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ABSTRACT

The Kiplinger effect is an observed association of solar energetic (E > 10 MeV) particle (SEP) events with a
“soft—hard—harder” (SHH) spectral evolution during the extended phases of the associated solar hard (£ > 30 keV)
X-ray (HXR) flares. Besides its possible use as a space weather predictor of SEP events, the Kiplinger effect has
been interpreted as evidence of SEP production in the flare site itself, contradicting the widely accepted view that
particles of large SEP events are predominately or entirely accelerated in shocks driven by coronal mass ejections
(CMEs). We review earlier work to develop flare soft X-ray (SXR) and HXR spectra as SEP event forecast tools
and then examine recent Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI) evidence supporting
the association of SHH HXR flares with large SEP events. We point out that ad hoc prediction criteria using the
CME widths and SXR flare durations of associated RHESSI hard X-ray bursts (HXBs) can yield results comparable
to those of the SHH prediction criteria. An examination of the RHESSI dynamic plots reveals several ambiguities
in the determination of whether and when the SHH criteria are fulfilled, which must be quantified and applied
consistently before an SHH-based predictive tool can be made. A comparative HXR spectral study beginning with
the large population of relatively smaller SEP events has yet to be done, and we argue that those events will not
be so well predicted by the SHH criteria. SHH HXR flares and CMEs are both components of large eruptive flare
events, which accounts for the good connection of the SHH HXR flares with SEP events.
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1. INTRODUCTION

Solar flare hard (E > 30 keV) X-ray bursts (HXBs) can
broadly be classified as impulsive or gradual. An early re-
view of the two burst categories by Dennis (1988) made the
following distinctions. Impulsive HXBs (IHXBs) are charac-
terized by short spikes with variability on timescales of sec-
onds, low source altitudes of <2500 km, and evolution with
a soft-hard—soft (SHS) spectral behavior. The gradual HXBs
(GHXBs) are found to be gradually varying on timescales
of minutes and sometimes lasting 30 minutes or longer; lo-
cated at high (4 x 10* km) altitudes; and evolving with a
soft-hard-harder (SHH) spectral behavior above ~50 keV.
GHXBs are much less frequent, perhaps < 20% of the IHXBs
(Kosugi et al. 1988) and tend to be associated with the most
intense flares. An early survey by Cliver et al. (1986) of ten
GHXBs found them to occur in the late phases of major flares
and to be associated with coronal mass ejections (CMEs) and
post-flare loop systems. They proposed that the radiating elec-
trons were trapped in the post-flare loops as illustrated by a
popular schematic reproduced as in Figure 1.

A connection between interplanetary solar energetic (E >
10 MeV) particle (SEP) events and SHH HXBs was established
by Kiplinger (1995) on the basis of two studies to match
SEP events with HXBs observed with the Hard X-ray Burst
Spectrometer (HXRBS) on the Solar Maximum Mission (SMM)
satellite. A goal of those studies was to use observational
associations to “forecast” or “predict” the presence or the
absence of subsequent HXB-associated SEP events. In this
spirit we use the terms forecasts, predictions, and associations
interchangeably. An unsuccessful, or incorrect, prediction is
either false, when a predicted SEP event does not occur, or a
miss, when an SEP event occurs despite a prediction of no event.

The flare SHH criteria adopted from these studies provided
successful predictions of 22 of 23 NOAA Space Environment
Services Center (now Space Weather Prediction Center) SEP
events, defined to have peak flux thresholds of Fp > 10 protons
(cm? s sr)~! for E > 10 MeV, known as 10 pfu. Kiplinger’s
(1995) criteria further correctly forecast no associated NOAA
SEP event for 700 of 708 non-SHH HXBs. The implications
of this remarkable forecasting success rate of 96% and 99%
for predicting and rejecting, respectively, SEP events have been
widely noted for both space weather forecasting and the physics
of SEP acceleration sources. Subsequent observations of the
large 2005 January HXBs (Saldanha et al. 2008) and a survey
of HXBs (Grayson et al. 2009) with the Reuven Ramaty High-
Energy Solar Spectroscopic Imager (RHESSI) provided new
support for the SEP connection with SHH XRBs. Hudson (2011)
has recently enhanced the status of this result with the term
“Kiplinger effect,” which we follow here.

The consensus view of large gradual SEP events is that
the SEPs are accelerated in shocks driven by fast and wide
CMEs (Reames 1999; Kahler 2005; Cliver 2009). However,
an alternative view based on elemental abundance variations
among gradual SEP events (Cane et al. 2006, 2010) or on
temporal correlations of flare soft X-ray (SXR; Firozetal. 2011)
or impulsive hard X-ray (Aschwanden 2012) profiles with those
of ground-level events (GLEs) favors the flare process as an
important source of those SEPs. Kocharov et al. (2010, 2011)
propose that SEP acceleration occurs with coronal reconnection
and turbulence in closed flare structures, followed by particle
release during the associated CME. The inferred solar injection
of GeV particles at the time of the flare impulsive phase in
the 2005 January 20 GLE suggested to some (Simnett 2006;
Kuznetsov et al. 2008) the flare as the only significant GeV
SEP source. Two apparent pulses of GeV particles in the
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Figure 1. Geometry of an eruptive event proposed by Cliver et al. (1986) showing the region of energetic trapped electrons giving rise to the GHXB.

intensity profile of that and other GLE events spurred the
interpretation of an initial flare-produced GeV component with
a hard energy spectrum followed by a second CME shock-
produced component with a softer spectrum (Grechnev et al.
2008; McCracken et al. 2008; Masson et al. 2009). Another
view (Vashenyuk et al. 2009; Miroshnichenko et al. 2009; Perez-
Peraza et al. 2009) holds that the CME shock contributes only
non-relativistic SEPs, so that both phases of GLE events are
attributed to flare processes.

In the context of a flare source for SEPs the Kiplinger effect
could be a manifestation of the flare acceleration mechanism
giving rise to the population of gradual SEP events. Kiplinger
(1995) pointed to observed correlations of the logs of the SEP
event Fp with the logs of the SHH hardening timescales Ty, and
with the logs of the hard X-ray flare durations as evidence that
the HXBs and SEP events share common physical mechanisms
of high-energy particle acceleration that can occur over a wide
range of timescales. In his view the SHH source region was
larger than the impulsive flare and smaller than the associated
CME regions, thereby implicitly excluding CME shocks as the
primary SEP sources.

The Kiplinger effect is consistent with the concept of flare
sources for interplanetary SEP events and therefore at odds
with the conventional CME-shock source interpretation. The
recent supporting work makes it imperative to examine critically
the characteristics of the SHH signatures and the connections
between SHH XRBs and gradual SEP events. In addition,
comparisons of the signatures of both flares and CMEs in those
SEP events are needed for context. The goal of this work is to
compare the statistics of the Kiplinger effect with those of other

predictive signatures of SEP events and to address the apparent
contradiction of the Kiplinger effect with the paradigm of shock
acceleration. We first review in Section 2 the work connecting
both SXR flares and SHH XRBs to SEP events. The goal here is
to provide a comprehensive summary of the earlier and recent
work, compiling the various reported association statistics of
SEP events in common tables. The selection criteria of each
data set are given to allow easy comparisons among the studies
and to assess their strengths and limitations.

In Section 3, we discuss the two recent studies with RHESS/
XRB observations that have brought new attention to the
Kiplinger effect and point out the important roles of SXR flares
and fast CMEs in those observations. In Section 4, several poorly
defined characteristics of the SHH criteria that must be clearly
quantified to develop a useful predictive tool for SEP events are
reviewed. We address in Section 5 the basic question of how
CMEs, flare HXBs, and SEP events are related and summarize
the results in Section 6. The basic conclusion here is that the
SHH criteria may work well to forecast NOAA SEP events only
because the energetic CMEs that drive the shocks to produce
SEPs are also closely coupled to eruptive flares with SHH HXBs.

2. REVIEW OF SXR AND HXB FLARE/SEP
EVENT RELATIONSHIPS

2.1. Relating Low-temperature SXR Flares
to HXBs and SEP Events

A tortuous history of studies connects SEP events with as-
sociated SXR flares, SHH HXBs, and CMEs. Separating the
various connections among these phenomena is important for
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Table 1
Combined Contingency Table for NOAA SEP Event Studies

KAHLER

Table 2
Combined Contingency Table for Studies with All SEP Events

Study Criterion SEP Event No SEP Event Study Criterion SEP Event No SEP Event
Observed Observed Observed Observed
A (Garcia 1994)2 A (Kiplinger 1995)?
GHXB associated 16 1 Fp > 0.1 pfu SEP HXB SHH 18 6
GHXB not associated 0 115 HXB no SHH 4 124
B (Kiplinger 1995)" B (Grayson et al. 2009)°
HXB SHH 4 1 Fp > 0.1 pfu SEP HXB SHH 13 5
HXB no SHH 0 188 HXB no SHH 1 18
C (Kiplinger 1995)¢ C (This study)®
HXB SHH 10 5 Fp > 0.1 pfu SEP GOES D > 25 minutes 11 2
HXB no SHH 1 136 GOES D < 25 minutes 3 21
D (Kiplinger 1995)¢ D (This study)¢
HXB SHH 22 8 Fp > 0.1 pfu SEP CME W > 120° 13 2
HXB no SHH 1 700 CME W < 120° 0 14
E (Garcia 2004b)°
HXB y < 4 met 14 3 Notes.
HXB y < 4 not met 2 87 2 All HXRBS/SMM HXBs with >>5000 photons s~ and all Fp > 0.1 pfu SEP
F (Grayson et al. 2009)" events associated with those HXBs.
HXB SHH 5 5 b 37 RHESSI well-connected (W30°~W90°) full-coverage HXBs with SHH
HXB no SHH 0 21

Notes.

2 All GHXBs with >MS5 flares west of E60° and all NOAA SEP events.

b All HXRBS/SMM HXBs with 800-5000 photons s~ and all NOAA SEP
events. Tspp > 70 s required for NOAA SEP event prediction, and prediction of
no NOAA SEP event if flare <X1.0 and location east of E40°.

¢ All HXRBS/SMM HXBs with >5000 photons s~! reclassified from part B to
include only NOAA SEP events. Prediction criteria of part C also required.

d Weighted totals of all HXRBS/SMM HXBs with >800 photons s~ and only
NOAA SEP events. Tghn > 70 s required for NOAA SEP event prediction, and
prediction of no NOAA SEP event if flare < X1.0 and location east of E40°.

¢ 106 HXRS/MTI HXBs with y < 4 for >3 minutes and NOAA SEP events.
31 RHESSI well-connected (W30°~W90°) full-coverage HXBs with SHH
evolution satisfying the Kiplinger criteria and associated NOAA SEP events.
Three SHH events in which T, < 70 s are included in the 21 events with no
SHH and no NOAA SEP event.

understanding the relationship between the SHH HXBs and
SEP events in a broader context and to determine the basic
physics of SEP production. The details of this review section,
however, are cumbersome and are not required to understand
the discussion in subsequent sections. We start with Garcia
& Mclntosh (1992), who calculated SXR flare temperatures
with observations from the 0.5-3 and 1-8 A broad-band detec-
tors on the Geostationary Operational Environmental Satellite
(GOEYS) satellites and found that the 54 high-temperature
(T > 25 MK) flares observed among 710 large SXR flares were
preferentially associated with IHXBs rather than with GHXBs.
For flares smaller than X class, the GHXBs were preferentially
associated with cooler than average SXR flares. In extending the
statistical studies to SEP events, Garcia (1994, 2004a) showed
that in the flare size range M1 to X2 the GOES flares asso-
ciated with NOAA SEP events were significantly cooler than
the “normal” flares without SEP events. A second comparison
showed that lower temperatures and longer durations of SXR
flares statistically favored associations with both GHXBs and
SEP events over IHXBs and non-SEP events, respectively. Non-
nast et al. (1982) and Kubo & Akioka (2004) found large SXR
flare fluences and long decay times or durations to be good
signatures for large SEP events, indicating the importance of
long flare timescales rather than peak flare fluxes in the SEP
associations. These studies therefore established a tendency for
correlations of both SEP events and GHXBs with longer and

evolution at any timescale and associated SEP events >0.1 pfu. See the text for
two changes from the original Table 2 of Grayson et al. (2009).

¢ 37 associated GOES SXRs from Table 2 of Grayson et al. (2009). Criterion
for SEP event is GOES duration D > 25 minutes.

429 associated LASCO CMEs from Table 2 of Grayson et al. (2009). Criterion
for SEP event is CME W > 120°.

cooler SXR flares. The lower SXR flare temperatures were at-
tributed to the higher altitudes and lower particle densities of
the coronal source regions, consistent with the concept of Cliver
et al. (1986) for GHXBs.

Directly comparing all 16 NOAA SEP events with adequate
associated SMM observations and GHXBs in a two-year period,
Garcia (1994) found a very close association: NOAA SEP
events almost always followed large GHXBs, and conversely,
sufficiently well connected (west of E60°) GHXBs preceded
NOAA SEP events. Subject to several important selection
criteria, his SEP—GHXB contingency table contained 131
correct associations and only one incorrect association, as shown
in part A of Table 1. We will use Tables 1 and 2 as the basis
for direct comparisons of various SEP association contingency
tables to be discussed below.

2.2. The Kiplinger (1995) Studies: SHH XRBs and SEP Events

As pointed out in Sections 1 and 2.1, the GHXBs and
IHXBs are generally characterized by SHH and SHS spectral
behavior, respectively, and SEP events are well associated with
the GHXBs. However, SHH behavior can be found through
individual peaks of HXBs as well as during HXB decay
phases (Dennis 1988). The prominent work of Kiplinger (1995)
changed the focus of SEP event associations from GHXBs to
SHH HXBs, which could be either GHXBs or IHXBs. He
examined 152 HXRBS/SMM HXBs selected for complete event
observations, a peak HXB counting rate Rp > 5000 counts s~!,
and an unambiguous determination of whether an £ > 10 MeV
SEP event of Fp > 0.1 pfu was associated with the HXB.
Those HXBs were examined for SHH behavior, regardless of the
timescales of that behavior. Spectral fits over the ~30-500 keV
range were done with variable time intervals with a minimum
of 400 photons. SHH behavior was found through individual
peaks (denoted as HPs) or during decays (denoted as HDs) of
some HXBs. The good association between the 24 SHH HXBs
and 22 SEP events of the 152 HXBs is shown in part A of
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Table 2. Three of the six SHH HXB events east of E40° were
not associated with SEP events, again showing the importance
of magnetic connection effects. Note that Fp > 0.1 pfu SEP
events not associated with the selected 152 HXBs were not a
part of that study.

Kiplinger’s (1995) second, reverse study was limited to
NOAA SEP events and expanded to all HXRBS flares with
peak counting rates in the lower range of 800 counts s~! <
Rp < 5000 counts™'. Only every third qualifying flare of the
HXRBS catalog was used to get a manageable number of 193
HXBs. Based on his first study, two new prediction criteria for
NOAA SEP events were introduced: Ty, > 70 s for the longest
FWHM of hardening peaks required for event prediction; and
prediction of no event if the GOES peak < X1.0 and the event is
east of E40°. This scheme correctly predicted four NOAA SEP
events and 188 non-events. There was only one false prediction
and no missed event (part B of Table 1). The next step was
to combine the two studies into a single algorithm to predict
NOAA SEP events from SHH HXBs. First, the results of the
study with the 152 Rp > 5000 counts s~! HXBs were reclassified
to consider only NOAA SEP events and to include the two new
prediction criteria. That revised contingency table is given in
part C of Table 1. Assuming that all the HXRBS/SMM HXBs
of 800 counts s™! < Rp < 5000 counts s~' would have had
the same statistics as the one-third sample of the second study
(part B of Table 1), multiplying the results of those HXBs by 3,
and adding them to the reclassified events of part C of Table 1
yields the results for 731 HXBs shown in part D of Table 1 and
introduced in Section 1.

Several limitations of this work should be noted here. The
study is not symmetrical in that all HXRBS/SMM HXBs with
>800 counts s~! were used, but no inverse study based on all
observed SEP events above some lower threshold was done. The
statistics are also strongly dominated by the 700 non-SHH HXBs
with no observed NOAA SEP events. Since 80% of those 700
HXBs are relatively small HXRBS (< 5000 counts s~ 1) HXBs,
which do not forecast the largest SEP events, the predictive
value for those events is not high. In addition, the 22 correctly
predicted SEP events are heavily weighted by the 3 x scaling of
the four actually observed events in the smaller HXB counting
rate study. Thus, more than half of the 22 events are based
on a number with a 50% uncertainty, and only 14 events were
actually observed. Finally, the familiar 96% success rate (22 of
23 associations) applies only to observed NOAA SEP events
and does not include the eight false predictions associated with
SHH HXBs.

2.3. The XRB Spectral Index and a Success Criterion

An independent SEP-event study by Garcia (2004b) com-
paring 106 HXBs in the range 13-219 keV with the HXRS
experiment on the Multispectral Thermal Imaging (MTI) satel-
lite came up with less dynamic HXB spectral forecasting re-
quirement. Rather than the SHH criteria of Kiplinger (1995),
Garcia (2004b) required the HXR spectral index y < 4 over
>3 minutes. The statistics of his study to forecast NOAA SEP
events are shown in part E of Table 1 (the table event total is
106, although he reported 107). If we omit the large numbers of
successful predictions of no SEP events and define a prediction
success metric M. as the ratio of correct to incorrect (false and
missed) SEP event predictions, then his M. of 14/5, not using
the SHH criteria, compares favorably with the Kiplinger (1995)
22/9 result given in part D of Table 1.

KAHLER

2.4. RHESSI SHH XRBs and SEP Events

The RHESSI mission has provided an opportunity for further
testing of the Kiplinger effect. Saldanha et al. (2008) looked at
the ~50-200 keV X-ray profiles of five large HXBs in 2005
January and found that y showed some SHH behavior in four
HXBs with associated SEP events near or above the NOAA SEP
threshold. The one HXB at 00:43 UT on 2005 January 15 did
not show SHH behavior and was not associated with an SEP
event. Thus, all five HXBs were consistent with the Kiplinger
effect.

Grayson et al. (2009) extended the Saldanha et al. (2008)
study to include all M and X class RHESSI flares of Solar
Cycle 23 meeting the following conditions: (1) the flare longi-
tude range is W30°-W90°, (2) at least partial RHESSI observa-
tional coverage, and (3) the presence of clear non-thermal HXR
emission above background. The spectral fits were done over the
range from ~30-40 keV to ~50-100 keV, depending on event
size, to look for SHH behavior at any timescale. Several SEP
experimental data sets were examined to search for SEP events
of any intensity, generally down to a level of ~0.1 pfu. Of the
60 cases with unambiguous spectral behavior and determination
of SEP event associations, there were 24 with full RHESSI flare
observational coverage and 13 with partial coverage adequate
to show SHH behavior. Omitted were 23 events with partial ob-
servational coverage and no observed SHH behavior. We would
disagree with two of the SEP associations of their Table 2. The
2005 January 19 flare at 08:22 UT, which showed SHH behavior,
should be associated with a small SEP event observed with the
EPACT instrument on Wind, improving their statistics. On the
other hand, the 2002 August 3 flare, which did not show SHH
behavior, is associated with a small event observed in EPACT
(see Table 2 of Kahler 2005). This shifts the total for all SEP
events in their Table 1 from 12, 6, 0, and 19 to 13, 5, 1, and 18,
respectively, leaving the incorrect forecast total unchanged at six
of 37 events. Part B of Table 2 shows our revision of their Table 1
as the basis for comparisons below.

In comparing with the Kiplinger (1995) criteria for predic-
tions of NOAA SEP events, Grayson et al. (2009) deleted seven
cases of SEP events with high backgrounds that were not listed
as separate NOAA events. Grayson et al. (2009) further added
one additional NOAA SEP event and omitted three events with
Tsnn < 70 s. Since those omitted events would be predictive of
no SEP event with the Kiplinger criteria, we have added them
back and show the statistics of the 31 events in part F of Table 1.
It is important to note that any SEP events not associated with
the 37 observed RHESSI HXBs were not part of this study.

2.5. A Summary of the Statistical Studies

Several characteristics dominate the pre-RHESSI studies in
Tables 1 and 2. The first is the large number of cases with an
HXB no SHH criterion and a prediction of no SEP event. These
HXR flares are generally the smallest and commonest flares,
for which one would not expect a priori subsequent associated
SEP events. For this reason we introduced in Section 2.3 the
parameter M as a more meaningful measure of the prediction
success.

A second feature of these studies is that the two alternative
HXB criteria of Garcia (1994, 2004b) yielded comparable values
of M, suggesting that the SHH criterion is simply one of
several criteria that may be used to predict SEP events with
some success. Not included in Table 1 are the continuous
probability distributions for SEP events as a function of the flare
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Figure 2. Plot of logs of associated SXR peak intensities vs. SXR durations
for 19 non-SHH (diamonds) and 18 SHH events (circles) of the Grayson et al.
(2009) study. The SXR flares of the non-SHH events are generally small and
short; those of the SHH events are larger and longer. Solid symbols are SEP
events; open symbols are non-SEP events.

SXR temperature (Section 2.1), but Figure 2 of Garcia (1994)
suggests that criteria could have been adopted with comparable
M5 values. Similarly good forecasting criteria could probably
also be based on SXR fluences (Kubo & Akioka 2004) or
decay times (Nonnast et al. 1982). These various SXR and HXR
forecasting parameters are connected in a common theme with
solar eruptive flares (Cliver et al. 1986).

3. SXR FLARE AND CME PARAMETERS
AS SEP PREDICTORS

3.1. Soft X-Ray Timescales as Predictive
Parameters of SEP Events

In the Grayson et al. (2009) study, reviewed in Section 2.4,
they examined the SXR GOES classes and durations of all their
18 SHH HXBs to understand better the six (revised to five
events in part B of Table 2) SHH HXBs without associated SEP
events. Those six events were clustered toward smaller SXR
peaks and durations (their Figure 4), but were also accompanied
by several of the 12 SEP-associated SXR events. They suggested
that the complexities of the interplanetary magnetic field may
have rendered the six non-events less well connected than for
the SEP events. In Figure 2, we expand their comparison to
plot the logs of the GOES SXR peaks against the durations for
all their 37 events. We take the durations D from Table 1 of
Grayson et al. (2009) and treat the 2002 August 3 and 2005
January 19 08:22 UT cases as SEP events (Section 2.4). Only
three of 24 GOES events with short duration (D < 25 minutes)
were associated with SEP events, and only two of the 13 long
duration (D > 25 minutes) events were not associated with SEP
events (part C of Table 2). An arbitrary choice of D > 25 minutes
for SEP event forecasts therefore gives an My, = 11/5 for D
that matches the M = 13/6 for the SHH criterion (part B of
Table 2).

The distinction between short and long SXR durations carries
over to the RHESSI event selections. The shorter duration,
smaller peak flux SXR events, which are less likely to be
associated with SEP events, are also more likely to be associated
with full orbital RHESSI coverage. Those with SEP events
and longer SXR durations are more likely to require much
longer observing times than afforded by the RHESSI data
coverage. The RHESSI partial coverage of the latter events of the
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Figure 3. Plot of speeds v vs. widths W for the 29 CME:s of the Grayson et al.
(2009) study. Circles indicate the 17 SHH events and diamonds the 12 non-SHH
events. Solid symbols are SEP events; open symbols are non-SEP events. The
dashed lines delineate the CME FW limiting criteria of 900 km s~! and 60°. The
log scales emphasize the distinction between the SHH and non-SHH groups.
Halo (W = 360°) CME:s are clustered at the right side.

Grayson et al. (2009) study is given as “partial” in Column 5 of
their Table 1. We have examined intervals over which the spectra
were calculated in the RHESSI HXB plots used in the Grayson
et al. (2009) analysis. The median time intervals for full and
partial coverage events were 5 and 19 minutes, respectively. It
is perhaps not surprising that another simple ad hoc prediction
criterion of RHESSI partial coverage for SEP events and full
coverage for no SEP events also yields My, = 11/5, again
comparable to My, = 13/6 for the SHH criterion.

3.2. CME Associations and SHH Flares

Grayson et al. (2009) found that most of their 38 HXBs were
associated with LASCO CMEs. Two (2003 June 13 and 2004
September 19) of those HXBs occurred during LASCO data
gaps. CMEs were associated with all 17 of the remaining SHH
HXBs, but with only 13 of the 19 non-SHH HXBs, providing
another distinction between the two HXB groups. Furthermore,
Grayson et al. (2009) found a much higher average CME speed
of 1342 km s~! for the SHH HXBs than the 555 km s~!
average for the non-SHH HXBs. Here we take this comparison
a step further, based on the observations of Kahler & Reames
(2003) and Gopalswamy et al. (2001) that nearly all CMEs
associated with SEP events and decametric—hectometric (DH)
type II bursts, respectively, have widths W > 60°. This result
has led to the concept of fast (v > 900 km s~') and wide
(W > 60°) (FW) CMEs as a nearly necessary condition to drive
shocks (Michalek et al. 2007; Gopalswamy et al. 2008).

The CME projected speeds versus widths are plotted on log
scales in Figure 3, delineating the FW regime and distinguishing
the SHH from the non-SHH HXBs. The 2002 February 20
non-SHH event is not plotted because the SEP association was
uncertain. The SHH-associated CMEs are much wider and in
most cases are halo (W = 360°) events. The only non-SHH
FW CME is that of 2002 August 3, which was in fact a small
SEP event, as discussed in Section 2.4. None of the other 11
non-SHH-associated CMEs qualified as an FW CME, and for
six non-SHH HXBs there was no associated CME. Some of the
SHH-associated CMEs are slower, but all are wider than the FW
CME criteria.

From Figure 3, the LASCO FW CME criterion to predict SEP
events gives an My.; = 10/5. A similar exercise with only CME
v > 900 km s~ ! also yields Ms.s = 10/5. The sole criterion
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Table 3
2005 January Solar Events and SEP Production

SXR Peak GOES Class GOES SXR LASCO CME Type II Burst Peak > HXB Spectral Kiplinger
(2005, UT) & Longitude Duration® Speed Time (UT) 10 MeV P (pfu) Evolution Prediction
Jan 15 00:43 X1.2 E08° 43 minutes No CME None <03 SHS No
Jan 15 06:38 MS.6 E04° 176 minutes 2049 km s~! 0555-0612 ~8 NA NA
Jan 15 23:02 X2.6 W05° 180 minutes 2861 km s~! 2224-2258 ~300 SHS, then SHH Yes
Jan 17 09:52 X3.8 W25° 137 minutes 2547 km s~! 0943-0947 ~4000 SHS, then SHH Yes
Jan 19 08:22 X1.3 W51° 122 minutes 2020 km s~! 0812-0818 ~100 SHS, decay SHH Yes
Jan 20 07:01 X7.1 W61° 90 minutes b3675 km s~ ! 0644-0700 ~1500 SHH Yes
Notes.

2 Duration measured at 10% of peak.
b Speed from Gopalswamy et al. (2005).

of W > 60° yields a higher value of My, = 13/6, but we can
take W > 2 x 60° = 120° as an even better simple ad hoc
SEP event predictor. Part D of Table 2 shows the contingency
table for the 120° requirement for the 29 SEP events. With only
two false event forecasts (2002 December 22 and 2003 May
29) the W > 120° criterion is better (Ms.s = 13/2) than the
SHH criterion of Grayson et al. (2009) for either all SEP events
(13/6) or NOAA SEP events (5/5). Taking the additional six
cases of no associated CMEs to be equivalent to very narrow
CMEzs, the 14 predictions of narrow CMEs and no SEP events
is increased to 20, and only two of the 35 cases are incorrect
forecasts. Thus, simple ad hoc cuts on CME v and W in this small
sample can yield comparable or better results than the SHH
criterion, suggesting that CME properties, and by implication
shock properties, are at least as important as those of flares for
SEP production.

3.3. The 2005 January HXBs

The Saldanha et al. (2008) study of RHESSI HXB spectra of
five of the six >M8.5 GOES flares during the very active 2005
January 14-21 period found four flares with SHH and associated
SEP events and one flare with no SHH and no associated SEP
event, providing a recent validation of the Kiplinger effect. The
six flares are listed in Table 3, where we take the flare and SEP
properties from Table 1 of Saldanha et al. (2008) but correct
their values of the peak proton flux for the third and fifth events.
The last five events would be expected to produce SEP events
from CME-driven shocks based on their associations with fast
(>2000km s~!") CMEs and metric type IT bursts. Despite its size,
the X1.2 flare on 2005 January 15 00:43 UT had no associated
LASCO CME or type II burst, one of 13 such X-class flares
during solar cycle 23 (Gopalswamy et al. 2009). All CMEs
associated with X-class flares are visible in LASCO, although
about 10% of those flares are confined and not associated with
CME:s (Yashiro et al. 2005).

The January 15 X1.2 flare also had a distinctly shorter
timescale than the other five large flares. The NOAA criteria for
the SXR duration is defined as the interval from first monotonic
increase until the flux decays to halfway between the peak flux
and pre-flare background (Grayson et al. 2009). This definition
stresses the flare onset phase and may not capture the decay
phase well. To get a better description of the overall SXR
flux profile we take the flare duration as the interval when
the flux is >10% of the peak flux. This definition yields a
duration of 43 minutes for the X1.2 flare, much shorter than
for any of the other five flares (Table 2). These events fit the
general trend of higher CME associations for X-ray flares of
increasing duration and fluence (Yashiro & Gopalswamy 2008).

Thus, besides the lack of an SHH signature, the January 15
flare was qualitatively different from the other 2005 January
flares in showing characteristics of an impulsive, non-eruptive
solar flare.

4. CAVEATS FOR DETERMINATION OF
SHH SPECTRAL BEHAVIOR

4.1. SHH Burst Sequences

Kiplinger (1995) found two types of SHH behavior in HXBs:
hardening peaks, HP, and hardening decays, HD (Section 2.2).
To improve his SEP forecasting criteria he added the restriction
that the SHH phase of the HP events should extend over peaks
only with FWHM > 70 s. This restriction may be due to the fact
that the energy spectral indices of HXB peaks are negatively
correlated with their peak intensities, both for sub-peaks in a
single flare and among different flares (Battaglia et al. 2005).
A flare HXB sequence of progressively more intense bursts can
therefore be expected to produce a composite SHH signature
due to the increasingly harder burst spectra. A burst sequence
lasting longer than the 70 s limit for a single HP event may
therefore appear to satisfy the Kiplinger (1995) criteria even
though each sub-burst manifests an SHS behavior. A candidate
example (Figure 1 of Grayson et al. 2009) is the 2004 September
19 sequence of six bursts over about 8 minutes that results in
an overall SHH signature. Another example is the decrease of
y from ~5 to 2 during the sequence of about five bursts over
5 minutes on 2004 November 10 (Figure 4). A third example is
the four peaks during 0100-0105 UT on 2003 May 29 (Figure 5).
Grayson et al. (2009) classify these example events as SHH, but
do not state their relevant SHH periods.

Also instructive perhaps are the 2005 January 15 22:30 UT
and January 19 events of Figure 3 of Saldanha et al. (2008). In the
January 19 event a sequence of five bursts from 0812 to 0826 UT
produces a significant decrease in y, but the burst separations
give a clear view of the individual SHS signatures, and Saldanha
et al. (2008) do not consider that period to constitute SHH
behavior. More ambiguous is the apparent SHH behavior from
2238 to 2244 UT of the January 15 22:30 UT flare, but that is
also considered SHS by Saldanha et al. (2008). The point here
is that classifying spectral behavior over a sequence of sub-
bursts producing a combined SHH signature can be a subjective
endeavor.

4.2. Background Effects on y

A second source of confusion is that y tends to decrease
toward small values as the HXB fluxes decay to background.
The RHESSI hard radiation background is not due to the quiet
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Figure 4. RHESSI dynamic plot of the 2004 November 10 SSH HXB. The top panel is a color-coded dynamic energy spectrum. The middle panel is the 35-61 keV
flux plot, and the bottom panel is the spectral index y over the time interval. The interval 0205-0210 UT is characterized by a succession of impulsive bursts which
produce an SHH spectral behavior. From 0211 to 0227 UT y is flat and then declines only as the X-ray burst flux approaches background.

(A color version of this figure is available in the online journal.)

Sun, for which only upper limits of the flux have been established
(Hannah et al. 2010), but it is harder than solar flare spectra
and can produce false SHH behavior (Grayson et al. 2009). A
substantial flux decrease in the decay phase of a peak or in the
late phase of a gradual decay could produce this behavior. As
a check against this effect Grayson et al. (2009) calculated a
signal-to-background (SB) ratio at the onset of SHH for each of
the SHH events. Those SB ratios (Column 6 of their Table 1)
range from ~5 to 36.

The only SHH behavior in the 2002 April 21 HXB (Figure 1 of
Grayson et al. 2009) occurs 0215-0240 UT and is characterized
by the low SB event ratio of 4.8. The SHH classification may be
appropriate there, but the gradual decay of y from ~2.5to 1.5
and the low flux during that time suggest a background effect.
A similar problem may be present in the Grayson et al. (2009)
SHH HXBs of 2002 August 21, 2003 April 24, and 2003 May

29, the last of which is shown in Figure 5). We also note that
in Figure 4 y shows an SHS behavior through the sequence
of bursts from 0206 to 0210 UT and is clearly SHH only after
0226 UT as the flux approaches background. A similar situation
may characterize the 2005 January 19 HXB of Figure 3 of
Saldanha et al. (2008). The period after 0108 UT of Figure 5
shows a clear effect of the background on y. The background
effect is mitigated by checking for appropriately high SB ratios,
but it may still present a challenge in identifying SHH HXB
signatures.

4.3. Energy Dependence and Definition of SHH

An energy dependence of y is another potential pitfall for
the SHH criterion. In the 100-200 keV range the 2005 January
20 HXB shows an SHH behavior through each peak (Figure 3
of Saldanha et al. 2008) but the 50-100 keV plot of y used
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Figure 5. RHESSI dynamic plot of the 2003 May 29 SSH HXB. The top panel is a color-coded dynamic energy spectrum. The middle panel is the 40-70 keV flux plot,
and the bottom panel is the spectral index y over the time interval. The interval 0101-0105 UT is characterized by a succession of impulsive bursts which produce
an SHH spectral behavior. After 0107 UT y declines and correlates with the HXB flux, producing apparent HSH burst behavior due to the effect of the hard spectral

background.
(A color version of this figure is available in the online journal.)

in the Grayson et al. (2009) analysis shows an SHS behavior
superposed on a y value of ~3 during the 0640-0652 UT peak.
Thus, whether an HXB shows an SHH behavior can depend
critically on the X-ray energy range examined.

A final concern is that the only SHH criterion for y is that it
must decline after a peak or in the gradual flux decay, but there is
no quantitative requirement for that decline. Thus, whether the
flat (e.g., from 0211 to 0226 UT in Figure 4) or very slowly
changing (e.g., from 2258 to 2310 UT of 2005 January 15
at 2230 UT of Saldanha et al. (2008)) spectra are sufficiently
hardening to be SHH HXBs are judgment tests of the viewer.

The HXB spectral ambiguities due to progressively more
intense sequential bursts, background effects, and energy de-
pendence outlined in this section do not invalidate the SHH
criterion, but they need to be quantitatively addressed before a
predictive tool for SEP events can be made.

5. DISCUSSION
5.1. Connecting SXR Flares, HXBs, and CMEs to SEP Events

The SHH HXBs may prove a useful tool for forecasting
SEP events, but that does not imply that the SEPs observed in
interplanetary space must originate in the same source regions as
the HXBs. Our thesis is that the CME is the critical connection
between SEP events and eruptive solar flares, whose HXBs are
usually GHXBs characterized by SHH spectral behavior. We
saw in Section 3 that ad hoc criteria based on the widths of
the CMEs and durations of the SXR flares associated with the
Grayson et al. (2009) RHESSI events could produce predictive
results for SEP events matching those of the SHH criterion.

Statistical work with 69 GOES SXR flares by Kay et al.
(2003) showed that SXR flares with associated CMEs were
both cooler and longer in duration than those without CMEs.
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With the understanding that CME shocks are required for SEP
events, we can now understand the associations of SEP events
with SXR flares of lower temperatures and longer durations
found by Garcia (1994, 2004a) and Kubo & Akioka (2004).
A consequence is that SXR flare fluence is now an SEP-event
forecast tool (Balch 2008; Laurenza et al. 2009). A study of
15 GOES X-class SXR flares without accompanying CMEs by
Klein et al. (2010) emphasizes the fact that intense SXR flares
can be vigorous accelerators of microwave-emitting electrons
but not produce interplanetary SEP events.

The success of the SHH criteria for forecasting SEP events
suggests that GHXBs and SXR flares should have some connec-
tion to the process by which CMEs are accelerated. Impulsive
acceleration of CMEs occurs during the maximum energy re-
lease in solar flares (e.g., Temmer et al. 2008, 2010), but in
the post-impulsive phases Cheng et al. (2010) found that CME
accelerations continued to be positive in SXR flares with long
decay times, while deceleration was the rule in SXR flares with
short decay times. This suggests that the continued energy re-
lease is shared between heating of the SXR flare region and the
propulsion of the CME.

In three RHESSI flares extending to the 200-800 keV y-ray
range Krucker et al. (2008) observed that high coronal sources
became prominent as the y-ray emission decreased. Although
they did not explicitly make the SHH connection, the longer
timescales for higher energy electrons, harder spectra, and
decreasing HXB fluxes were consistent with the characteristics
found by Grigis & Benz (2008) in five SHH X-class flares,
four of which were SHH events of either Grayson et al.
(2009) or Saldanha et al. (2008). These HXR imaging results
complemented the earlier study by Silva et al. (2000) of 57
HXR burst peaks in 27 flares with the BATSE instrument on the
Compton Gamma Ray Observatory. They found SHH behavior
to be much more likely in non-impulsive (duration > 2 minutes)
bursts and in later, rather than earlier, peaks of events.

From these results a straightforward synthesis of the SHH
XRBs emerges. Referring back to Figure 1, SEPs are produced
in the shock driven by the CME. The flare impulsive phase takes
place in the trailing reconnection region, producing the impul-
sive HXBs in the flare footpoints characterized by SHS behavior.
During the subsequent gradual phase, the coronal source region,
expanding and rising behind the fast CME becomes relatively
brighter compared with the footpoint sources, and the com-
bined signature becomes SHH as the HXB decays in intensity.
Models indicate that both the SHS and SHH spectral behavior
can result from turbulent stochastic acceleration in the recon-
nection current sheets of large loop structures under the CME
(Bykov & Fleishman 2009).

5.2. Importance of Small Flares and Small SEP Events
for the Kiplinger Effect

In Section 2.2, we pointed out that the reported success of
the Kiplinger SHH prediction scheme derives largely from the
many HXBs without associated SEP events. In particular, 188
of the 193 smaller (<5000 counts s~!) and 136 of the 152 larger
HXRBS HXBs of the Kiplinger (1995) study (parts B and C,
Table 1) did not meet the SHH prediction criteria and were not
associated with NOAA SEP events. From Table 4 of Kiplinger
(1995) we see that the SXR flares involved in his larger HXB
study that were either SHH events or associated with NOAA
SEP events were predominately X-class with some larger
M-class flares. Sizes of those HXB flares associated with neither
SHH behavior nor NOAA SEP events were not given, but were
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very likely smaller flares. Our success metric M. (the ratio
of correct to incorrect SEP event predictions) excludes these
numerous small flares which, based on SXR size alone, might
be considered unlikely candidates for SEP event associations.
M.s was 4/1 for NOAA SEP events for the smaller HXBs of
his study and 10/6 for the larger (parts B and C of Table 1).
These numbers contrast with the strikingly high success rates
for forecasting NOAA SEP events cited in Section 1.

A serious limitation of the previously cited HXB studies
is that the inverse study beginning with all observed gradual
SEP events has not been done. The first Kiplinger (1995) study
dealt only with all SEP events associated with large HXRBS
flares. His second study considered only NOAA SEP events
with associated HXRBS HXBs sufficiently well observed to
determine the presence of SHH spectral behavior. A study
beginning with all SEP events, either of all intensities or only
of NOAA class, independent of HXRBS HXB associations
was not done. We can perhaps get some indication of what
this limitation means from the validation study of the US Air
Force Proton Prediction System (PPS) by Kahler et al. (2007).
Starting with all >M5 GOES SXR flares with identified solar
source regions and considering only NOAA SEP events, the PPS
successfully predicted 18 events and had three missed events
and 18 false predictions, for a success metric My = 18/21.
However, another 24 NOAA SEP events were not predicted,
mainly because they were associated with smaller <M5 flares
and not used in the study. A significant number of large, even
E > 500 MeV relativistic (Cliver et al. 1983) SEP events are
associated with flares with weak impulsive phases. Inclusion of
those additional 24 missed SEP events degrades the PPS M to
an unimpressive value of 18/45.

If we expand the E > 10 MeV SEP events from the >10 pfu
NOAA events to those of >0.1 pfu and assume a differential
power-law distribution of peak SEP intensities with an exponent
of —1.37 (Belov et al. 2005), then the 24+ 18 +3 = 45 NOAA
SEP events of the Kahler et al. (2007) validation study would
be increased by an additional ~4.5 x 45 = 202 smaller SEP
events. Further assuming that nine of those 18 false predictions
of NOAA SEP events would appear as smaller SEP events, we
would then get a PPS M of (18+9)/(3+9+193) = 27/205,
the ratio now heavily dominated by the missed SEP events.
Since the SHH criterion is similarly based on large HXB flares
with known locations, we can expect the SHH criterion to match
the poor PPS results for predicting the >0.1 pfu SEP events.

6. SUMMARY

For observed HXBs with sufficient intensity and duration
the SHH criteria may be a good predictor of large SEP
events. We argue here that the success of the SHH criteria
is due not to a common acceleration of the SEPs along
with the HXB energetic electron population, but rather to a
common association in large eruptive flares of both CME-
driven shocks and populations of energetic electrons accelerated
in reconnecting coronal magnetic loops. Unlike the SEPs,
which extend over many tens of degrees of open coronal and
interplanetary magnetic fields after production in CME-driven
shocks, the energetic electrons producing the HXBs populate
high expanding coronal magnetic fields. It is therefore not
surprising to find that other solar eruptive event signatures, such
as lower temperatures or longer durations of SXR events or the
broader widths of the associated CMEs, can produce comparable
prediction statistics. This is a confirmation of the basic concept
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of eruptive events discussed by Cliver et al. (1986) and illustrated
in Figure 1.

The SHH signature is generally observed during the decay
phase of a long-lived HXB and requires careful discrimination
against apparent SHH signatures due to sequences of succes-
sively harder XRB pulses or to flux levels partially dependent
on the hard spectral background. The lack of specific numerical
requirements for the temporal decrease in y and the possibility
of energy-dependent SHH behavior are further areas that need
to be clearly quantified and consistently applied in subsequent
studies before a reliable SEP forecasting tool can be made based
on SHH signatures.

There is also a large population of SEP events smaller than
the NOAA SEP events which will not be predicted because
of a lack of sufficiently large associated HXBs. These smaller
(Fp > 0.1 pfu) SEP events have not been accounted for in
previous SHH-SEP event association studies. We also point
out that much of the apparent success of the SHH criteria is
due to the large number of smaller non-SHH XRBs which are
not associated with SEP events. We introduced a simple metric
M, the ratio of correct to incorrect (missed and false alarms)
forecasts to characterize the SHH and flare/CME studies.
Using only the HXB flares of the Grayson et al. (2009) study,
we defined SXR flare duration and CME width criteria that
produced M values of 11/5 and 14/1, respectively, somewhat
better than the Kiplinger (1995) and Grayson et al. (2009) values
of 18/10 and 16/6 for SEP events of Fp > 0.1 pfu (Table 2).
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generated and maintained at the CDAW Data Center by NASA
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