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Abstract Solar flares commonly have a “hot onset precursor event” (HOPE),
detectable from soft X-ray observations. This requires subtraction of pre-flare
fluxes from the non-flaring Sun prior to the event, fitting an isothermal emission
model to the flare excess fluxes by comparing the GOES passbands at 1-8 A
and 0.5-4 A, and plotting the timewise evolution of the flare emission in a
diagram of temperature vs emission measure. The HOPE then appears as an
initial “horizontal branch” in this diagram. It precedes the non-thermal impulsive
phase of the flare and thus the flare peak in soft X-rays as well. We use this
property to define a “flare anticipation index” (FAI), which can serve as an alert
for observational programs aimed at solar flares based on near-real-time soft X-
ray observations. This FAI gives lead times of a few minutes and produces very
few false positive alerts even for flare brightenings too weak to merit NOAA
classification.

1. Introduction

Solar flares have precursor signatures of several types, which may appear in
coronal and chromospheric observations. Perhaps the most remarkable of these
consist of the pre-flare activations of filaments, which may then erupt; for ex-
ample, the Skylab astronauts famously used real-time monitoring of Ha images
to identify the beginnings of eruptive flares, now known to identify with coronal
mass ejections (CMEs). In soft X-rays, the precursor activity may show up as a
characteristic slow increase ramping up to the “impulsive phase” characterizing
strongly non-thermal phenomena such as particle acceleration and the energiza-
tion of CMEs (Kane and Anderson, 1970) and thus the full development of flare
emissions. The subject of pre-flare activity, and of soft X-ray precursor, has an
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extensive literature, which this article does not attempt to review. We do note
Panos, Kleint, and Zbinden (2023), who have used machine learning to follow
several observables, and have thereby recognized clear chromospheric patterns
doubtless related to the GOES coronal phenomenon described below as HOPE
(“Hot Onset Precursor Event”).

Recently Hudson et al. (2021) have examined the soft X-ray precursors, find-
ing them to have characteristic properties and suggesting universality for the
process. Further work has strengthened this conclusion (da Silva et al., 2023;
Battaglia et al., 2023). The HOPE phenomenon therefore has the potential to
become a tool for a flare alert on few-minute time scales. In this paper we
describe a “flare anticipation index” (FAI) based on the standard GOES soft X-
ray observations, with the objective of anticipating flare occurrence far enough
ahead in time to enable campaign-style observational programs a sufficient warn-
ing for observations aimed at impulsive-phase physics. We find the FAI to be
extremely reliable, even for events too weak to be classified in the standard
ABCMX spectrum of NOAA flare reports. This development strongly confirms
the case for universality of the HOPE phenomenon, even though we do not yet
understand the physics behind it.

In practical terms, the GOES soft X-rays provide a convenient basis for an
FAI, given the vast database available and the near-real-time (latency of a few
minutes) data currently provided by NOAA. This approach, though successfully
anticipating soft X-ray events well below NOAA’s C-class, could lead to other
FAT methods that may have better latency (or better sensitivity). Note that flare
anticipation is not the same thing as flare forecasting. The HOPE appears to
be just the earliest recognizable feature of a flare, for which actual prediction
remains a difficult problem.

This article studies the GOES FAI based on a single 3-day sample of the real-
time NOAA X-ray database, which have one-minute cadence (2024-01-02T12:00
through 2024-01-05T'12:00). Such a quick sample suffices to justify operational
deployment of this very simple algorithm for assisting with observing campaigns
aimed at flare/CME origins.

2. Identifying the soft X-ray HOPE

The X-class flare SOL2022-04-20 illustrates the HOPE pattern extremely well.
Figure 1 shows the time development in the GOES/XRS soft 1-8 /AA/ channel.
The easily recognizeable ramp-up at the outset is the HOPE phase, as labeled;
the impulsive phase (labeled HXR) shows when hard X-rays and other nonther-
mal effects happen, including ablation (“evaporation”); this merges into arcade
development and draining, and eventually simple cooling and associated field
shrinkage. This particular event displays these phases with unusual clarity.

We explain the time development with a [T, EM] diagnostic diagram related
to that described by Jakiemiec et al. (1986), who phrased it in terms of theory
as [T, y/ne) rather than directly in terms of the observables. Figure 2 shows a
clear example of such a diagram, along with a sketch relating its features to the
flare development. The [T, EM] variables come from a direct isothermal fit, via
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Figure 1. The soft X-ray developmental phases of the X-class flare SOL2022-04-20, showing

the prominent HOPE preflare increase. See the text and Figure 2 for further explanation.

SolarSoft tools (Freeland and Handy, 1998), to the two-channel flux residuals
above estimated background levels. The newly recognized feature underpinning
the FAT development is the initial horizontal branch, during which emission mea-
sure grows steadily, sometimes punctuated by microflares, while the temperature
of the increasing mass remains roughly constant. The analysis in this article
confirms the universality of the soft X-ray horizontal branch as a requirement
for flare development.
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Figure 2. Left, a representative [EM, T] diagnostic displaying the hot onset effect. Right,
descriptions of the directions followed by the diagnostic point. The striking and useful charac-
teristic feature of the HOPE phenonenon is the “horizontal branch,” during which the emission
measure grows steadily while the temperature remains approrimately constant. These flare data
for SOL2022-04-20 (X2.2) show the constituent parts of the diagnostic diagram exceptionally
clearly, but this pattern is normally present.

In the explanatory sketch (right panel of Figure 2) the red arrows show the
result of energy input into coronal plasma. The impulsive phase, which in the
example shown begins at EM = 0.02 x 10*® cm~3, initiates the ablation of large
amounts of new hot material as “evaporation.” This results in a clockwise loop
of the [T,EM] trajectory. In contrast to this, the initial point already exhibits a
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temperature well above that of the quiet Sun or an active region. This does not
represent “heating” in the sense of temperature increase.

3. The GOES-based Flare Anticipation Index (FAI)

We can use the appearance of the initial horizontal branch of the [EM,T] dia-
gram by screening on the values of the timewise motion of the isothermal fits,
[dEM/dT, T]. A first guess at such an FAI used timewise differencing on the
GOES near-realtime data. The FAI algorithm requires 5 parameters (Table 1);
this lists first-guess default values. The unit EMyg for the volumetric emission
measure is the SolarSoft standard value of 10*7 cm™3.

Table 1. GOES FAI Parameters

Parameter Default Significance

Integration time 1 min Set by GOES quicklook data
Difference time At 5 min Initial guess

EM increment 0.005 EM49  Explored in this article

Temperature range  [7,14] MK Explored in this article
FAT duration 3 min Not explored in this article

For a randomly chosen six-hour interval of GOES real-time data, the FAT algo-
rithm — as operated with the default parameters — generated Figure 3. The flare
anticipation worked extremely well, with 100% true positives (all flags preceded
GOES 1-8 A maxima) and at times of a few minutes prior to the flares’ impulsive
phases. Note one small anomaly, however; in the precursor to the major event
(SOL2024-02-25T17:22, M2.1) the EM increased monotonically as the horizontal
branch of the [EM,T] diagnostic evolved, but with some irregularity. This may
result from independent microflares in the onset time interval.
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Figure 3. A quick check of the default parameters for a siz-hour stretch of real-time GOES
data. The red vertical lines show minutes for which the flag was set for these values. As
can be seen, there were no false positives and no false negatives. The FAI run with a lower
incremental EM parameter readily detects the weak A-class events missed at the default
setting.

This article studies a 3-day quicklook data set in detail: 2024-01-02T12:00
through 2024-01-05T12:00. During this time interval NOAA reported 20 flares,
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ranging from class C1.2 to M3.8, a period with a relatively high soft X-ray
background level. We list these in Table 2 along with the correspondingt FAI
“anticipation times” (GOES 1-8 A peak minus time of first FAI flag, with values
13.4 £ 6.0 min).

Table 2. GOES Time Comparisons

Date Start Peak  End Class  Anticipation

(minutes)
2-JAN-24 13:42 13:45 13:49 C1.2 6
3-JAN-24 02:54 02:59 03:05 C1.2 6
3-JAN-24 10:00 10:10 10:14 C1.8 16
3-JAN-24 10:14 10:18 10:24 C3.0 8
3-JAN-24 13:29 13:34 13:44 C1.3 8
3-JAN-24 14:42 14:57 15:15 C1.8 24
3-JAN-24 16:13 16:21 16:28 C1.3 13
3-JAN-24 16:49 16:56 17:08 C1.5 10
4-JAN-24  00:13 00:25 00:51 C2.1 15
4-JAN-24  01:08 01:16 01:22 MI1.1 11
4-JAN-24  01:22 01:55 02:12 M3.8 27
4-JAN-24 07:19 07:28 07:48 C1.5 11
4-JAN-24 08:55 09:06 09:16 C1.7 14
4-JAN-24 09:16 09:36  09:42 C3.0 15
4-JAN-24 10:20 10:30 10:35 C2.2 12
4-JAN-24 17:20 17:31 17:39 C3.3 12
5-JAN-24 00:32 00:52 01:08 C3.2 15
5-JAN-24  02:43 02:51 02:56 C1.7 9
5-JAN-24  04:18 04:25 04:30 C1.6 11
5-JAN-24 07:55 08:09 08:19 C3.7 24

The default values for the five parameters listed in Table 1 worked well for
the test interval. We have explored adjusting the EM increment and show the
resulting event counts in Figure 4 (left panel). At the default value the flare
numbers greatly exceed the SolarSoft count of 20, which corresponds to an
EM increment of about 0.03 x 10%° cm—3. Reducing the FAI threshold for EM
increment below its default value reliably returns many more events than the
NOAA classification recognizes.

The physical interpretation of the EM increment is the growth of emission
measure per five minutes, basically a rate of change. Some flares, particularly
slow and/or powerful, meet this criterion for many consecutive 1-minute samples.
This indicates a monotonic increase in total EM at roughly constant tempera-
ture. The counts in Figure 4 correspond to the first sample of any such grouping,
thus marking the earliest anticipation time for a given flare.

The right panel of Figure 4 illustrates how the FAI may fail for the weakest
events, showing particularly a tiny C2-class peak (background-subtracted to an
A8 level), SOL2024-01-04, not forewarned even at an emission-measure criterion
of EMy9 = 0.001 (or lower). This reflects the practical limit of the FAT algorithm,
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Figure 4. Left, numbers of events as a function of the EM increment parameter. The dotted
line shows the SolarSoft flare count for the interval, and the vertical dashed line shows the
default value for EM increment. Right, a section of time series showing the FAI failure for the
energetically A8-class event SOL2024-01-04T00:39 (see text), plotted on a linear scale with
C1 units (10~% W/m?2). This plot used an EM increment of 0.001 EMyg; the solid lines show
the first of each set of consecutive flags.

considering the digital steps of the GOES telemetry and the sensors’ background
fluctuations as well as the background level.

4. Parameter dependences (FATI)

Do the FAI parameters not only anticipate flare occurrence, but also correlate
with its peak flux or other properties? This short sample does not yield decisive
results here, but the decades of archival GOES data will allow future studies
with much greater precision. For the 3-day quicklook data set discussed in this
article there is already a hint of peak-flux prediction (Figure 5).

The M-class flares appear in the upper right corner of the upper left panel
of Figure 5, consistent with a predictive capability for flare magnitude; this is
also borne out anecdotally by the author in reference to high M-class and X-
class flares not studied in detail here. Also anecdotally, there may be an onset
temperature correlation for major events, in that the default temperature range
[7,14] MK needed to be increased to [7,20] MK to set FAI flags for the X-class
flare SOL2024-02-09.

A future more complete study will need to map probabilities between the set
of five model parameters and the two items of practical interest: how big is the
flare going to be, and how long must we wait for it?

5. Conclusions
This article has briefly described a flare anticipation index (FAI) based on

the standard GOES two-channel solar soft X-ray fluxes. The purpose here is
a practical one, aiming at helping solar observers to predict imminent flare
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Figure 5. Correlations between FAI parameters (for trigger EM upper panels, and Te lower
panels) and observables (left panel for flare peak fluz, and right panel for anticipation time).
In no case do we see correlations strong enough to quantify in this small sample.

occurrence. The sample studied here is a 3-day realtime dataset, and the FAI
worked extremely well, with 100% true positives and no false negatives at the de-
fault parameter set. Campaign-style observations benefiting from a few minutes’
warning of flare occurrence can therefore use the algorithm as-is. The limitations
of the FAI include the latency of the GOES realtime data, about 4 min, and the
whole-Sun nature of the data. A different database solving these problems will
doubtless enable a successor for the present FAI; ideally the new data would
consist of soft X-ray imaging observations.

This data set hints at a predictive capability of the FAI: greater emission-
measure increments in the HOPE phase correspond to more energetic flares. As
noted, this predictive capability may also extend to the HOPE T, values, but
a systematic study of archival data will be needed to quantify this. The GOES
FAT used here runs on IDL under SolarSoft (Freeland and Handy, 1998) and the
working script can be obtained from the author.!

Finally, a brief comment on the significance of the uniform FAI success. The
steady growth of emission measure prior to a flare can now be recognized as a
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universal property of solar flares on all magnitude scales. This slow development
itself constitutes the initial unstable action of the flaring plasma, culminating in
the main flare instability itself, with the impulsive phase, particle acceleration,
evaporation, and perhaps the CME launch. We note that for weak events at
GOES A and B class, the FAI anticipates the flare occurrence but often finds a
higher onset value of GOES T, than during the flare that eventually develops.
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