here is 1.05, to balance between the
two kinds of probability. If we detect SEP associated with
the solar event, we forecast that the shock will actually
reach the Earth at the arrival time predicted by STOA. We
call the new combined model, STSEP.

[14] In the following, we give an example to show how
we predict the SAT with this method. Figure 1 shows time
profile of the electron flux data from ACE/EPAM instru-
ment as described above. The vertical thin line in Figure 1
indicates the time of the solar event with flare number 2
from observation collected by McKenna-Lawlor et al.
[2006]. 15 min after this time, the background flux F}, is
determined. The vertical dashed line indicates the time 7
when the target flux, F;, is obtained, and thus the ratio F,/F,.
Since the ratio is larger than the threshold value R we
choose, at the time 7,;; we forecast that the shock will arrive
at L1 with the shock arrival time, indicated by the vertical
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dotted line, that was predicted by STOA. The vertical thick
line indicates the actual SAT observed by spacecraft at L1.
Since the difference between the SAT predicted by the
combined model STSEP and that observed by spacecraft is
small enough, we consider the prediction as a “hit”.

[15] STOA tends to forecast “too much”, i.c., to forecast
the SAT for many events without actual shock arrival at L1
[e.g., McKenna-Lawlor et al., 2006]. On the other hand, we
find that our new STSEP model tends to forecast fewer
shocks, and therefore, to predict that the shocks will not
arrive for some events for which actual shocks arrive at L1
(see results below). Figure 2 shows the scattered plot
between the ratio of target SEP flux to the background
one, F,/F),, and the predicted interplanctary magneto-
acoustic Mach number, M,, for the 207 solar events
during the maximum phase of Solar Cycle 23 collected
by McKenna-Lawlor et al. [2006]. To make Figure 2
compact, for events with F,/F, > 5 and M, > 5, we
plot them at F,/F,=5 and M, =5, respectively. Red circles
indicate the solar events with observed shock arrival at L1,
while green crosses indicate those without. To associate solar
events and interplanetary shocks, we use a model STOASEP
explained below. From Figure 2 we can see, generally, that
the solar events with observed shock arrival at L1 have larger
spacecraft measurements of F,/F}, or larger predicted M, at
L1. However, a large proportion of solar events with large
F,/F, or M,, are not followed by shock arrivals at L1.
Using M,, or F,/F), criteria to predict SAT separately would
always give many false alarms or misses.
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Figure 2. Scattered plot between the ratio of target SEP
flux to the background one, F,/F}, as defined in the text and
the predicted interplanetary disturbance magnetoacoustic
Mach number, M,, for the 207 solar events during the
maximum phase of Solar Cycle 23 collected by McKenna-
Lawlor et al. [2006]. Events with F/F), > 5 and M, > 5 are
plotted at F/F, = 5 and M, = 5, respectively. Red circles
indicate the solar events with an observed shock arrival at
L1, while green crosses indicate events without following
shocks.
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Table 1. Comparison of the Results Obtained Using Ditferent Models for Samples During the Maximum and Rise Phases of Solar Cycle

23 and for the Composite Sample (Hit Window Size +24 Hours)

Status Number of Events Model (h) (fa) (cn) (m) (b/m) (sr) i P Value
Cycle max 207 STOA 58 83 48 18 3.2 51 371 0.054°
STSEP 42 47 84 34 1.2 61 7.37 0.007*

STOASEP 49 47 84 27 1.8 64 15.8 <0.001"

Cycle rise 170 STOA 50 56 49 15 33 58 9.52 0.002*

STSEP 34 48 57 31 1.1 54 0.70 0.4

STOASEP 44 35 70 21 2.1 67 19.1 <0.001"

Composite 377 STOA 108 139 97 33 33 54 12.2 <0.001*
STSEP 76 95 141 65 1.2 58 6.63 0.01°

STOASEP 93 82 154 48 1.9 66 34.6 <0.001"

“High level of significance with p < 0.05.
PLesser, but still acceptable, level significance with 0.05 < p < 0.2.

[16] We get a better model using the magnetoacoustic
Mach number M, criteria and SEP detection criteria together
to decide if the shock will actually arrive at the L1. For
example, we assume that we can forecast that the shock will
reach the Earth only when the predicted M, at L1 is larger
than 1 and the SEP associated with the solar event is detected.
We also consider the possibility that, in some cases, the solar
energetic particles associated with the solar events might be
masked by some interplanetary local effects so that they
would not be detected. Furthermore, we are usually more
confident that the shock will arrive if the magnetoacoustic
Mach number M, is larger (see Figure 2). Therefore we also
forecast that, if M, > 2, the shock will reach L1 no matter
whether or not the SEP associated with the solar event is
detected. The new model considering both SEP and M, is
called STOASEP.

4. Prediction at 1 AU

[17] In order to evaluate these two new models using SEP
measurements, we study 170 events data during the rise
phase of Solar Cycle 23 compiled by Fry et al. [2003] and
207 events data during the maximum phase of the solar
cycle compiled by McKenna-Lawlor et al. [2006], which
spans the period of 4 September 1997—3 August 2002.

[18] As described by Smith et al. [2004a], we search for
shocks within a window of approximately one to five days
following the solar events in order to make associations of
the solar flare with interplanetary shocks. For any model, if
a shock is predicted and observed within the 24 hours, we
consider the prediction a “Hit” (h). If no shock is predicted
and none is observed in the 4-day window following the
solar event, we consider it as “Correct Null” (cn). If a shock
is observed but no shock is predicted within +24 hours, we
consider it as “Miss” (m). If a shock is predicted but none is
observed within the 4-day window, we consider it as “False
alarm” (fa).

[19] Table 1 shows the performance of the three models
(STOA, STSEP, and STOASEP) with window size of
+24 hours. Note that the association of solar events and
shock arrivals for each model is slightly different in order
to obtain best success rate and root mean square of AT
(see below). The top section of Table 1 is the result of
analysis on the 207 events during the maximum phase of
Solar Cycle 23 collected by McKenna-Lawlor et al. [2006],
the middle one is for 170 events during the rise phase of the

cycle collected by Fry et al. [2003], while the bottom one is
for the total 377 events including both of the two phases
above. In the table, columns 4—7 show contingency entries;
column 8 shows associated hit/miss ratios (h/m); and
column 9 shows corresponding success rates (sr) of the
models. In order to indicate a dependency between the SAT
at L1 and their prediction by different models, we apply a
X~ test to the predictions with the results, x* and p values,
shown in columns 10 and 11. Here we use a significance
level by a p value of 0.05 and a lesser level of significance
while still acceptable by a p value of 0.05-0.2, marked by
‘a’ and ‘b’ in column 11, respectively, following McKenna-
Lawlor et al. [2006].

[20] From the Table 1 we can see, during solar maximum,
the success rates for STOA, STSEP, and STOASEP are
51%, 61%, and 64%, respectively, i.e., the success rates for
STSEP and STOASEP are better than that for STOA.
However, during the rising time for the same cycle, the
success rates for STOA, STSEP, and STOASEP are 58%,
54%, and 67%, respectively, the success rate for STOASEP
is better than that for STSEP and STOA. Table 1 also shows
that STOA has the highest number of hits (h), false alarm
(fa), the ratio of hits to misses (h/m), and the lowest correct
null (cn) and misses (m). This is because STOA tends to
predict more shocks than the other two models resulting in
higher number of hits and false alarms. On the other hand,
STSEP and STOASEP have the lower hits, false alarms,
h/m, and higher correct null and misses since they tend to
predict fewer shocks. However, to compare the two new
models between themselves, STOASEP is better at getting
higher hits, lower false alarms, higher correct nulls, lower
misses than STSEP because it combines the criteria of both
STOA and STSEP by using information of M, and SEP.
Furthermore, the p values shown in column 11 of Table 1
suggest that we may have considerable confidence in the
STOASEP model but lesser confidence in the STSEP and
STOA models.

[21] Continuing to follow McKenna-Lawlor et al. [2006],
we use the same set of forecast skill scores commonly used
by meteorological community as follows (for the detailed
definition, please refer to the work of McKenna-Lawlor et
al. [2006]).

[22] 1. Prob. of detection, yes (POD,), proportion of
events with shock detection that were correctly forecast

[23] 2. Prob. of detection, no (POD,), proportion of
events without shock detection that were correctly forecast.
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Table 2. Statistical Comparison of the Performances of STOA, STSEP, and STOASEP in Terms of Several Standard Meteorological
Forecast Skill Scores Using the Same Events of Solar Cycle 23 Used in Table 1

Cycle Max Cycle Rise Composite
STOA STSEP STOASEP STOA STSEP STOASEP STOA STSEP STOASEP
Probability of detection, yes (PODy) 0.76 0.55 0.64 0.77 0.52 0.68 0.77 0.54 0.66
Probability of detection, no (PODn) 0.37 0.64 0.64 0.47 0.54 0.67 0.41 0.60 0.65
False alarm ratio (FAR) 0.59 0.53 0.49 0.53 0.59 0.44 0.56 0.56 0.47
BIAS 1.86 1.17 1.26 1.63 1.26 1.22 1.75 1.21 1.24
Critical success index (CSI) 0.36 0.34 0.40 0.41 0.30 0.44 0.39 0.32 0.42
True skill statistic (TSS) 0.13 0.19 0.29 0.24 0.07 0.34 0.18 0.14 0.31
Heidke skill score (HSS) 0.11 0.19 0.27 0.21 0.06 0.33 0.15 0.13 0.30
Gilbert skill score (GSS) 0.06 0.10 0.16 0.12 0.03 0.20 0.08 0.07 0.17
Root mean square of AT (hours) 11.2 12.3 11.4 11.8 10.4 11.8 11.5 11.5 11.6
Success rate (SR) 0.51 0.61 0.64 0.58 0.54 0.67 0.54 0.58 0.66

[24] 3. False alarm ratio (FAR), proportion of events with
shock forecast that without shock detection,

[25] 4. BIAS, ratio of number of events with shock
forecast to that with shock detection.

[26] 5. Critical success index (CSI), prob. of detection,
yes, proportion of events with hits that with either shock
forecast or shock detection.

[27] 6. True skill score (TSS), measures the ability to
discriminate between shocks with detection and without.

[28] 7. Heidke skill score (HSS), percent correct, corrected
by those expected correct by chance.

[20] 8. Gilbert skill score (GSS), CSI corrected by num-
ber of hits expected by chance.

[30] Table 2 shows statistical comparison of the perfor-
mance of STOA, STSEP, and STOASEP in terms of the
above standard meteorological forecast skill scores using
the same events of Solar Cycle 23 used in Table 1, i.e.,
207 events during the maximum phase and 170 events during
the rise phase and for the composite sample. This table shows
that for the composite sample of events, the 3 models have
similar RMS value. However, during the cycle max and cycle
rise, the RMS values for STSEP are larger (12.3) hours and
smaller (10.4) hours, respectively. As we discussed above,
STOA tends to forecast more shocks than the other models.
From Table 2 we can see that STOA gets higher POD, and
BIAS (which is propotional to the number of total shocks
forecasted) but lower POD,, and higher FAR than the other
two models for events during cycle max, cycle rise, and for
composite samples. Although both STSEP and STOASEP
tend to forecast fewer shocks than STOA, since STOASEP is
better at getting hits (h) and correct nulls (cn) than STSEP,
STOASEP gets higher POD, and POD, and lower FAR
than STSEP. For all the other forecast skill scores, CSI,
TSS, HSS, GSS, STOASEP performs better than STOA.
Furthermore, except CSI, the scores TSS, HSS, GSS of
STOASERP is about double of that of STOA.

5. Conclusion

[31] We have studied the possibility of using the detection
of energetic (38—53 keV) electrons at L1 to improve the
interplanetary shock forecast models used by the community.
In this paper we use STOA as an example. By considering the
detection of energetic particles at L1, we create two new
models, STSEP and STOASEP, based on STOA. To deter-
mine if the shocks will arrive at 1 AU, STSEP and STOASEP
need SEP measurement at L1 and, in addition, STOASEP

also needs the calculation of magnetoacoustic Mach number
M,. Furthermore, to calculate shocks transit times, both
STSEP and STOASEP use the method of STOA. To
calculate M,, the initial coronal shock velocity, the piston
driving time, and the location on the Sun of the flare are
required. In addition to the above inputs, the background
solar wind velocity is required. This is taken to be the solar
wind velocity measured at 1 AU (or a default value, e.g.,
400 km/s, if “real time” ones are not available).

[32] In this paper we use ACE/EPAM SEP data obtained
during cycle max and cycle rise of Solar Cycle 23 to show
that our new model STOASEP, using both criteria of M,
and SEP, forecasts SAT with higher success rate than
STOA. In addition, STOASEP performs better in terms
of standard meteorological forecast skill scores CSI, TSS,
HSS, and GSS. Therefore we expect that with electron-SEP
measurement we can generally improve models in forecast
of SAT at L1.

[33] In order to predict SAT in real time with the above
models we have to use real-time electron-SEP data, for
example, level one data of ACE SIP data broadcasted online.
However, in this paper, we used level two electron-SEP data
instead. As one of our future tasks we will work on real-time
SAT prediction with the help of real-time SEP data. To
calculate the transport of SEP in interplanetary space we
use the free motion of particles with certain delay considering
particles scattering in magnetic fluctuations. However, in the
future, as we better understand SEP’s transport mechanism
and we have better initial input for solar events, we will be
able to get the transport of SEP by solving the transport
equation numerically [Parker, 1963, 1965; Skilling, 1971; Ng
and Wong, 1979; Schliiter, 1985; Ruffolo, 1991; Kocharov et
al., 1998; Qin et al., 2004, 2005, 2006; Zhang et al., 2009].
However, because it is difficult to solve SEP transport
equation numerically in real time, we may use a database
method following Feng et al. [2009]. With the database
method we create a database of solutions of the SEP transport
equation organized on a multidimensional grid of solar
event inputs, in real time, we predict the SEP transport by
looking up in the grid of the database according to the solar
event inputs with interpolation. In addition, we will study
the forecasting of SAT with the help of SEP measurements
based on other models, e.g., ISPM and HAFv.2.
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