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An Early Proxy for Solar Flare Soft X-ray Fluence

Stephen White (AFRL/RVBXD)

September 8, 2022

Executive Summary The relationship between the soft X-ray fluence of a solar flare and the
combination of its rise time and its peak flux is investigated in order to derive a proxy for the
fluence that can be estimated at the peak of the flare, i.e., significantly earlier than the “end” of
the flare (by convention, the half-power point on the decay). The result will be used in forecasting
solar energetic particle events.

Introduction

The soft X-ray fluence of a solar flare is a quantity commonly used in models for the prediction
of solar energetic particle events (e.g., Smart & Shea 1989; Balch 1999; Laurenza et al. 2009;
Trottet et al. 2015), which seems appropriate since it is one of the simplest readily-available proxies
for the total energy in a flare. Soft X-ray flare lists are compiled by NOAA from measurements
by the XRS detectors on the GOES series of weather satellites. The fluence is defined to be the
integral of the soft X-ray flux (reported in W m~2) over time from the onset of the flare to the half-
peak point on the decay of the event. However, for long-duration soft X-ray events, it may be an
hour from onset before the half-peak level is reached on the decay, by which time solar energetic
protons may have already started arriving. In order to have an early forecast of the likelihood of an
SEP event, an earlier estimate of the fluence is desirable. The purpose of this report is to assess the
feasibility of using some product of the flare rise time and peak flux to derive an estimate of the
fluence at the time of the flare soft X-ray peak. The relationship between these quantities will be
investigated, and an expression for generating a fluence estimate at the time of the soft X-ray peak
will be derived.

Analysis

We use a list of M- and X-class soft X-ray flares from 1986 to 2021. NOAA has maintained
lists of soft X-ray flares and reported peak fluxes and durations from which fluences can be derived.
NOAA provides fluences in the daily event files, at least since 1996. However, prior to May 1997
there was no standardized protocol for defining the start and end of the soft X-rays from a flare,’

'Veronig et al. (2002) reported that the timing prior to 1997 was based on Hat flare observations.

1

Approved for public release; distribution is unlimited.



2000 ' ' ' '

4783 M+X flares
1500

1000

Histogram

500

L

0 I I " 1 n n " 1 n n I Il
20 40 60 80
M/X rise time (minutes)

1200 ' ' ' '

o

1000

800

600

Histogram

400

200

20 40 60 80
M/X duration (minutes)

o

Fig. 1.— Histograms of the flare soft X-ray rise times (upper panel) and total duration (lower
panel) for the 4783 M- and X-class flares used in this study.

resulting in a sharp boundary in the reported properties of flares such as rise time and duration
(Swalwell et al. 2018). NOAA’s protocol for the period after 1997 is that the start time of a GOES
SXR flare is the time when four consecutive values in the 1-minute 1-8 A data meet all three of the
following conditions:

1. All four values are above the B1 threshold.
2. All four values are strictly increasing.
3. The last value is greater than 1.4 times the value which occurred 3 min earlier.

The flare end time is defined as the time when the flux declines to one half of the flare peak, where
the peak is the flux at maximum minus the flux value at the start of the event. For the M- and

2
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Fig. 2.— A plot of the product of the rise time and the peak flux versus the measured fluence for
4783 M- and X-class flares from 1986 to 2021. For convenience, the log;o of the quantities (both
in units of J m~2) is plotted. The dashed line corresponds to equality of the 2 quantities.

X-class flares considered here, the preflare subtraction should have minimal impact on the timing
in most cases.

The GOES soft X-ray data from 1986 to 1997 available in FITS files at NASA? have been
reprocessed (by the author) to match the standard prevailing since 1997 for all M and X flares
(Swalwell et al. 2018, carried this out for >MS5 flares). The NASA FITS files often have data gaps,
so not all flares in the period are included. The resulting list of M- and X-class flares has 4783
entries with fluence measurements. Figure 1 shows histograms of the rise times and durations of
the event sample used here. More than half of all M/X flares have rise times of 10 minutes or
less and durations of 20 minutes or less. Rise time and duration are correlated: a fit finds that the
duration can be represented as 2.24 t2‘93, where 7z is the rise time (both in minutes), with a spread
of + 22% between the predicted and the actual durations. Thus there is nearly a linear relationship

between duration and rise time.

Figure 2 plots (the logarithm of) the product of the flare rise time and the peak flux against
(the logarithm of) the measured fluence. This figure demonstrates the strong relationship between
the fluence and the product of rise time and peak.

Linear fit. The simplest possible relationship between flare rise, peak and fluence is linear:

Zhttps://umbra.nascom.nasa.gov/goes/fits/
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F = atgrPx (1)

where F is the fluence (J m~2), g is the rise time (seconds), Py is the flare soft X-ray peak (W
m*Z) and a is a constant. Fits for a for the full data set, as well as fits for each of the 3 complete
solar cycles in the period covered, are shown in Table 1.

In effect, the uneven treatment in the definitions of the rise and end of the flare result in
almost half of the fluence of the event occurring during the rise phase. Linear fits using a = 1.19
(the median for the whole set of flares) have a spread of + 34% about the median of the ratio of
predicted fluence to actual fluence.

Product power-law. The next option for a fluence proxy is to allow a power-law dependence in
the product of rise time and peak flux:

F = a(l‘RPx)b ()

A fit for this relationship using all 4783 flares gives a = 0.771 £ 0.009 and b = 0.900 £ 0.003,
resulting in a uncertainty of 4= 32% in the predicted fluence compared to the actual fluence. Veronig
et al. (2002) carried out a similar analysis of a sample of flares from 1997 to 2000, ranging from
B- to X-class, and found » = 0.96: the inclusion of smaller flares, which dominate M/X flares by
number in that sample, may play a role in the difference.

Separate power-laws. Finally, we can separate out the dependence on the rise time and peak flux,
requiring 3 parameters:

F = athP§ (3)

Again fittting this relationship using all 4783 flares gives a = 0.635 £ 0.035, b = 0.913 £ 0.004,
and ¢ = 0.890 + 0.004. Figure 3 compares the prediction from this expression with the actual
fluence, plotting the ratio of the two as a function of time. Note that the power-law exponents

Table 1. Linear relationship between fluence (F) and g * Px

No. of M/X flares Mediana o,

Cycle 22 2407 1.27 0.42
Cycle 23 1576 1.14 0.41
Cycle 24 769 1.06 0.37
All 4783 1.19 0.42
4
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Fig. 3.— A plot of the ratio of the (logjo of the) fluence derived from the power-law fits in rise
time and peak flux to the (logjo of the) measured fluence (equation 3) for 4783 M- and X-class
flares from 1986 to 2021. The horizontal axis is modified Julian date (MJD), in order to show that
the same relationship is essentially valid over multiple solar cycles.

for rise time and peak flux are very similar, and accordingly this fit only marginally improves the
uncertainty, which is again around £ 32% in the predicted fluence compared to the actual fluence.

Summary

The following simple power-law in the flare soft X-ray rise time 7z and peak flux Py can be
used to estimate the NOAA-defined fluence of the event at the time of the soft X-ray peak, to within
an uncertainty of about 32%:

F = 0.771 (g % Px)%°% 4)

The (simpler) 2-parameter fit is recommended since the 3-parameter fit gives essentially the same
results and performance.
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