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ABSTRACT

The L2+ Solar Proton Event Detection algorithm operates on 5-min-cadence L2+ solar
proton integral fluxes, which are in turn derived from the SEISS SGPS L1b channel
fluxes. It has legacy as well as new components. The legacy components (currently
produced by SWPC) include the Solar Radiation Storm Scale detection, peak event
fluxes, and daily fluences. The new components include event onset and end (at
thresholds below the Solar Radiation Storm Scale S1 level), which in turn support the
calculation of event fluences. The thresholds for detecting event onset and end are
different for each integral flux energy. They can be tuned to balance false positive rates
and sensitivity to weak solar proton events; this balance depends on the counting
statistics and background levels of the instrument being used.
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1.0 INTRODUCTION

1.1 Purpose of This Document

The purpose of this document is to describe the development and design of the SEISS
algorithm produced to detect the onset and various stages of a solar proton event (SPE),
including details needed for implementation of the algorithm and examples of use and
validation. It provides the operational requirements for this product and defines how
these requirements are met with this algorithm. The algorithm inputs, processing and
outputs are described in enough detail to design, develop, test and implement the
necessary processing software and storage mechanisms.

1.2 Who Should Use This Document

The primary readership for this document includes those who have to implement the
algorithm and those who seek to understand how the algorithm works and what its
assumptions and limitations are. Members of the SWPC Space Weather Forecast Office
should also use this ATBD to verify that their operational requirements are being met by
the algorithm.

1.3 Inside Each Section

Section 2.0 OBSERVING SYSTEM OVERVIEW:
Describes the SEISS SGPS instrument and the measurements that serve as input to the
algorithm.

Section 3.0 ALGORITHM DESCRIPTION:
Describes the development, theory and mathematics of the algorithm. Describes the
logical flow of the algorithm, including input and output flow.

Section 4.0 TEST DATA SETS AND OUTPUTS:

Describes the test data sets used to characterize the performance of the algorithm and the
data product quality. Describes the results from the algorithm processing on simulated
input data.

Section 5.0 PRACTICAL CONSIDERATIONS:
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Discusses issues involving numerical computation, programming and procedures, quality
assessment and diagnostics and exception handling.

Section 6.0 ASSUMPTIONS AND LIMITATIONS:
Describes assumptions regarding input data contents and formats; instrument
performance and characterization data; and potential future changes and improvements.

Section 7.0 REFERENCES:
Provides all references mentioned in the ATBD.

Appendix A REQUIREMENTS
Specifies the requirements for this algorithm.

1.4 Related Documents
GOES-R SEISS Differential-to-Integral Flux ATBD, Version 1.0, November 6, 2009.

GOES-R Series Mission Requirements Document (MRD), P417-R-MRD-0070, Version
3.13, August 2, 2011.

Space Environment In-Situ Suite (SEISS) Performance and Operational Requirements
Document (PORD), 417-R-SEISSPORD-0030, Baseline Version 2.9, November
12,2010.

1.5 Revision History
See p. 5.

2.0 OBSERVING SYSTEM OVERVIEW

2.1 Product Generated

The SWPC Space Weather Forecast Office uses GOES integral proton fluxes for
operational proton flux warnings and event alerts according to the solar radiation storm
scale [Poppe, 2000]. (Integral fluxes represent the sum of fluxes in all instrument
channels above a specified energy threshold.) The NOAA space weather scale for solar
radiation storms is based on levels of >10 MeV integral proton fluxes (Table 1). Each
category on the solar radiation storm scale (S1-S5) represents a factor of 10 increase
over the previous category. The >10 MeV integral fluxes support warnings and alerts for
robotic and human space flight. In addition, the >100 MeV integral fluxes support
warnings and alerts for suborbital human flights, including commercial transpolar airline
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routes. During a solar cycle, approximately 100 solar proton events (SPE) exceed the
Slintegral flux level of 10 pfu.

Table 1. Warnings and alerts currently (2012) issued by SWPC based on GOES solar proton
measurements. (See http://www.swpc.noaa.gov/alerts/AlertsTable.html for a complete list of NOAA
space weather alerts.) 1 particle flux unit (pfu) = 1 proton / (cm’ s sr).

NOAA Scale Category Proton Event Warning / Alert

S1-S5 WARNING: Proton 10 MeV Integral Flux above 10 pfu expected
S1 (Minor) ALERT: Proton Event 10 MeV Integral Flux exceeded 10 pfu

S2 (Moderate) ALERT: Proton Event 10 MeV Integral Flux exceeded 100 pfu

S3 (Strong) ALERT: Proton Event 10 MeV Integral Flux exceeded 1000 pfu
S4 (Severe) ALERT: Proton Event 10 MeV Integral Flux exceeded 10000 pfu
S5 (Extreme) ALERT: Proton Event 10 MeV Integral Flux exceeded 100000 pfu
-- WARNING: Proton 100 MeV Integral Flux above 1 pfu expected
-- ALERT: Proton Event 100 MeV Integral Flux exceeded 1 pfu

There are other space weather applications for the GOES integral proton fluxes. The
Aerospace Corporation’s Spacecraft Environmental Anomalies Expert System (SEAES)
for geosynchronous orbit uses the GOES >30 MeV protons for indicating the likelihood
of single-event effects, and the >5 MeV protons for indicating solar array power loss due
to radiation dose increases [O’Brien, 2009]. The integral proton fluxes also serve as
inputs to operational predictions of D region absorption of high-frequency and very-high-
frequency (HF/VHF) radio waves in the polar regions [Sauer and Wilkinson, 2008].

The GOES-R Solar Proton Event (SPE) Detection algorithm ingests L2 Integral Fluxes,
which are in turn derived from the SEISS SGPS L1b channel fluxes. NWS customers
and forecasters require that the GOES-R SPE Detection algorithm provide data continuity
with the current GOES SPE detection method. To this end, the GOES-R algorithm
preserves the basics of the current method, with enhancements designed to meet other
user needs. Event fluences in particular have been requested by the satellite-community
customers of SWPC.

2.2 Instrument Characteristics

The SEISS operational requirements and characteristics are detailed in section 3.3.6.1 of
the GOES-R Series Mission Requirements Document (MRD, P417-R-MRD-0070) and
the SEISS Performance and Operational Requirements Document (PORD, 417-R-
SEISSPORD-0030). The requirements pertaining specifically to solar and galactic
protons, which are pertinent to the integral flux algorithm, are in section 3.3.6.1.4 of the
MRD and 3.2.3 of the PORD.

SEISS is a suite of five particle sensors: magnetospheric particle sensors in a low-energy
and high-energy range (MPS-LO and -HI), two solar and galactic proton sensors (SGPS),
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and an energetic heavy ion sensor (EHIS). The SGPS measures proton fluxes in ten
evenly spaced logarithmic energy bands from 1 MeV to 500 MeV and in an integral band
above 500 MeV. Each SGPS looks in one direction. One looks east and one looks west,
as with the GOES 13-15 Energetic Proton, Electron and Alpha Detector (EPEAD). The
westward-looking instrument is the primary instrument for alerts and warnings because it
observes proton fluxes whose gyrocenters lie outside geosynchronous orbit and therefore
are more likely to be equivalent to the interplanetary fluxes (Figure 1).

Solar
Protons

Eagtward-Looking Detectors
Fluxes Inside GEO

(GOES 10, 13E, 14E, 15E)

i

Equatorial Plane

Figure 1. Cartoon of solar proton observations in the equatorial plane by westward- and eastward-
looking detectors on GOES. A westward (eastward) detector observes protons whose gyrocenters
like outside (inside) geostationary orbit. The arrows to the left indicate the solar protons
propagating along the interplanetary magnetic field direction. The westward observations are much
more likely than the eastward observations to accurately represent the solar proton flux levels
outside Earth’s magnetosphere at 1 AU.

Because of geomagnetic cutoffs, the eastward-observed solar proton fluxes are usually
lower than the westward-observed fluxes [Rodriguez et al., 2010]. Having two fields-of-
view (FOVs) provides redundancy as well as a westward view independent of spacecraft
yaw flip status.

See section 6.3 for assumptions on SGPS performance.
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The fundamental physical basis of this algorithm is that the sun occasionally ejects a
cloud of energetic protons, including > 4 MeV proton fluxes that otherwise are

insignificant at geostationary orbit, and that such clouds last several days with sharp
onsets and more gradual decays.

3.2 Processing Outline

The selected algorithm is based on defining the event state based on a set of parameters.
These parameters are updated at the cadence of the input data. Several of the parameters
depend on past history over several hours or days. The algorithm does not save these
input data. It explicitly avoids an architecture that requires access to a data archive.
Rather, the history is captured as parameters that are derived using update methods such

as running averages.

Initialize Event State Parameters

The algorithm relies on the solar proton event (SPE) state: whether it has started, current
flux magnitude relative to the NOAA solar radiation storm scales, etc. The state
parameters listed in Table 2 are initialized at the beginning of run-time using values
defined in a header file. With each new input data file, these state parameters are
checked and in some cases updated.

Table 2. Definition of state parameters.

State Parameter Description Initialized | Valid Values
Value
Running average of >10 | Required to determine event onset | Seed values | Positive fluxes in units cm™
MeV, >30 MeV, >60 and end times at different based on sr!
MeV, and >100 MeV threshold energies; at >30 MeV initial flux
backgrounds and >60 MeV, used only for value

fluence calculations

Running standard

Required to determine event onset

Seed values

Positive fluxes in units cm™

deviation of >10 MeV, and end times at different based on sr!

>30 MeV, >60 MeV, threshold energies; at >30 MeV initial flux

and >100 MeV and >60 MeV, used only for value

backgrounds fluence calculations

Event onset time at >10 | Start time of current event, -1 (x4) Julian date representation
MeV, >30 MeV, >60 determined by this algorithm; start of start time; set to -1 after
MeV, and >100 MeV of fluence calculation event ends

Flux at >10 MeV, >30 Flux threshold used to define -1 (x4) Positive fluxes in units cm™

MeV, >60 MeV, and
>100 MeV event onsets

event start; depends on
background level which is slowly
varying

-1
Sr
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State Parameter Description Initialized | Valid Values
Value
Number of consecutive | Number of points (not including 0(x4) >0; no upper limit specified

data points above event
onset threshold

data gaps) above event threshold
at each energy (>10 MeV, >30
MeV, >60 MeV, and >100 MeV);
used in event fluence calculation

Event end time at >10 End time of current event, -1 (x4) Julian date representation
MeV, >30 MeV, >60 determined by this algorithm; end of start time; set to -1 after
MeV, and >100 MeV of fluence calculation event ends
Current event level, >10 | Identifies current SPE state: has it -1 -1, 0 (event has started), 1-
MeV started, has it gone over the S1 5 (S1-S5)

threshold, etc.
Current event level, >30 | Identifies whether SPE is ongoing -1 (x2) -1, 0 (event has started)
MeV and >60 MeV at these energies
Current event level, Identifies current SPE state: has it -1 -1, 0 (event has started), 1-
>100 MeV started, has it gone over the 1 pfu 3 (1, 10, 100 pfu)

threshold, etc.
Time when >10 MeV Time stamp of data record when -1 Julian date representation;
flux exceeded current current threshold was first set to -1 after current level
event level threshold exceeded; reported as level start is decremented

time if event level is changed
Time when >100 MeV Time stamp of data record when -1 Julian date representation
flux exceeded current current threshold was first of start time; set to -1 after
event level threshold exceeded; reported as level start current level is

time if event level is changed decremented
Number of consecutive 3 consecutive points above the 0 0,1, 2,3 —Reset to 0 after
data points above threshold are required before event current level is
current >10 MeV event | level is incremented and an alert is incremented.
level threshold issued
Number of consecutive 3 consecutive points above the 0 0,1, 2,3 —Reset to 0 after
data points above threshold are required before event current level is
current >100 MeV event | level is incremented and an alert is incremented.
level threshold issued
Time when >10 MeV Time stamp of data record when -1 Julian date representation
flux first dropped below | flux first decreased below 75% of of start time; set to -1 after
75% of current threshold | current threshold; reported as level current level is

end time if event level is changed decremented
Time when >100 MeV Time stamp of data record when -1 Julian date representation
flux first dropped below | flux first decreased below 75% of of start time; set to -1 after
75% of current threshold | current threshold; reported as level current level is

end time if event level is changed decremented
Number of consecutive 3 consecutive points below 75% of 0 0,1,2,3 —Reset to 0 after
data points below 75% the current threshold are required event level is decremented.
of current >10 MeV before event level is decremented
event
Number of consecutive 3 consecutive points below 75% of 0 0, 1,2, 3 — Reset to 0 after

data points below 75%
of current >100 MeV
event

the current threshold are required
before event level is decremented

event level is decremented.
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State Parameter Description Initialized | Valid Values
Value

Latest peak >10 MeV, Most recent maximum integral -1 (x4) Positive fluxes in units cm™
>30 MeV, >60 MeV, flux at four threshold energies sr’'; reset after event ends
and >100 MeV integral
proton fluxes
Times of latest peak Time stamps of data records -1 (x4) Julian dates; reset after
fluxes containing most recent maximum event ends

fluxes; will be different for each

energy

After the state parameters are initialized at the beginning of run time, the following
algorithm outline is followed at each reporting interval.

Check for Valid Integral Fluxes

The first step is to read the integral flux value at each energy threshold ingested by the
SPE detection algorithm and to determine whether it is valid. If the value is invalid, skip
the event detection, event fluence and daily fluence steps (as appropriate) and move on to
the next energy threshold. (Therefore, “number of points,” wherever mentioned below,
does not include invalid points.) The algorithm operates on each energy threshold
independently. It makes sense to loop over energy threshold, completing the series of
algorithm steps at each threshold before moving on to the next.

Since not every energy threshold is treated by every step of the algorithm, Table 3
identifies which SPE characteristics are determined at which energy thresholds. The
event fluence calculation must follow the event detection determination. The daily
fluence calculation is not tied to either. The event detection step consists of four parts:
event onset, event level increment, event level decrement, and event end.

Table 3. SPE characteristic by integral flux energy threshold.

Step >1 MeV >10 MeV >30 MeV >60 MeV >100 MeV

Event Onset Y

Event Level Increment

Event Level Decrement

Event End

Event Fluence and Peak
Flux

<l Zz|Z|z|Z|z

< =<|=|z|z|<

< =|=<|z|z|=<

S
< |||

Daily Fluence

Event Onset and Event End Determination

The event onset is determined separately for the >10 MeV, >30 MeV, >60 MeV, and
>100 MeV integral fluxes because the fluxes at different energies have different time
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series. The >30 MeV and >60 MeV event onsets are currently only used to determine
event fluence. The >10 MeV and >100 MeV event onsets are used for situational
awareness as well as to determine event fluence. The event onset dynamic threshold is a
function of the running average and standard deviation (more precisely, the square root of
the running variance), in order to account for changing background conditions. The
details for calculating the event onset threshold are given below under “Mathematical
Description.”

The running average and square root of the running variance are initialized at the
beginning of run time using the first integral fluxes read in. The dynamic threshold is
determined from these in a manner described below under “Mathematical Description,”
and is initialized after the running average and square root of running variance are
initialized.

Event onset and event end test conditions are calculated and updated with every new
datapoint. In order to determine the event end time under the typically noisy conditions,
event end test conditions are calculated that are functions of the 5-min average flux as
well as of the running average and square root of running variance. The details for
calculating these test conditions are given below under “Mathematical Description.”

If a SPE has not started (current event level = -1, event onset time stamp is invalid, i.e. -

1),

Compare the event onset test conditions to the dynamic threshold.
If the event onset test conditions are less than the dynamic threshold, and it has
been more than a pre-specified amount of time (e.g., 2 days) since the end of the
last event:
a. Update the dynamic threshold.
3. If'the event onset test conditions are greater than the dynamic threshold:
a. Set the current dynamic threshold as the event onset threshold.
b. Set the event onset time to the current time
c. Increment the number of points above the event onset threshold
d. Start event fluence calculation (see below)

N —

If a SPE has started but has not yet been verified (current event level = -1, event onset
time stamp is valid, i.e. not negative),

1. Compare event end test conditions to event onset threshold.
If both end test conditions are less than event onset threshold, reset event state
parameters (including setting event level to -1).
3. Ifboth end test conditions are greater than event onset threshold
a. Increment number of points above onset threshold.
b. Update event fluence (see below)
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4. If running mean is greater than or equal to fixed ‘SO’ threshold
a. Set current event level to 0 (event started but not yet S1)
b. Start maximum flux determination (see below)

If a SPE is verified as underway (current event level = 0),

1. Increment number of points above event onset threshold.
Compare event end test conditions to event onset threshold
3. If both end test conditions are less than event onset threshold for three
consecutive time steps
a. Setevent end to current time stamp and save for use in background flux
level update
b. Complete event fluence calculation (see below)
c. Reset event level to -1 and other event state parameters to -1 or 0 as
appropriate
4. Otherwise,
a. Update event fluence (see below)
b. Update event maximum flux (see below)
c. Test for event level increment (see below)

Event Level Increment

The event level refers to the NOAA solar radiation storm scales for >10 and >100 MeV
solar proton fluxes.

1. Read current event level (set in previous reporting period).

2. If current event level > 0, compare flux to flux threshold for next level.

3. Ifless than next level, write 0 as the number of consecutive data points above next
level

4. If equal to or greater than next level, increment number of consecutive data points
above next level

5. If number of points = 1, record time stamp as time when flux first exceeded
threshold of next level

6. If number of points = 3, increment level number

In the Case of a Very Rapidly Rising Event

If an event rises very rapidly, the S(n+1) flux level may be reached before the Sn level is
validated (where 0 <n <4). Under these conditions, the following rules are applicable.

In the case of a transition from SO to S1, this situation occurs if the integral flux reaches
the S1 level before the event is verified based on the running mean flux reaching the SO
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level. In this case, the event is verified immediately (event level set to 0), and the number
of consecutive data points above S1 is incremented from 0 to 1.

In the case of a transition from S1 to S2, this situation occurs if the integral flux reaches
the S2 level before the number of consecutive data points above the S1 level is
incremented to 3. In this case, the time stamp at which S1 was first reached is reported,
the counting for the S1 level stops and the counting for the S2 level starts. A similar
approach holds for higher level transitions.

On the declining phase of the event, there is no equivalent consideration because events
rarely fall so rapidly over many minutes. If an event should fall so quickly, a short delay
in reporting the level decrease is desirable in now-casting (in case the event level should
increase soon thereafter).

Event Level Decrement

The event level refers to the NOAA solar radiation storm scales for >10 and >100 MeV
solar proton fluxes.

1. Read current event level (previously set)

2. If current event level > 1, compare flux to 75% of flux threshold for current level

3. [If greater than or equal to 75% of current level, write 0 as the number of
consecutive data points below 75%

4. 1If less than 75% of current level, increment number of consecutive data points
below 75%

5. If number of points = 1, record current time stamp as the time when the flux first
decreased below 75%

6. If number of points = 3, decrement level number

Event Fluence and Peak Flux

The event fluence calculation and peak flux determination depend on the SPE state. The
event fluence update step takes place after the event detection algorithm has operated on
the present set of data samples. The calculation of event fluence starts after a SPE has
been determined to have started. The following outline applies separately to the >10
MeV, >30 MeV, >60 MeV, and >100 MeV integral fluxes. There is a separate counter for
each energy threshold, though it is unlikely that the number of valid data points will
differ among the different energies.

1. Determine whether the event start time has been determined (i.e., not -1).

2. If so, add flux to flux sum variable and increment number of points above onset
threshold by 1.
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3. If flux is greater than stored maximum flux, save current flux as maximum flux
and current time stamp as time of maximum flux
4. If event end time has been determined based on the current data sample:
a. Increment record count (number of points above onset threshold)
b. determine the event duration as the difference between event end time and
start time (in seconds)
c. divide the flux sum by the record count and multiply by the event duration
to get event fluence
d. report event fluence, event duration, start and stop times
e. reset event state parameters to -1 or 0 as appropriate (Table 2)
5. Ifnot, determine the event fluence in progress:
a. Determine the time since the event start (in seconds) using the current time
stamp and the event start time
b. Divide the flux sum by the record count and multiply by the time since the
event start
c. Report event fluence in progress
6. Report maximum flux and event fluence (both in progress and final) both in flux
units and as a fraction of the same quantities in the 19 October 1989 solar proton
event

Daily Fluence

The calculation of daily fluence is independent of SPE state. The following outline
applies to the >1 MeV, >10 MeV, >30 MeV, >60 MeV, and >100 MeV integral fluxes.
There is a separate counter for each energy threshold, though it is unlikely that the
number of valid data points will differ among the different energies.

1. Add flux to flux sum variable and increment record counter by 1.
2. If time stamp is the last in the day (i.e., 23:55 UT for 5-min data, 23:59 for 1-min
data):
a. divide the flux sum by record count and multiply by number of seconds in
a day to get daily fluence
b. report daily fluence
c. reset the daily fluence variable and counter to zero.
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3.3 Algorithm Input

The inputs to the algorithm consist of the L2+ Integral Fluxes reported on a 5-min
cadence.

3.3.1 Primary Data

The quantities ingested by the Event Detection algorithm from the Integral Flux L2
records are defined in Table 4. For the complete contents of the Integral Flux records,
please see the Integral Flux ATBD.

Table 4. L2+ Integral Flux inputs to SEISS Solar Proton Event Detection algorithm. This is for each
SGPS (X and +X).

Data Type Refresh Number of values Units

Satellite ID 5 min 1 String (e.g., ‘G16”)

Orientation of SGPS, —X . . KT e 2

or +X 5 min 1 String (e.g., ‘W’ or ‘E’)

Integral Proton Fluxes, S min At the 7 threshold proton rotons / (cm’ s sr)

SGPS +X or —X energies p

Time 5 min 1 (start of period) Julian date (double precision)
. . . String (ISO 8601 format, e.g.

Time 5 min 1 (start of period) "2016-09-09T14:30:00Z")

3.3.2 Ancillary Data

No ancillary data are required by the algorithm.
3.4 Theoretical Description

3.4.1 Physics of the Problem

The greatest geosynchronous proton fluxes above 1 MeV are observed during solar
energetic particle (SEP) events. These energetic protons (as well as electrons and heavy
ions) are believed to originate in shocks and magnetic field reconnections associated with
coronal mass ejections (CME) [Cane and Lario, 2006]. The measurement of solar proton
fluxes at geosynchronous orbit has both operational and scientific applications. These
fluxes are sufficiently energetic to impact satellites in the region, causing undesired
transient responses and single-event upsets and permanent damage in solid state devices
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and solar arrays, and integral flux energy thresholds can be related to levels of shielding
[Baker, 1996; O’Brien, 2009]. The proton fluxes also support alerts and warnings of
radiation hazards to occupants of manned spacecraft and polar-crossing aircraft [Baker,
1996] and serve as inputs to operational predictions of D region absorption of high-
frequency and very-high-frequency (HF/VHF) radio waves [Sauer and Wilkinson, 2008].

Integral flux is a specification of the total directional flux of particles above an energy
threshold. Integral flux is expressed in units of protons / (cm” s sr), a quantity also
referred to as a particle flux unit (pfu). The integral flux is reported at threshold energies
of 1, 5, 10, 30, 50, 60 and 100 MeV. SWPC defines a solar proton event (SPE) that
affects the Earth’s environment as one whose >10 MeV integral flux exceeds 10 pfu in at
least three consecutive 5 minute averages. It issues an S1 alert when an SPE meets this
criterion. Higher levels of alerts are issued when the >10 MeV integral flux exceeds 100
(S2), 1000 (S3), 10,000 (S4), and 100,000 (S5) pfu. An alert is also issued when the
>100 MeV integral flux exceeds 1 pfu, which is a better indicator of radiation risk to
aircraft passenger and crews at high latitudes than the >10 MeV alerts. (See
http://www.swpc.noaa.gov/ alerts/ description.html#proton.) The input GOES R L1b
data have a 1 minute latency requirement due to the rapidity with which an SEP event can
reach its peak level after triggering the initial alert.

3.4.2 Mathematical Description
Background Estimate

Solar proton events are detected as they rise out of the instrument backgrounds.
Backgrounds are due to galactic cosmic ray protons as well as contamination due to out-
of-band or out-of-field protons, other primary species such as electrons (a very small
effect), and secondaries created in the shielding. Because backgrounds vary, they are
characterized by a running average and a standard deviation (more precisely, the square
root of the running variance).

The running average method is similar to that used on GOES 8-15 solar proton
measurements, except that here it is applied to the integral fluxes rather than the channel
fluxes. The running average is based on 4 hours of data. The method used is a recursive
filter with time constant T = 4 hours and a sample period (5 min) much less than the time
constant [Enochson and Otnes, 1968, p. 57]. (It is analogous to the simplest kind of low-
pass filter, made of a resistor (R) and a capacitor (C) in series with the time constant T =
RC.) Instead of requiring that 4 hours of data be saved, the running average is updated
with every subsequent measurement:

T(e) =T =)+ [ (e)- T (e - 1) 0
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where J; is the integral flux for energy threshold i, t is the current reporting period and -
1 is the previous reporting period, and # is the number of samples in 4 hours.

The standard deviation of the background must also be calculated. Since the integral
fluxes are a complicated function of the original channel counts, a simple expression
based on Poisson statistics is not possible. Rather, the algorithm updates the variance of
the background over the same period that the running average is calculated. The running

variance for the flux J; at reporting period t is given by [Enochson and Otnes, 1968, p.
238]

Zl.(f):lJ,.Z(T)+(”‘1jZ,.(T_1) o

n

;(z’) =z, (2') s (1') )

The standard deviation is calculated as the square root of the running variance. The
running averages and variances calculated from these expressions agree well (though
somewhat smoothed, which is desirable in this application) with averages and variances
calculated using all points in the 4-hr period at once. Both calculations require a ‘seed’
value for the average flux and variance, which must be determined empirically from on-
orbit values.

Initializing Running Mean and Variance

The above expressions for running mean and variance require that the prior running
mean, Ji(t-1), and the prior value of z, zj(t-1), be initialized whenever the algorithm
software is started. Fixed initial values can be defined, but since the background levels
vary, this may cause a discrepancy between the given initial values and ‘true’ values of J;
and z;. If the initial values are far from the ‘true’ values, there will be a transient that dies
off over a period that depends on the initial discrepancy. However, even a short artificial
transient can cause problems with algorithms that rely on identifying a minimum or
maximum value. This includes the algorithm for determining the event onset based on a
dynamic threshold (see ‘Criteria for Event Onset and End’). Therefore, the running mean
and variance are initialized using the first value read in, J;(0).

The initial value of the running mean is given by
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J.(=1)=7,(0) @
and, therefore, the running mean at T = 0 is given by
J,(0)=,(0) ®

This latter expression is for illustrative purposes; the more general expression given
above should be used, with the proper initial inputs.

Then, the question is how to estimate the initial running variance, given the above
expression and

2(c)= 07 )+, () ©

Since the integral fluxes are complicated functions of the measured channel fluxes, we
cannot use Poisson statistics straightforwardly to calculate an initial estimate for the
variance. Empirically, we find that for the GOES >10, >30, >60 and >100 MeV proton
fluxes, the square root of the running variance is approximately half of the running
average. (It varies from ~0.4 to ~0.6, depending on the energy and the year.) Therefore,
the initial value of z; is given by:

z,(=1)=(1+7?J2(0)=1.2577(0) @
and, therefore, the value of z; at t = 0 is given by
- 1+1.25(n-1)
n

z(0 J2(0) ®)

1

Again, this latter expression is for illustrative purposes; the more general expression
given above should be used, with the proper initial inputs.

Criteria for Event Onset and End

The event onset and end times bracket when the integral solar proton flux is significantly
above backgrounds. The difference between the two is used in the event fluence
calculation (see next section). The event onset and end times are determined
independently for each integral flux channel. The easiest algorithm to implement would
involve a fixed background level for each integral flux channel. However, because the
galactic cosmic ray (GCR) flux at Earth varies over the solar cycle, due to the shielding
of the heliosphere from the local instellar medium [O’Neill, 2010], we expect the GCR
backgrounds in the SGPS measurements also to vary over the solar cycle. Therefore, the
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baseline approach is to base the event onset and end criteria on the running average and
standard deviation of the background levels (see previous section).

At each time step, the algorithm determines whether to update the dynamic event
threshold. The threshold is a function of the minimum average plus standard deviation of
the background level. This threshold is initialized by the seed average and standard
deviation used to initialize the calculation of the running average and variance. The
dynamic threshold is updated if a SPE event is not underway and:

1. the current running average plus square root of running variance
' 2
Jl.(z')+ \O; (T) ©)

is less than the previously-determined minimum average plus square root of
variance,

Ji (Tmin ) + 0-2 (Tmin ) (10)

i

OR

2. the time elapsed since the last update to the minimum running average plus square
root of variance has exceeded a fixed period (e.g., 10 days) that is an adjustable
parameter AND the time elapsed since the end of the previous SPE has exceeded
another fixed period (e.g., 2 days) that is also an adjustable parameter.

The time of this update, Ty, is recorded. The rationale for the (e.g.) 10 day refresh period
is to handle a situation in which the GCR background is monotonically increasing. The
rationale for the (e.g.) 2 day waiting period after the end of an event is to avoid setting a
dynamic threshold that is slightly too high.

If these conditions are satisified, the dynamic threshold jiesn 18 calculated as the sum of
the current running average and a factor o, times the square root of the running variance:

‘]i,thresh (Tmin ) = 7i(Tmin ) + az’ \ G_iz(z-min ) (1 1)

where 1 is the energy threshold (e.g., >10 MeV). This factor is an adjustable parameter
(e.g., a; = 5; see Table 8) and may be different for each integral flux value. Note that the
dynamic threshold is updated only if a new minimum is identified or the time-elapse
conditions are met.
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Test conditions for event onset and end are defined for comparison with the dynamic
threshold. These test conditions are defined as linear functions of three quantities:
integral flux, running average of integral flux, and the square root of the running variance
of the integral flux:

i (T) =b, ,J, (T)"' Ck,iJ_i(T)+ di. \/G_iz(r) (12)

where k is the test condition and i is the energy threshold. At each time step, test
condition values are calculated for comparison to the event threshold. There is currently
a single test condition value for event onset, namely the integral flux at the current time
step.

Jonset,i (T) - Ji (T) (13)

If this onset test condition is greater than the dynamic threshold, an SPE event may have
started: the event threshold is fixed at this dynamic threshold and the current time is
recorded. If subsequently the running mean exceeds a fixed ‘qualification’ (or ‘S0’)
threshold, an SPE is defined as having started. Conceptually, this ‘S0’ threshold is one-
tenth the S1 threshold. The SO thresholds are, for >10, >30, >60 and >100 MeV, 1, 0.5,
0.3 and 0.1 pfu (Table 8).

The primary rationale for having this fixed qualification threshold is to reduce the
number of false positives; one consequence is that weaker SPEs are excluded from
detection. The rationale for having a dynamic onset threshold in addition to a fixed
qualification threshold, is that the dynamic threshold results in a more accurate event
fluence for weaker events. (An event fluence based on the SO threshold would be an
underestimate, and this error could be serious for a weaker event.) If an event rises very
rapidly, the S1 flux level may be reached before the SO level is validated. The algorithm
for such situations is described under ‘Processing Outline.’

There are currently two test condition values for event end. Both must be less than the
event threshold for the event to end. The first event end test condition is simply the
running average, which is calculated throughout the event.

Jend,i (T): ‘]i (T) (14)
It is tailored to identifying the end of the event after the event peak, during the usually

gradual, quasi-exponential decrease of the event fluxes, when they get noisy due to
Poisson statistics.

The second event end test condition is the sum of the current integral flux plus a factor
d.nq; times the square root of the running variance:
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Jend,i (T) = Ji (T) + dend,i G_zz(r) (15)

This factor is an adjustable parameter (e.g., d.qq; = 1; see Table 8) and may be different
for each integral flux energy threshold i. This condition is tailored to preventing a
premature end to the event, prior to the event peak, which can happen if the event has a
slow, noisy rise.

The adjustable coefficients have to be determined empirically from the actual time series.
If o is set too high, the dynamic threshold will be too high. Weak events will be missed,

and the event fluence will be erroneously low for detected events (the relative magnitude
of the error decreasing with increasing strength of the event). If dcyq is set too low, there

will be too many false positives. If deyq is too high, the event will be too long; if too low,
the event will be too short.

Fluence Calculation

Fluence is the time-integral of flux. However, one must note the units when discussing
fluence; they depend on the nature of the flux used to calculate fluence. SWPC calculates
fluence based on integral fluxes, which are integrated over energy above an energy
threshold, e.g. >10 MeV integral proton flux (cm™s™ sr™', or a pfu). Therefore, the units
of SWPC-produced fluence are cm™ sr™.

There are two basic fluence products: daily fluence and event fluence. Daily fluence is
calculated for universal-time days from the integral fluxes at five energy thresholds: >1,
>10, >30, >60 and >100 MeV. Event fluences are calculated at four energy thresholds
(>10, >30, >60 and >100 MeV) based on the event start and stop times in these four
energy ranges.

Because of the requirement to provide event fluences in progress, the fluence calculation
must be updatable in real-time without having to save the complete set of fluxes in
memory. A conceptually simple calculation of fluence that would satisfy this
requirement is as follows:

N
D=>JAl (16)

i=l

where J; is the integral flux in each reporting interval, N is the number of measurements
in the period over which the fluence is calculated, and At is the reporting interval, e.g.
300 seconds.
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However, this is not the most practical implementation of this calculation. It can be
rewritten as the product of the average flux and the number of seconds in the period over
which the fluence is being calculated:

1 N
NAt — > J, (17)
N2

It may appear as though there is a trivial simplication to take advantage of here, but in the
case of data gaps, this form works best. If n, is the actual number of points measured,
and NAt is set to the period T over which the fluence is calculated, the resulting
expression is:

® = TLZJ (18)
npts‘ i=1

This is the expression currently used by SWPC in the calculation of daily fluences (where
T = 86,400 seconds). It is independent of the cadence of the integral fluxes. It requires
counting the number of good (non-fill) values in the period (7,,). This number is
reported as a quality factor. If a value is bad, it simply is not included in the average. If
for some reason 7, is zero, then the fluence cannot be calculated.

For the daily fluence, the period, T, is always 86,400 seconds.

For the event fluences, SWPC requires that the event fluence be reported in progress.
Therefore, for the in-progress fluence, T is the difference (in seconds) between the time
stamp of the current file and the event start time. For the entire event fluence, T is the
difference (in seconds) between the event end time and the event start time. The event
fluences and peak fluxes are reported in flux units. In future versions, they may also be
reported as a fraction of the same quantities in the 19 October 1989 SPE, used to define
the extreme solar proton event for spacecraft design purposes. These quantities,
calculated using the present algorithm, along with their times, are listed in Table 5. (For
this calculation, GOES-7 full-resolution count rates were averaged and converted to
fluxes using the geometrical factors used currently by SWPC in real-time processing,
then corrected for contamination using the Zwickl [1989] algorithm. Integral fluxes were
calculated from these corrected and averaged channel fluxes using the GOES-R Integral
Flux algorithm.)

SGPS Orientation

This is a pass-through value from the SEISS.18 Integral Flux product to the Rate-of-Rise
output. The identification of the eastward (E) or westward (W) orientation of the SGPS —

Hardcopy Uncontrolled



NOAA/NESDIS/NGDC

ALGORITHM THEORETICAL BASIS DOCUMENT

GOES-R SEISS.20 Solar Proton Event Detection
Algorithm Theoretical Basis Document

Version: 1.1
Date: May 20, 2014

Page 30 of 45

X and +X units is determined at an earlier processing stage. The event detection is
performed separately on the data from each SGPS unit.

Table 5. Peak fluxes and event fluences of the 19 October 1989 solar proton event, measured by
GOES-7 and calculated by this algorithm.

Energy (MeV) >10 >3(0 >60 >100

Event Start Time | 1989-10-19 1989-10-19 1989-10-19 1989-10-19
T13:05:00.000 T13:05:00.000 T13:05:00.000 T13:00:00.000

Event Peak Time | 1989-10-20 1989-10-20 1989-10-20 1989-10-20
T16:00:00.000 T15:25:00.000 T15:25:00.000 T15:25:00.000

Event End Time | 1989-11-10 1989-11-08 1989-11-03 1989-11-01
T19:40:00.000 T14:40:00.000 T11:20:00.000 T13:40:00.000

Peak Event Flux | 4.59 x 10° 7.95x 10° 1.68 x 10° 4.69 x 10°

(em? s sr)

Event Fluence 1.54x 10° 3.04 x 10° 8.26x 10 3.18x 10

(em? sr)

3.4.3 Algorithm Output

The outputs of the Solar Proton Event Detection algorithm are listed in Table 6.

Table 6. L2+ Outputs of SEISS Solar Proton Event Detection Algorithm. This is for each SGPS (-X
and +X).

Data Type Refresh Number of values Units

Satellite ID 5 min 1 String (e.g., ‘G16°)
Orientation of SGPS, —X . . CXRTP e (2
or +X 5 min 1 String (e.g., ‘W’ or ‘E’)

. . . . String (ISO 8601 format, e.g.
Time, Event Update 5 min 1 (start of reporting period) "2016-09-09T14:30:00Z")
Event Onset Threshold Per event 4 (at >10, >30, >60 and >100 em” s sr!

MeV)
. 5 (at>1, >10, >30, >60 and >100 2 .
Daily Fluence 24 hr MeV) cm’™” sr
Number of points in daily 24 hr 1 unitless
fluence
. . String (ISO 8601 format, e.g.
Daily Fluence, Start Time |24 hr 1 "2016-09-09T14:30:00Z")
Event Fluence in Progress > min during |4 (at >10, >30, >60 and >100 em” st
an event MeV)
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Data Type Refresh Number of values Units
Event Fluence, Complete [Per event 4 (at >10, >30, >60 and >100 em? st
MeV)
Number of points in event Per cvent 1 unitless
fluence
Peak Event Flux in 5 min during |4 (at >10, >30, >60 and >100 2 1 -1
cm” s sr
Progress an event MeV)
Peak Event Flux, Final Per event 4 (at >10,>30, >60 and >100 em? st sr!
MeV)
. 4 (at>10, >30, >60 and >100 String (ISO 8601 format, e.g.
Event Start Time Perevent |\ rovy "2016-09-09T 14:30:00Z")
. 4 (at>10, >30, >60 and >100 String (ISO 8601 format, e.g.
Event Peak Time Perevent 1\ revy "2016-09-09T14:30:00Z")
. 4 (at>10, >30, >60 and >100 String (ISO 8601 format, e.g.
Event End Time Perevent 1\ revy "2016-09-09T14:30:00Z")
Event Duration Per event 4 (at >10, >30, >60 and >100 S

MeV)
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4.0 TEST DATA SETS AND OUTPUTS

4.1 Proxy Input Data Sets

The proxy data come from the set of integral fluxes produced in real-time by SWPC and
its predecessors from GOES-8 (1995-2003) and GOES-11 (2003-2010) by the legacy
Integral Flux algorithm [Zwickl, 1989].

4.2 Test Results Using Proxy Inputs

The purpose of the test is to run the algorithm on a multi-year time series including both
quiet and active periods. The quiet periods serve to test whether false positives are
generated; the active periods allow the products of the new algorithm to be compared to
previous results.

Examples of testing of the algorithm’s event onset and end determination functions are
shown in Figure 2, Figure 3, Figure 4 and Figure 5 for the four energies (>10, >30, >60
and >100 MeV). The period shown is July-December 2000, which includes the Bastille
Day 2000 event. The event onsets and ends are determined independently for each
energy. Several features characteristic of this algorithm can be noted. First, although
some very weak events are not identified, there are no false positives during this period.
This is a result of selecting the dynamic threshold criterion. Second, subsequent events
superposed on an initial event are not detected as separate events. In the case of the
Bastille Day event, there is a precursor event on July 13 in the >10 MeV fluxes that is not
detected at higher energies. This precursor event does not reach the S1 level, either, but
using this detection method it is (appropriately) included in the integral fluence estimate.
In November and December, the detected event in the >10 MeV fluxes lasts nearly one
month, while it is separated into two or three events in the higher energies. This is a
function of the more gradual decay of the event as well as the chosen thresholds. A
higher threshold in the >10 MeV fluxes might separate this event into two events but
would result in other, weaker events being missed. The practical result is that the >10
MeV event fluence calculation continues throughout this period but is only slightly larger
than the sum of the fluences from two separate events (with a higher threshold) would be.
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> 10 MeV Inlegral Profon Fluz (g08_eps_5Sm_intflus_prozy_2000_07—-12.sav) [start 40 / end o] [CDR]
T T T T T T T T T T T T T T T T T T T T T T T

10
70*
10"

cm{s"r"

10°)

.01 07.02 07.0307.0407.05 07.06 07.07 07.08 07.0807.1007.11 07.1207.1307.1407.1607.16 07.17 07.18G7.18 07.20 07.21 07.22 07.23 07.24 07.26 07.26 07.27 07.28 07.258 07.80 07.31 08.

ot

> 10 MeV Integrel Proton Fluz (g08_eps_5Sm_intfluz_prozy_2000_07-12.sav) [start 40 / end 7c] [CDR]
T T LiAs s T T T T T T
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.07 08.0208.0308.04 08.05 08.06 08.07 08.08 08.08 08.1008.11 08.1208.1308.1408.45 08.16 05.17 08.18 68,18 08.20 08.21 08.22 08.23 08.24 08.25 08.26 08.27 08.28 08,28 08,30 08.57 08.
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> 10 MeV Integral Proton Flur (g08_eps_5m_intflur_proxy_2000_07—12.sav) [start 4¢ / emd 70] [CDR]
i i S T L i e e L e L e L

.01 05,02 09.0302.04 09.05 09.06 09.07 09.08 09.02 00,10 09.11 02.1208.1309.1409.1509.78 09.17 09.18 09.19 09.20 08.21 09.22 09.22 03.24 09.26 09.26 09.27 09.28 09.29 09.30 10.07 10.
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> 10 MeV Integrel Proton Fluzx (g08_eps_Sm_intfluz_proxy 2000_07-12.sav) [start 40 / end 10] [CDR]
L L e L o L T L e L L L b Ll L i

.62 10.08 10.04 10.05 10.08 10.07 10.08 10.08 10.f0 10.11 10.1210.1310.1410.1510.96 10.97 10.18 0. 19 10.2010.21 10.22 10.2310.24 10.25 V0.26 10.27 10.28 10.20 10.30 10.81 11,071 11,02
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107)
0%
o

g gyt

> 10 MeV Iniegral Proton Fluzr (g08_eps_5m_inifluz_prozy 2000_07-12.sav) [start 40 / end fo] [CDR]
i i T L B L e i i B

1o°
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GZ211.08311.0411.0611.0671.0711.0811.09 (1. 7071109111217 18111411, 1671.1871.77 1. 18F1.19711.201F.27111.2211.2811.2411.2611.2611.27711.2811.29171.3012.0112.0212.08

> 10 MeV Integral Proton Flux (g08_eps_5m_intfluz_proxy_2000_07-12.sav) [start 40 / end 70] [CDR]
e i e i e il A b s s

12,

031204 12.0512,0612.0712.0812.00 12,10 f2.11 12,1212 181214121512 1612 1712.71812.1812 201221 12221223 1224122512 2612.27 12.2812.2912.830 12,31 01.01 01.0201.08

Figure 2. GOES-8 >10 MeV integral flux, July-December 2000, and event onsets and ends detected
by this algorithm. Maroon bars indicate extent of event. The lighter colored, noisier trace represents

the 5-minute integral fluxes. The
running average plus 4-sigma.

darker, smooth traces represent the running average and the
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> 30 MeV Iniegral Profon Fluz (g08_eps_5Sm_intflus_prozy_2000_07—-12.sav) [start 5¢ / end fo] [CDR]
T T T T T T T T T 1 i T T T T T T T T T T T T

10 T T T T

10717
10k 1 1 1 1 L I 1 L L 1 L 5 5 5 1 1 1 1 L L 1 1 L L L L J
07.61 07.02 07.08 07.04 07.05 07.06 07.07 07.08 07.09 07.10 07.11 07.12 07.13 07. 14 07.15 07.16 07.17 07.18 07.18 07.20 07.21 07.22 07.23 07.24 07.26 07.26 07.27 07.28 07.25 07.30 07.51 08.01

> 30 MeV Integrel Proton Fluz (g08_eps_5Sm_intfluz_prozy_2000_07-12.sav)
T T LiAs s T

10° T T T T T T T T

[start 5¢ / end o] [COR]
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107k
10k 1 1 1 I} 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L L L L L 1 1 |
08.07 08.0208.03 08.0408.05 08.06 08.07 08.08 08.03 08,10 08.11 08.1208.1308.1408.4508.16 08.17 08.18 08.159 08.20 03.21 08.22 08.22 08.24 08.25 08.25 08.27 08.28 08.25 08.30 08.37 02.01

> 30 MeV Integral Proton Flur (g08_eps_5m_intflur_proxy_2000_07—12.sav) [start 5¢ / emd 70] [CDR]
i i S T L B e e L e e e L

HY T T T

3
e L B

10! .
107" 1 1 1 1 L L 1 L L 1 1 L L L 1 I L L L L 1 1 L L L L ]
09.07 09,02 09.03 09.04 09.05 09.06 09.07 09.08 09.09 09.10 09.17 09.1209.13 09. 14 09,15 09.76 09.17 09.18 09.19 09.20 09.21 09.22 09.28 09.24 09.26 09.26 09.27 6.28 09.29 09,30 10.07 10.02

> 30 MeV Integrel Proton Fluz (g08_eps_Sm_intfluz_proxy 2000_07-12.sav) [start 5¢ / end 70] [CDR]
10 LA L L L B L T L e L L L bl Ll L L i

T T T
10"
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10.0210.0810.04 10.0510.08 10.07 10.08 ¥0.08 10.10 10.17 10.1210.1810.1410.1570.946 10.1710.18 10.19f0.20 10.2¢ 10.22 10.2310.24 10.25 10.26 10.27 10.28 10.20 10.830 10.37 11,01 11.02

> 30 MeV Iniegral Proton Fluzr (g08_eps_5m_intfluz_prozy 2000_07-12.sav) [start 5¢ / end fo] [CDR]
T T T L B L e i e
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> 30 MeV Integral Proton Flux (g08_eps_5m_intfluz_proxy_2000_07—-12.sav) [start 5¢ / end 7c] [CDR]
i e i i s s

10 T T T T

10°)
fD"F
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Figure 3. GOES-8 >30 MeV integral flux, July-December 2000, and event onsets and ends detected
by this algorithm. Maroon bars indicate extent of event. The lighter colored, noisier trace represents
the 5-minute integral fluxes. The darker, smooth traces represent the running average and the
running average plus 5-sigma.
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> 60 MeV Iniegral Profon Fluz (g08_eps_5Sm_intflus_prozy_2000_07—-12.sav) [start 8¢ / end fo] [CDR]
T T T T T T T T T T T T T T T T T T T T T T

10° T T T T
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10-Bunin L I L 1 1 L 1 1 L e v v v e e L L Sl L L L L L L Lovriaail
07.61 07.02 07.08 07.04 07.05 07.06 07.07 07.08 07.09 07.10 07.11 07.12 07.13 07. 14 07.15 07.16 07.17 07.18 07.18 07.20 07.21 07.22 07.23 07.24 07.26 07.26 07.27 07.28 07.25 07.30 07.51 08.01

> 60 MeV Integrel Proton Fluz (g08_eps_5Sm_intfluz_prozy_2000_07-12.sav)
T T LiAs s T

10 T T T T T T T T

[start 6¢ / end o] [COR]
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> 60 MeV Integral Proton Fluxr (g08_eps_5m_intflur_proxy_2000_07—12.sav) [start 6¢ / end 70] [CDR]
i i S T L B e e L e L e L
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107k
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> 60 MeV Integrel Proton Fluz (g08_eps_Sm_intfluz_proxy 2000_07-12.sav) [start 60 / end 70] [CDR]
e T L e L L L b Ll L i
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10.0210.0810.04 10.0510.08 10.07 10.08 ¥0.08 10.10 10.17 10.1210.1810.1410.1570.946 10.1710.18 10.19f0.20 10.2¢ 10.22 10.2310.24 10.25 10.26 10.27 10.28 10.20 10.830 10.37 11,01 11.02

> 60 MeV Integral Proton Fluz (g08_eps_5m_intfluz_prozy 2000_07-12.sav) [start 8¢ / end fo] [CDR]
T ST T L B L e i e L
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> 60 MeV Integral Proton Flux (g08_eps_5Sm_intfluz_proxy_2000_07-12.sav) [start 6¢ / end 7c] [CDR]
i e i ki ot b b
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Figure 4. GOES-8 >60 MeV integral flux, July-December 2000, and event onsets and ends detected
by this algorithm. Maroon bars indicate extent of event. The lighter colored, noisier trace represents
the 5-minute integral fluxes. The darker, smooth traces represent the running average and the
running average plus 6-sigma.
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>100 MeV Integral Proton Fluz {g08_eps_Sm_intfluz_prozy_2000_07—12.sav) [siart 8o / end fo] [CDR]
T T T T T T T T T T T T T T T T T T T T T T
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>100 MeV Integral Proton Fluz (g08_eps_Sm_intfluz_prozy_2000_07—12.5av)
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>100 MgV Iniegral Proton Fluz {(g08_eps_Sm_intflur_prozy_2000_07—12.sav) [start 60 / end to] [CDR]
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>100 MeV Iniegral Proton Fluz (g08_eps_Sm_intfluz_prozy_2000_07-12.sav) [start 60 / end o] [CDR]
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>100 MeV Iniegral Proion Fluz (g08_eps_5m_intfluz_prozy_2000_07—12.sav) [stari 6o / end o] [CDR]
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>100 MeV Iniegral Proton Fluz (g08_eps_Sm_iniflus_prozy_2000_07—12.sav) [siert 6o / end o] [CDR]
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Figure 5. GOES-8 >100 MeV integral flux, July-December 2000, and event onsets and ends detected
by this algorithm. Maroon bars indicate extent of event. The lighter colored, noisier trace represents
the 5-minute integral fluxes. The darker, smooth traces represent the running average and the
running average plus 6-sigma.

The performance of this L2+ algorithm is evaluated against an expert analysis (EA) of
SPE onsets, ends and fluences by Dr. Christopher Balch of SWPC (private
communication, 2012). The results are shown in Table 7 for SPEs observed by GOES-8
(1995-2003). (Since apart from imprecision in the hundredths place, the peak fluxes and
associated times match exactly, their statistics are not shown in this table.) The time
differences are given in minutes for the onset and days for the end, with a negative
difference indicating that L2+ is early with respect to EA. The fluence differences are
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given as percentages; negative percentages indicate lower fluences from L2+ than from
EA. If a single event detected by L2+ corresponded to multiple events separated out by
EA, as in the November-December 2000 event (Figure 2), the multiple events are
combined for the purpose of this comparison..SPEs detected by only one of the two
methods could not be included in this comparison. On the one hand, L2+ detects some
weaker SPEs not identified by EA. On the other hand, in the case of a soft energy
spectrum, the SPE may not be detected by L2+ at higher energies although EA gives a
result based on the >10 MeV identification.

Table 7. Comparison of event detection by L2+ algorithm and by expert analysis of GOES-8 SPEs

(1995-2003).

Statistic Onset End >10 MeV >30 MeV >60 MeV >100 MeV
fluence fluence fluence fluence
# of SPEs 33 36 28 28
Mean -342.4 min 2.83 days +13.8% +10.4% -0.8% -2.5%
25%ile 0 min 0.83 days +0.4% -0.1% -5.1% -7.9%
50%ile 5 min 1.52 days +1.4% +0.8% -0.5% -0.7%
75%ile 15 min 2.59 days +9.4% +3.7% +0.4% +0.2%

The median performance of the onset detection is that L2+ is 5 minutes late with respect
to EA — the time resolution of the input fluxes. The very large negative mean is due to
events like the Bastille Day 2000 SPE (Figure 2) with a weak precursor not included by
EA. The >10 MeV event ends detected by L2+ tend to be days later than those detected
by EA. This longer period increases the >10 MeV fluences by only a few percent since
the fluxes in question are low. The >30 MeV fluences exhibit similar behavior, though
less pronounced. In contrast, the >60 and >100 MeV L2+ fluences tend to be slightly
smaller than those from EA. These results show that the performance of the L2+
algorithm is comparable to that of an expert, the major difference being the ability to
identify multiple superposed events, which is not a requirement of the L2+ algorithm.
(The Rate-of-Rise algorithm does have a requirement to detect individual superposed
SPEs if their rise times are sufficiently rapid.) The energy dependent event thresholds
can be tuned to achieve slightly different results if desired, but this must always be
balanced against the number of false positives. The current thresholds give no false
positives, but they do miss some very weak events.

An example of the steps through which an event is detected is shown in Figure 6 (the 20
April 1998 SPE). In the >10 MeV fluxes, due to the selected threshold, there are several
false onsets prior to the actual event onset (midway through 20 April) that end very
quickly according to the algorithm. In contrast, due to the relatively higher threshold, the
>100 MeV fluxes do not exhibit this behavior prior to the actual onset. This is a fairly
rapidly rising event; therefore, the red cross (‘start’) indicating when the candidate event
qualifies as an event, based on the running mean (green trace) reaching the SO level, is
shown just before the >10 MeV event flux reaches the S1 level. This is not a problem.
This SO criterion is designed for slow, noisy events; if the event flux had reached the S1
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level before the running mean reached S0, it would have been verified immediately. The
blue squares indicate when the integral fluxes reach the levels of the Solar Radiation
Storm Scale (e.g., S1); the red asterisks indicate when three consecutive measurements
meet or exceed this level, resulting in a level change. Similarly, the orange squares
indicate when the integral fluxes drop to 75% of the current level, and the red asterisks
indicate when there are three of these in a row.

Hardcopy Uncontrolled



NOAA/NESDIS/NGDC ALGORITHM THEORETICAL BASIS DOCUMENT
Version: 1.1
Date: May 20, 2014

GOES-R SEISS.20 Solar Proton Event Detection
Algorithm Theoretical Basis Document Page 39 of 45

Event Detection : 08

210 Mev I Threshald
+ Event Start o Up Threshold By
x Event Lavel Change Dewn Threshald g 4 50
A Event End x Onset ”
0% = - L L L __________ —

Integral Flux (em™ 7" sr7')
2
I
I
I
|
|
I
I
I
I
I
I
I
I
I
I
|
|
|
I
I
I
I

4

10— - - o ____________ —
fipm—
"l
1972 |
1995&%4 20 1993{;054#20 1995{;%4 21
Dates
N Event Detaction : 08
T 2100 Mev T Threshold
+ Event Stort o Up Threshold By
x Event Lavel Change Dawn Threshald vy 4 S0
| g Bentind X ot i .
0% = - L L L __________ —
i
b
o
b
£
A e o o —
3
2
K
5
3
E S —

1972 |
199820 teegt/a Teog
Dates

Figure 6. Event detection results for the 20 April 1998 event, (top) >10 MeV and (bottom) >100 MeV.
The blue x indicates the onset time of the event. The red cross (‘start’) indicates when the event
qualifies, based on the running mean reaching the S0 level. The blue (orange) squares indicate when
the threshold to increase (decrease) a level on the Solar Radiation Storm Scale is reached. The red
asterisks indicate when the level change occurs.
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5.0 PRACTICAL CONSIDERATIONS

5.1 Numerical Computation Considerations

The algorithm is straightforward to implement in software. Floating-point values are
used but double-precision floating-point is not required.

5.2 Programming and Procedural Considerations

The operational algorithm has been implemented in C++. It uses four classes:
FluenceClass (to calculate daily fluencies), EventClass (to perform the primary event
detection function and to calculate the event fluences), the IntegralFluxClass (to read the
input integral fluxes and to characterize the background levels using running means and
variances), and the SpecialEventClass (to identify when a solar proton event transitions
between levels on the NOAA SWPC Solar Radiation Storm Scale). These classes
include many member functions in order to maintain the readability and modularity of the
code.

5.3 Quality Assessment and Diagnostics

Candidate events for which start times are identified and recorded but are not
subsequently verified have no peak flux, end time or event fluence recorded for them.

5.4 Exception Handling

If a given 5-minute average is missing and replaced with a fill value, the algorithm
simply waits until the next sample.

5.5 Algorithm Validation

The results of the tests run on proxy data can be validated in part by comparing them to
the archived results of the legacy event detection algorithm. It would be prudent to
implement the new event detection algorithm prior to GOES-R launch and run it on the
existing GOES-13-15 integral flux product in a “proving ground” environment.

Following GOES-R launch, the event detection algorithm cannot be validated until the
SGPS L1b fluxes have been validated against the EPEAD channel fluxes and the SGPS
L2 integral fluxes have been validated against the EPEAD-derived integral fluxes.
Validation requires solar proton events. If GOES-R launches other than at the peak of a
solar cycle like Solar Cycle 23, it may not be possible to validate the Solar Proton Event
Detection algorithm during post-launch test (PLT) except as to its false positive rate. See
Table 8 for the constants that need to be validated post-launch.
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The configurable constants in Table 8 (set in ‘definitions.h’) will have to be validated
during PLT. Please refer to the section on “Mathematical Description” for how these
constants are used.

Table 8. Pre-Launch Values of the Configurable Constants in Solar Proton Event Detection

Algorithm

1 >10 MeV >30 MeV >60 MeV >100 MeV
n 48 48 48 48

n (eta) 0.5 0.5 0.5 0.5

SO 1 pfu 0.5 pfu 0.3 pfu 0.1 pfu

a 4 5 6 6

deona i 1 1 1 1

The constants n, o and d.,; are determined largely by the noise in the signal. SO is
affected by the integral flux background levels. The seed value n for the ratio of the
running standard deviation to the running mean is determined empirically (see 3.4.2).

6.2 Input and Output File Contents and Formats

The algorithm assumes that the input L2+ Integral Flux records for the eastward- and
westward-looking SGPS are separate, and therefore the eastward- and westward-looking
L2+ Event Detection outputs are separate.

6.3 Performance

It is assumed that the SGPS meets the performance requirements outlined in the GOES-R
MRD and SEISS PORD. In particular, the response to out-of-band particles (including
direction, energy range, and species) in any channel is no greater than 10% of the
response to in-band particles, as specified by the PORD (3.2.1.5), after Level 1b
processing. The out-of-band particles include electrons and out-of-band protons. It is
also assumed that this requirement is met both during and outside solar proton events. In
the latter case, when galactic cosmic rays are measured (the ‘G’ in SGPS), this would
obviate the need for a background removal as currently performed on the EPEAD
measurements. If this assumption is violated, a background removal function will have
to be added to the Level 2 Integral Flux algorithm, or the event detection algorithm may
not work.

6.4 Pre-Planned Product Improvements

The event fluences and peak fluxes are reported in flux units. It would be helpful to the
user community to also report them as a fraction of the same quantities in the 19 October
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1989 SPE, used to define the extreme solar proton event for spacecraft design purposes

(Table 5).
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APPENDIX A. REQUIREMENTS

The event detection algorithm has the following requirements:
General

20.01.01 The algorithm shall detect integral flux values crossing specified thresholds as
solar particle events.

20.01.02 The algorithm shall operate at a cadence of 5 minutes for Event Detection and
Linear Energy Transfer and 1 minute for Rate-of-Rise.

20.01.03 The algorithm shall perform all operations in less than 30 seconds.
Algorithm Inputs

20.02.01 The Event Detection and Rate-of-Rise algorithms shall ingest the integral flux
outputs of the SEISS.18 Integral Flux Algorithm.

Processing

20.03.01 The algorithm shall identify the energy-dependent event onset when the GOES
>10, >30, >60 and >100 MeV proton integral fluxes first exceed a level that is an
instrument-dependent multiple of one-sigma above a four-hour running average of the
background level.

20.03.02 The algorithm shall detect when the GOES >10 MeV proton integral fluxes first
exceed 10, 100, 1,000, 10,000, and 100,000 pfu.

20.03.03 The algorithm shall detect >10 MeV event thresholds when the GOES >10 MeV
proton integral fluxes first exceed 10, 100, 1,000, 10,000, and 100,000 pfu in three
consecutive samples.

20.03.04 The algorithm shall detect when the GOES >100 MeV proton integral fluxes
first exceed 1, 10, and 100 pfu.

20.03.05 The algorithm shall detect >100 MeV event thresholds when the GOES >100
MeV proton integral fluxes first exceed 1, 10, and 100 pfu in three consecutive samples.

20.03.06 The algorithm shall detect when the GOES >10 MeV proton integral fluxes first

decrease below 75% of 10, 100, 1,000, 10,000, and 100,000 pfu-in three consecutive
samples. (Note: The 75% criterion comes from JSC SRAG.)
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20.03.07 The algorithm shall detect when the GOES >100 MeV proton integral fluxes
first decrease below 75% of 1, 10, and 100 pfu in three consecutive samples.

20.03.08 The algorithm shall identify the energy-dependent event end when the end
conditions are all below the level that was used to define the event onset in three
consecutive samples.

20.03.09 The algorithm shall define event fluence as the time integral of the integral flux
above a given energy threshold between the event onset and event end.

20.03.10 The algorithm shall define daily fluence as the time integral of the integral flux
above a given energy threshold during one universal time day.

Algorithm Outputs

20.04.01 The Event Detection and Rate-of-Rise algorithms shall report all quantities for
both the eastward- and westward-looking Solar and Galactic Proton Sensors (SGPS).
(Note: since either SGPS may look westward, depending on the yaw-flip situation, the
event detection parameters need to be calculated for both directions.)

20.04.02 The algorithm shall report event onsets as defined in the threshold crossings in
requirements 20.03.01, 02, 03, 04 and 05.

20.04.03 The algorithm shall report the detection of flux decreases as defined in
requirements 20.03.06 and 07.

20.04.04 The algorithm shall report the event end time as defined in 20.03.08.

20.04.05 The algorithm shall report the >10 MeV, >30 MeV, >60 MeV, and >100 MeV
proton event fluences in progress at each reporting interval during the event and for the
complete event.

20.04.06 The algorithm shall report the peak >10 MeV, >30 MeV, >60 MeV, and >100
MeV integral proton fluxes and their times at each reporting interval during the event and

for the complete event.

20.04.07 The algorithm shall report >1 MeV, >10 MeV, >30 MeV, >60 MeV, and >100
MeV proton daily fluences for each universal time day.

Exception Handling

20.05.01 If a flux value is missing, the algorithm shall wait for the next valid flux value.
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Ancillary Data

20.06.01 The algorithm shall not ingest any ancillary data.
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