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Abstract we have developed a forecast model of solar proton flux profiles (> 10 MeV channel)

for well-connected events. Among 136 solar proton events (SPEs) from 1986 to 2006, we select 49
well-connected ones that are all associated with single X-ray flares stronger than M1 class and start to
increase within 4 h after their X-ray peak times. These events show rapid increments in proton flux. By
comparing several empirical functions, we select a modified Weibull curve function to approximate a SPE
flux profile. The parameters (peak flux, rise time, and decay time) of this function are determined by the
relationship between X-ray flare parameters (peak flux, impulsive time, and emission measure) and SPE
parameters. For 49 well-connected SPEs, the linear correlation coefficient between the predicted and the
observed proton peak fluxes is 0.65 with the RMS error of 0.55 log,,(pfu). In addition, we determine another
forecast model based on flare and coronal mass ejection (CME) parameters using 22 SPEs. The used CME
parameters are linear speed and angular width. As a result, we find that the linear correlation coefficient
between the predicted and the observed proton peak fluxes is 0.83 with the RMS error of 0.35 log,,(pfu).
From the relationship between error of model and CME acceleration, we find that CME acceleration is an
important factor for predicting proton flux profiles.

1. Introduction

It is well known that solar proton events (SPEs) are mostly associated with strong flares and fast halo
coronal mass ejections (CMEs) [Reames, 1999, 2013]. NOAA Space Weather Prediction Center (SWPC) defines
the SPEs which have a flux of 10 particles cm™2 s sr~" in the > 10 MeV energy channel. The SPEs can
affect commercial airlines in polar routes, electronic system on satellite, HF communication in ionosphere,
extravehicular activity from space station, and manned space flight missions [Feynman and Gabriel, 2000].
Because of these damages, the forecast of SPEs has been regarded to be very important for space weather.

Several researchers have attempted to make SPE forecast models using associated solar phenomena [e.g.,
Balch, 2008]. The SPE forecast models can be classified as follows: (1) forecast of SPE occurrence probability
from historical SPE data depending on flare or CME parameters [e.g., Balch, 1999; Park et al., 2010, 2012],
(2) forecast of SPE occurrence probability based on the logistic regression model and its magnitude

[e.g., Garcia, 2004a; Laurenza et al., 2009], (3) forecast of SPE peak fluxes [e.g., Xapsos et al., 1998; Balch,
1999, 2008; Kahler et al., 2007; Garcia, 2004a, 2004b], (4) forecast of the time between X-ray flare start

or peak time and proton peak time [e.g., Smart and Shea, 1989; Balch, 2008], and (5) forecast of SPE

flux profile [e.g., Aran et al., 2005; Luhmann et al., 2007, 2010; Verkhoglyadova et al., 2009, 2010; Nunez,
2011]. Several models are now routinely in operation for real-time SPE forecast at the Web sites (e.g.,
http://www.swpc.noaa.gov/wmo/protons.php and http://spaceweather.uma.es/forecastpanel.htm).

It is still difficult to forecast SPE flux profiles because it is necessary to sufficiently understand the physical
mechanisms of particle acceleration in the solar corona and transport of particles through the
interplanetary space. There are several models for fitting proton flux profiles using numerical models [e.g.,
Beeck et al., 1987; Heras et al., 1992; Lario et al., 1998]. These models, however, are fitting SPE flux profiles as
a result of postanalysis. Several studies have been made for the forecast models of SPE flux profiles [Aran
et al., 2005; Luhmann et al., 2007, 2010; Verkhoglyadova et al., 2009, 2010; Nurez, 2011]. The models are
able to forecast a SPE flux profile from its start to the arrival of its associated interplanetary shock at any
point in interplanetary space [Aran et al., 2005; Luhmann et al., 2007, 2010; Verkhoglyadova et al., 2009,
2010]. The model developed by Aran et al. [2005] is based on the numerical model of propagating coronal/
interplanetary shock with SPE databases which contains the “synthetic” proton flux and fluence profiles
upstream of the shock for 384 interplanetary scenarios. The model searches the profiles in the database for
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those events with the closest characteristics to the input parameters. The model developed by Luhmann
et al. [2007, 2010] predicts a SPE flux profile using a Center for Integrated Space weather Modeling MHD
solar wind simulation model. This model includes a cone model of CMEs to initiate the related shock. They
assume that the influence of shock evolution dominates over diffusive transport in determining the SPE
time profiles. The SPE flux profile is simulated with a series of impulsive particle injections from the location
of interplanetary coronal mass ejection shock on the sequence of observer-connected field lines. The model
developed by Verkhoglyadova et al. [2009, 2010] predicts spectra and intensities of SPE using the Particle
Acceleration and Transport in the Heliosphere (PATH) numerical code. The PATH code includes modeling

a background solar wind, propagation of a CME-driven evolving shock throughout the inner heliosphere,
particle injection into the moving shock, particle diffusion, and acceleration at the shock vicinity. Using the
PATH code, they study the temporal evolution of the near-Earth energetic proton population in a SPE event
and predict time-dependent spectra and intensity of SPE.

Our main interest is to forecast the flux profiles of SPEs in the > 10 MeV energy channel using flare and
CME information. One similar study was carried out by Niriez [2011] who predicts the SPE flux profiles.
They developed a dual model of empirical and regression for respectively forecasting the flux profiles of
well-connected and poorly connected SPEs using soft X-ray and proton fluxes. The flux profile for model
output presents “band” type which shows the uncertainty of SPE prediction. The model can forecast SPE flux
profiles in real time, but it can only predict the profiles during their initial rise phases [Nurez, 2011].

The purpose of this study is to develop a forecast model of solar proton flux profile (> 10 MeV channel)
from initial rise to decay phases for well-connected events. For this study, we select the well-connected SPEs
among NOAA SPE events from 1986 to 2006. We find a best suitable empirical function to approximate a SPE
flux profile. The paper is organized as follows. We briefly explain the data and the forecast model in section
2. We present the result and discussion of our study in section 3. A brief summary and conclusion are given
in section 4.

2, Data and Method

2.1. Data

In this study, we use the soft X-ray data (1-8 A) and proton data of > 10 MeV channel from GOES 5 to
GOES 10. The X-ray and proton data are taken from the NOAA database (ftp://ftp.ngdc.noaa.gov/STP/
space-weather/solar-data/solar-features/solar-flares/x-rays/goes/), and their time resolution is 5 min. We
use 170 NOAA SPEs from 1986 to 2006. In the SPE list, we exclude 34 SPEs which do not have the location
information of their associated flares.

Generally, the well-connected SPEs are defined as the events whose magnetic field lines are well connected
to the site of shock acceleration, probably flare/CME source regions. They show rapid increments in solar
proton flux, and most of the events occur in western region [Reames, 1999; Cane and Lario, 2006]. For

this study, we quantitatively define the well-connected SPEs with the following conditions: (1) they are
associated with X-ray flares stronger than M1 class (122/136), (2) their proton fluxes start to increase within
4 h after their associated X-ray flare peak times (60/122). There are two reasons why we decided 4 h after
X-ray flare peak time. One is that the number of events is too small in case of 3 h. The other is that in case
of 5 h, there are several events whose flux profiles are different from a typical one, (3) we exclude 11 SPEs
associated with multiple flares and/or CMEs. Five events among 11 events are associated with the
multiple CMEs studied by [Ding et al., 2013, 2014; Kahler and Vourlidas, 2013, 2014]. Finally, we select

49 well-connected SPEs. We determine the start and end times of 49 events using observed proton flux
data. The start times of SPEs are defined when there are noticeable enhancements in SPE flux for three
consecutive data points after the corresponding X-ray flare peak times. The end times of SPEs are defined
as the times when the proton fluxes just decrease to below 10 pfu after the proton peak times. The rise
time is from start time to peak time of proton flux. The decay time is from peak time to end time of proton
flux. Figure 1 shows a well-connected SPE with rise and decay times. As shown in Figure 1, the flux starts to
increase just after the flare peak time and have a peak flux after 18 h. We examine the flux profiles of all 49
events and find that their typical patterns are quite similar to one another. Figure 2 shows a histogram of
longitudes of 49 well-connected SPEs. We see that most of the events (46/49) are distributed in the western
region. These 49 well-connected SPEs show the typical characteristics of events having rapid increment in
the western region.
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Figure 1. (top) GOES X-ray flux and (bottom panel) solar proton flux of a well-connected SPE on 6 November. The dot vertical line indicates the peak time of its
associated X-ray flare. The dot horizontal line indicates the threshold (10 pfu) of SPE.

2.2. Model Description

For forecasting the solar proton flux profile, we compare several empirical functions such as probability
density function and cumulative distribution function of Weibull distribution and Gaussian function. By
comparing these functions with SPE profiles, we select a modified Weibull curve function. The formula for

forecasting solar proton flux profile can be expressed as
t t g
F)=F, <—> exp {—( ) ] ,
T, T, — T4

w777 T T T T T T T T (1)

where F, is the proton peak flux, z, is the
rise time of proton flux profile, and z, is
the decay time of proton flux profile.

§ oL We assume the start time of SPE flux pro-
2 file (i.e, t = 0 at equation (1)) as 48 min
; after the peak time of its associated X-ray
T 4l flare, which is an average of the differ-
z ences between X-ray peak and SPE start
times of 49 well-connected events.
oL

2.2.1. Model Using Flare Parameters
To predict F,, in equation (1), we use the
o L ‘ . ‘ flare parameters such as X-ray flare peak
-100 80  -60  -40 20 0 20 40 60 80 100 flux, impulsive time, and emission
Longitude measure (hereinafter referred to as
Model 1). Here the impulsive time is a

Figure 2. Histogram of longitudes of 49 well-connected SPEs.
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Figure 3. Relationship between two fitting parameters and proton
peak flux of 49 well-connected SPEs: (a) observed 7, and observed

proton peak flux and (b) observed z; and observed proton peak flux.

proxy of flare duration that is defined as
the time difference between flare start
and peak time. The flare impulsive time
is more useful than the flare duration in
that it can be obtained at its peak time,
which allow us to make a near-real-time
proton event forecast [Park et al., 2010].
From the multiple linear regression
method using three flare parameters, F,
can be expressed as

LogF,=0.84 LogF,+0.017,—0.004EM+4.9,
()]
where F, is X-ray flare peak flux, T; is the
flare impulsive time (min), and EM is the
flare emission measure (x10*° cm™3).

We predict the proton peak flux (Fp)
using three flare parameters. We
examine the relationship between
observed two parameters (z, and 7)
and observed proton peak fluxes of
49 well-connected SPEs in Figure 3.

As seen in the figures, 7, and 7, have
possible correlations with proton peak
fluxes with r = 0.61 and r = 0.68. From
these linear regressions, 7, and 7, can be
expressed as

7, =62.02LogF, 3235  (3)

74 = 248.35Logf, — 237.8. (4)

These equations show that if the proton
peak flux is well predicted, then we can
determine 7, and 7, from F,. It is noted
that the forecasts of F,, 7,, and 7, can be
made just after knowing F,.

2.2.2. Model Using Flare and CME
Parameters

We develop a second forecast model
based on both flare and CME parameters
(hereinafter referred to as Model 2).
Besides three flare parameters, we

use two CME parameters: CME linear

speed and CME angular width. It is well known that the CME linear speed and its angular width are
important factors for predicting SPEs [Gopalswamy et al., 2003; Cane et al., 2010; Park et al., 2012]. We use
22 well-connected SPEs with CME information from 1997 to 2006. The CME linear speed and its angular
width are taken from the SOHO/Large Angle and Spectrometric Coronagraph (LASCO) CME online catalogue
(http://cdaw.gsfc.nasa.gov/CME_list/) [Yashiro et al., 2004; Gopalswamy et al., 2009].

To predict F,, we use a multiple linear regression method using flare and CME parameters (X-ray flare peak
flux, impulsive time, emission measure, source location, CME linear speed, and CME angular width). As a
result, F, can be expressed as

LogF, = 1.05LogF, + 0.01T; — 0.01EM — 0.008/ + 0.2 X 107>V — 0.6 X 10 AW + 6.2, (5)

JIET AL

©2014. American Geophysical Union. All Rights Reserved.

9386



@AG U Journal of Geophysical Research: Space Physics

10.1002/2014JA020333

30

25

20

15

Observed Tr (hour)

10

80

60

40

Observed Td (hour)

20

0

(@)

p—

o
o o a
P S T S T T T T S I T S T T S AN T ST ST Y T M S
2 3 4
Log observed Fp (pfu)
L . |
o
PR o S N T T T S I T ST T S T T T AN T ST ST Y T M S
1 2 3 4

Log observed Fp (pfu)

Figure 4. Relationship between two fitting parameters and proton peak

flux of 22 well-connected SPEs: (a) observed 7, and observed proton peak
flux and (b) observed 74 and observed proton peak flux.

where [ is the longitude of its
associated flare (west: + and east: —),
Ve is CME linear speed (km~1), and
AW is CME angular width (degree).

We examine the relationship between
observed two parameters (z, and 7,)
and observed proton peak fluxes of

22 well-connected SPEs in Figure 4.

As seen in the figures, 7, and 7, have
possible correlations with proton peak
fluxes with r = 0.49 and r = 0.58. Their
correlations are not so high. From these
linear regressions, 7, and 7,4 can be
expressed as

7, = 63.62 Logf, — 35.01 (6)

74 = 234.74LogF, — 213.65, (7)

3. Result and Discussion

Figure 5 shows a good example of
predicted proton flux profile for

Model 1. The source location of its
associated X-ray flare is SO7W62, and
the X-ray peak flux is 5.5 X 107> W/m?
(M5 class). The RMS (root-mean-square)
errors between predicted and observed
F,. 7,,and 7, are 0.11 log,4(pfu), 1.2 h,
and 4.6 h, respectively. From these
results, Model 1 successfully predicts
the proton flux profile in the rise and
decay phases as well as at its peak flux.

Figure 6 shows a bad example of
predicted proton flux profile for
Model 1. The source location of its
associated X-ray flare is NO9W17, and
the X-ray peak flux is 2.09 x 10~* W/m?
(X2 class). As seen in Figure 6, the times
of rise and decay phase predicted
from the model are longer than the
observed ones in the proton flux
profile. Also, the predicted peak flux

is smaller than the observed one. One

interesting thing is that there is another enhancement of proton flux near 18:00 UT on 8 November, which

may be related to a M2 class X-ray flare at 15:45 UT.

Figure 7 shows an example of predicted proton flux profile for Model 2. The source location of its
associated X-ray flare is S18W63, and its peak flux is 7.7 x 107* W/m? (M9 class). The RMS errors
between predicted and observed F,, 7,, and 7, are 0.17 log,(pfu), 4.4 h, and 6.2 h, respectively. As
seen in Figure 7, Model 2 approximately predicts the proton flux profile in the rise and decay phases
as well as at its peak flux even if there are difference between the observed and predicted rise and
decay phases.
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Figure 5. (top) GOES X-ray flux and (bottom) solar proton flux of a proton flux profile on 22 August 2002 for Model 1. The thick and thin solid lines indicate the
predicted and observed proton flux data, respectively. The dotted vertical line indicates the peak time of its associated flare, which is the earliest time for the

prediction of SPE profiles.

Figure 8 shows the relationship between predicted and observed proton peak fluxes with the correlation
coefficient of 0.65 for Model 1. The RMS error and MAE (mean absolute error) between predicted and
observed proton fluxes are 0.55 log,,(pfu) and 0.45 log,,(pfu), respectively. Figure 9 shows the relationship
between predicted and observed proton peak fluxes for Model 2. As shown in the Figure 9, the predicted
ones are very consistent with the observed with a good correlation coefficient of 0.83. The RMS error

and MAE between predicted and observed proton fluxes are 0.35 log,,(pfu) and 0.28 log;,(pfu),
respectively. From these results, we realize that Model 2 better predicts the proton peak fluxes than
Model 1.

We compare the correlation coefficient between predicted and observed proton peak fluxes for our
models with that of previous SPE forecast models: the proton prediction system (PPS) [Kahler et al., 20071
and the SWPC proton prediction model [Balch, 2008]. The correlation coefficients between observed
and predicted fluxes for PPS and SWPC proton prediction models are 0.55 [Kahler et al., 2007] and 0.5
[Balch, 2008], respectively. The correlation coefficients (0.65 and 0.83) for our model are noticeably
larger than those for the PPS and SWPC models. This result may come from why we consider only
well-connected events.

Tables 1 and 2 show the RMS errors and uncertainty of regression between predicted and observed F,, z,,
and 7, for Models 1 and 2. As for the RMS errors and uncertainty of regression of F,, for two models, we think
that Models 1 and 2 can reasonably predict the proton peak flux. Comparing z, with z,, the RMS errors and
uncertainty of regression of z, are much smaller than those of 7, which are relatively large in terms of the
forecast of SPE profiles. We also find that the RMS errors and uncertainty of regression of F, and z, for Model
2 are smaller than those of Model 1. The RMS errors and uncertainty of regression of 7 for two models are
similar to each other. In terms of the uncertainties of the models, the tables show that Model 2 has a better
performance than Model 1.
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Figure 6. (top) GOES X-ray flux and (bottom) solar proton flux of a proton flux profile on 7 November 2004 for Model 1. The thick and thin solid lines indicate
the predicted and observed proton flux data, respectively. The dotted vertical line indicates the peak time of its associated flare, which is the earliest time for the

prediction of SPE profiles.

We examine the RMS errors between predicted and observed proton peak fluxes depending on longitude.
We classify the well-connected SPEs into two groups: (1) 34 events (Group 1) are located between W30°
and W90° and (2) 15 events (Group 2) are located at the other regions. We find that the RMS errors of
Group 1 are 0.53 log,o(pfu) and 0.29 log,,(pfu) for two models, respectively. The RMS errors of Group 2 are
0.66 log,,(pfu) and 0.49 log,,(pfu) for two models, respectively. We see that the RMS errors for Group 1 are
smaller than those of Group 2 for two models. We made a similar analysis for two groups: events whose
time interval between X-ray peak and proton start times is less than 2 h and the others. It is also found that
the first group of events have a smaller RMS error than the second group. An earlier onset at 1 AU can be
explained by well-connected event and/or harder energy spectrum. If these two groups of events have
similar distributions of energy spectrum, our results can be understood by the fact that the first group of
events (or Group 1 events) are more well-connected events than the second group of events (or Group

2 events). Thus, we think that our models well predict the events occurring near sub-Earth point among
well-connected SPEs.

We examine the relationship between observed duration (z, + 7,) and observed proton peak fluxes
(logF,) of 49 well-connected SPEs, and their correlation coefficient is 0.74. This fact implies a good
correlation between proton peak flux and its duration. We also predict the proton flux profile using
a linear equation obtained from the relationship between proton peak fluxes and its duration. We
find that the results (correlation coefficient, RMS error, and MAE) for this case are equal to those from
equations (3) and (4).

Table 3 shows the RMS errors between predicted and observed proton peak fluxes for Models 1 and 2. We
see that the RMS errors of four events for Model 1 are larger than 1 in the log,, (Numbers 4, 13, 30, and 34
in Table 3). Although these events show typical characteristics of well-connected events, which have rapid
increments in proton flux and originate from the western region, they have high RMS errors, which may be
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Figure 7. (top) GOES X-ray flux and (bottom) solar proton flux of a proton flux profile on 6 November 1997 for Model 2. The thick and thin solid lines indicate
the predicted and observed proton flux data, respectively. The dotted vertical line indicates the peak time of its associated flare, which is the earliest time for the

prediction of SPE profiles.
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Figure 8. Relationship between predicted and observed proton peak
fluxes for Model 1.

caused by additional flare and CME
parameters. As one possibility, we
examine the acceleration of the CME
associated with Number 34 event,
which is the only one having the CME
information among four events. Its
linear fit speed is 1550 km/s, and

its second order speed at the final
height is 1830 km/s. The estimated
CME acceleration from second-order
fit is 58.2 m/s?, which is the largest
among 13 SPEs except for the events
(9/22) with uncertain estimates of
accelerations. We examine the
relationship between the error of
Model 2 and CME acceleration using
13 events in Figure 10. As seen in
Figure 10, the larger CME acceleration
is, the larger AFP is. From these
results, we think that the CME
acceleration parameter is also an
important factor for predicting
proton flux profile.
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2 ’ =
.g ! o @ ] +0.7 x 10 2Accel + 6.9,
£ f o o g ] 8)
2 . .
@t = o 1 where Accel is CME acceleration
- [ ‘o ] -2
1B b (ms™).
For simplicity, we assume the
C ] accelerations of CMEs, which
C R=0.83 1 have uncertain estimates of CME
0:'.4........1.........1.........|.........: acceleration, to be 0. In this case,
0 1 2 3 4 the correlation coefficient between

Log observed Fp (pfu) predicted and observed proton
Figure 9. Relationship between predicted and observed proton peak peak fluxes is 0.87. The RMS error
fluxes for Model 2. is 0.33 log,,(pfu), which is better
than those for Models 1 and 2. From
these results, we find that the CME
acceleration is also a very important factor for predicting SPE profiles together with CME speed and width.
It is noted that this case is only applicable when CME acceleration data are available.

Our models are similar to the UMASEP model developed by Nufez [2011] in that both models predicts
proton flux profiles using empirical functions. For the estimation of uncertainty, we compute the RMS errors
of peak fluxes of all events for our two models in Table 3. Niriez [2011] only reported the RMS error of flux
at start time +7 h as a representative error of the UMASEP model in which he selected an empirical function
with the best temporal length of 7 h. For comparison, we also estimate the RMS errors between predicted
and observed proton flux at start time +7 h. The average of RMS errors for Model 1 is larger than that of
UMASEP model (Model 1: 0.44 log,,(pfu), UMASEP: 0.38 log,(pfu)). The average value of RMS errors for
Model 2 is nearly similar to the value of UMASEP model (Model 2: 0.33 log,,(pfu), UMASEP: 0.33 log,,(pfu)).
While the UMASEP model only predicts proton flux profiles during initial rise phases, our models can predict
a SPE flux profile from rise to decay phase as well as SPE peak flux.

4, Summary and Conclusion

In this paper, we have developed two forecast models of solar proton flux profiles for well-connected events.
For this study, we have selected 49 well-connected events among SPEs from 1986 to 2006. In particular, we
have compared the predicted and observed peak fluxes using correlation coefficient (CC), RMS error, MAE,
and uncertainty of regression. The main results from this study can be summarized as follows.

Our models successfully predict the proton flux profiles of well-connected SPEs in terms of their peaks,

rise, and decay times. The CC, RMS error, MAE, and uncertainty of regression between the predicted and
observed proton peak fluxes for
Model 1 are 0.65, 0.55 log,(pfu),

Table 1. RMS Errors and Uncertainty of Regression of F,, z,, and 74 0.45 log,o(pfu), and 0.58 log,y(pfu),
for Model 1 respectively. The CC, RMS error, MAE,
RMS Error Uncertainty of Regression and uncertainty of regression for
2 055 log;o(pfu) 0.58 logo(pfu) Model 2 are 0.83, 0.35 log,(pfu),
0.28 log,o(pfu), and 0.37 log,(pfu),
7 6.5 h 6.7 h y
respectively. These results show that
74 17.2h 17.6 h

Model 2 is noticeably
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Table 2. RMS Errors and Uncertainty of Regression of F,, 7, and 7, for

Model 2
RMS Error Uncertainty of Regression
Fp 0.35 log o (pfu) 0.37 log ¢ (pfu)
T 6.0 h 6.3 h
T4 174 h 182 h

Even though the RMS error and

better than Model 1, which are consistent
with previous results on the intimate
relationship between CME parameters and
SPE occurrence [Park et al., 2012].

uncertainty of regression for Model 1 are

Table 3. Input Data and RMS Errors of Models 1 and 2

SPE Start Time Flare Peak Time  CME Speed  RMS Error (log¢(pfu))

Number (uT) (uT) (km/s) Model 1 Model 2
1 19860206 0845 19860206 0625 0.48

2 19860214 1025 19860214 0935 0.64

3 19860504 1220 19860504 1005 0.28

4 19880102 2245 19880102 2145 1.25

5 19880630 0950 19880630 0905 0.11

6 19890317 1855 19890317 1740 0.71

7 19890323 2005 19890323 1955 0.59

8 19890725 0845 19890725 0840 0.29

9 19890929 1145 19890929 1130 0.68

10 19891019 1305 19891019 1255 0.94

11 19891115 0705 19891115 0700 0.39

12 19891130 1335 19891130 1230 0.78

13 19900319 0610 19890319 0455 1.01

14 19900521 2245 19900521 2215 0.51

15 19900524 2100 19900524 2050 0.001

16 19910225 0905 19910225 0815 0.49

17 19910513 0215 19910513 0140 0.13

18 19911030 0655 19911030 0630 0.12

19 19920625 2015 19920625 2010 0.33

20 19921030 1830 19921030 1815 0.65

21 19930312 1835 19930312 1810 0.56

22 19940220 0150 19940220 0140 0.26

23 19941020 2150 19941019 2125 0.11

24 19951020 0640 19951020 0605 0.46

25 19971104 0645 19971104 0555 785 0.39 0.26
26 19971106 1225 19971106 1155 1556 0.3 0.17
27 19980502 1350 19980502 1340 938 0.58 0.28
28 19980506 0815 19980506 0810 1099 0.46 0.43
29 19980824 2300 19980824 2210 0.59

30 19980930 1415 19980930 1345 1.54

31 19990604 0835 19990604 0700 2230 0.29 0.06
32 20000610 1720 20000610 1700 1108 0.22 0.24
33 20000722 1215 20000722 1130 1230 0.15 0.13
34 20000912 1355 20000912 1210 1550 1.21 0.94
35 20010128 1710 20010128 1600 916 0.56 0.11
36 20010402 2250 20010402 2150 2505 0.39 0.12
37 20010410 0745 20010410 0525 2411 0.21 0.36
38 20010415 1350 20010415 1350 1199 0.05 0.42
39 20011226 0545 20011226 0545 1446 0.09 0.11
40 20020421 0145 20020421 0145 2393 0.56 0.66
1 20020822 0230 20020822 0155 998 0.11 0.11
42 20020824 0120 20020824 0110 1913 0.07 0.23
43 20030531 0225 20030531 0225 1835 0.36 0.38
44 20031026 1825 20031026 1810 1537 0.18 0.03
45 20031104 2225 20031104 1945 2657 0.21 0.07
46 20041107 1805 20041107 1605 1759 0.81 0.39
47 20050616 2025 20050616 2020 0.21

48 20050822 1905 20050822 1725 2378 0.59 0.48
48 20061213 0250 20061213 0240 1774 0.59 0.21

higher than those of Model 2, Model 1 is
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still important for space weather
forecast since it is possible to
forecast SPE flux profiles just after

the peak times of their associated
flares using GOES X-ray flux data. In
case of Model 2, CME parameters

can be determined with the help of

a software such as CME analysis tool
of NOAA SWPC using SOHO/LASCO
and/or STEREO/SECCHI, which are
available at about 12-20 min after
the CME observations. As for the
forecast of SPE flux profiles, it is very
important to make a near-real-time
analysis of CME parameters. Therefore,
it would be recommendable to make
a two-stage forecast: Model 1 just
after the X-ray peak time and Model 2
after the availability of CME speed and
angular width.

Log AFp

P R T NI R I B S
-80 -60 -40 =20 0 20 40 60 80

CME acceleration
(m/s’)

Our models predict the SPE flux
profiles when their associated X-ray

(> M1) flares occur. In fact, many flares
stronger than M1 class are not always
associated with SPEs. Thus, we suggest
using our models together with SPE probability models [e.g., Park et al., 2010, 2012] for space weather
operations. We expect that while the SPE probability models provide its occurrence probability depending
on flare and CME parameters, our models can forecast the proton flux profiles when SPE occurrence
probability is high enough to occur.

Figure 10. Relationship between the CME acceleration and AFP for
Model 2. AFp is the difference between the observed and predicted
proton peak fluxes (AFp = log Fp(observed) — log F,(predicted)).
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