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ABSTRACT. Cutting-edge space weather forecasting demands quick user-friendly access to solar observations around the globe and agile cross-match functionality. In this paper, progress on a new quicklook service to be provided by the e-Callisto global network is
presented. The new service will include Deep-Neural-Network-based (DNN) solar burst identification taylored to each working e-Callisto station, automatic event reporting and a centralized database with cross-matches between satellite- and ground-based burst
catalogs. As an implementation example, missing e-Callisto reports from the past are being produced both in text and scatter-plot formats.

CONTEXT. Solar radio bursts (SRBs) play a key role in the study of particle acceleration and propagation processes at the heart of solar flares and coronal mass ejections:
* Since features like the presence of open magnetic field lines, shock waves or particle confinement are revealed by different types of bursts (types lll, Il and IV, respectively), good-quality burst identification and discrimination is crucial.
* Since early forecasting of potentially-hazardous Solar Energetic Particle (SEP) events hinges on the empirical association between SEPs and SRBs -the latter reaching us well in advance-, prompt burst reporting is a must.

e-CALLISTO. Event-scene reconstruction involves careful cross-matching of data collected both by space-borne devices, either in situ or via remote sensing, and by Earth-based observatories. Among the latter, the e-Callisto worldwide network (Fig. A) of inexpensive
radio spectrometers around the globe (193 as of July 2022, 70 of them providing daily data) offers full-day coverage of the Sun with the redundant event perspective given by typically ten to thirty stations active at any given time (B). Burst detection statistics for e-
Callisto stations are shown (Fig. C, June 2022). We are now heading towards solar maximum (see solar activity cycles Nos. 23, 24 and the onset of 25 in Fig. D in terms of bursts detected by NOAA stations since 1996).

Callisto Day/Night Map for 09 Jul 2022 09:50:04 (UTC), blue=no data, orange=data two days ago, red=current data Maximum possible observation time of the Sun on: 2022/07/08 Number of solar radio bursts observed in June 2022 within the ISWI instrument network e-Callisto Number of solar radio bursts observed since 1996 within the NOAA network
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A) FITS-format dynamic spectra in the 20 - 870 MHz station-dependent tunable frequency range from all e-Callisto stations are centralized at Fachhochschule Nordwestschweiz (FHNW), published on the internet in near-real time and quick-looked by an expert
before a daily burst report is issued based on human inspection. This kind of data, with significant spectral and time resolution, provides valuable information about prompt phases of SEP acceleration. In combination with satellite measurements of X-ray and
particle flux, it helps reconstructing the sequence of phases in episodic events: flare onset, early Coronal Mass Ejection (CME), mature CME. At long time scales, where short events ride over a continuum of solar activity in an 11-year-long cycle, this wealth of data
may become a mine for statistical studies of SRBs: types, duration, grouping, ordered sequences, solar cycle comparison. Yet, in order for the scientific community to benefit from its full potential, the implementation of automatic burst identification and event
reporting seems mandatory, as current manual inspection of thousands of files a day cannot be sustained much longer.
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B) Excerpts from an e-CALLISTO BURST REPORT (available only since 2020) and a NOAA-SWPC REPORT. :Date: 2022 07 01 4= DATE o
# Product: e-CALLISTO 2022 07.txt e-CALLlSTO BURST REPORT: DATE # Prepared by the U.S. Dept. of Commerce, NOAA, Space Weather Prediction Center

# Please send comments and suggestions to SWPC.Webmaster@noaa.gov

# Prepared by PI e-Callisto .
. —calli # Please send comments and suggestions to christian.monstein({at)irsol.usi.ch ° - #
A <« - C @ O B https://www.e-callisto.org/Data/data.html ag TIME: begln end # Missing data: //// STATION NOAA TYPE
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N - ey ~ pdated every 5 minutes. UALITY SPEC.TYPE
"ﬂ' Home ! Data \:‘\ REICIEE !ﬂ Software L. Documents S& Stations I'_./' Links ‘=& Products :. Contact DATE T,IME TYPE EJ;Q;I;LONS E_:_J :;LLYSPE ‘ Q x FREQ. )

Type Loc/Frg Particulars

20220701 03:23-03:23 ALASKA-COHOE, ALASKA-HAARP, Australia-ASSA, INDIA-UDAIPUR
: Mt Eosinaee 20220701 83:50-03:51 ALASKA-COHOE, ALASKA-HAARP, Australia-ASSA
Data access Lo s e SR P T T LIS A SRR Foc G 20220701 85:39-05:42 ALASKA-COHOE, ALASKA-HAARP, AUSTRIA-UNIGRAZ, Australia-ASSA, EGYPT-Alexandria, HUMAIN, INDIA-OC 0019 0024 S12W49
:  Eeime 20220701 06:42-06:43 AUSTRIA-UNIGRAZ, Australia-ASSA, GLASGOW, HUMAIN, INDIA-00TY, INDIA-UDAIPUR, SWISS-Landschlach
20220701 §7:52-07:53 AUSTRIA-UNIGRAZ, BIR, EGYPT-Alexandria, GLASGOW, GREENLAND, HUMAIN, HURBANOVO, INDIA-00TY, IND 0325 0331 1-8A B4.0 2.6E-04
20220701 11:36-11:45 AUSTRIA-UNIGRAZ, BIR, EGYPT-Alexandria, GLASGOW, GREENLAND, HUMAIN, (INDIA-UDAIPUR), MRO, SWISS 11 0323 025-180  III/1

20220701 13:00-13:00 GLASGOW, GREENLAND, HUMAIN, SWISS-Landschlacht
;b 20220701 15:45-15:45 GREENLAND, (HUMAIN), MEXICO-LANCE-A, MEXICO-LANCE-B 1117 0351 025-180  III/1

» Data access (FIT-files only) iy reme 2 20220701 16:33-16:38 GREENLAND, MEXICO-LANCE-A, MEXICO-LANCE-B
he e g 20220701 19:15-19:45 ALASKA-COHOE, ALASKA-HAARP, Arecibo-Observatory, GREENLAND, MEXICO-LANCE-A, MEXICO-LANCE-B i

e Dai i . i e Esie 20220701 20:22-20:22 ALASKA-COHOE, ALASKA-HAARP, (GREENLAND)
R EY 20220701 21:05-21:09 ALASKA-COHOE, ALASKA-HAARP, GREENLAND [ 0647 625-180  VI/1

4 Data access (FIT-files including Quickviewsj

0542 025-180 I11/1

- : . _ P 20220761 22:09-22:09 ALASKA-COHOE, ALASKA-HAARP, USA-ARIZONA-ERAU
» Daily light curves (Up to 5 light curves per instrument per day, showing frequency channels e 20220702 01:27-01:30 ALASKA-COHOE, ALASKA-HAARP, Australia-ASSA 0754 08060 1-8A B2.9

1115 1116 11:17 1118 1118 1120 11:21 1122 11:23 11:24 1125 11226 11:27 11:28 1129 P27 . _ _ o ,Irj',lrf 8753 025-180 III,IFZ
Observation time [UTC] 282260702 01:37-01:37 ALASKA-COHOE, ALASKA-HAARP, Australia-ASSA 8752 0753 245 196

0752 0752 410 25

20220702 06:30-06:30 AUSTRIA-UNIGRAZ, Australia-ASSA, GLASGOW, HUMAIN, INDIA-0OTY, INDIA-UDAIPUR, SWISS-Landschlacht
T 20220702 08:34-08:34 ALGERIA-CRAAG, ALMATY, AUSTRIA-OE3FLB, AUSTRIA-UNIGRAZ, BIR, EGYPT-Alexandria, GLASGOW, GREENLA
_ ) _ _ _ HEITERSWIL, SWISS-IRSOL, SWISS-Landschlacht, SWISS-MUHEN
o Event lists 1972-1992 List of radio bursts observed with the spectrometer Daedalus in the range 100 - 1000 MHz (A. 0. Benz) 26220702 11:17-11:18 111 Arecibo-Observatory, EGYPT-Alexandria, GLASGOW, GREENLAND, SWISS-HEITERSWIL, SWISS-Landschlacht 1136 1136 610 33
20220702 11:24-11:27 I1I AUSTRIA-UNIGRAZ, Arecibo-Observatory, BIR, EGYPT-Alexandria, GLASGOW, GREENLAND, HUMAIN, INDIA 1136 1136 210 110
» Event lists 1998-2010 List of radio bursts observed with the spectrometers Phoenix-2 and Phoenix-3 in the range 100 - 3'000 MHz, resp. 100 - 5000 MHz (A.O. Benz) [ 208220702 13:13-13:18 111 ALASKA-COHOE, ALASKA-HAARP, AUSTRIA-OE3FLB, AUSTRIA-UNIGRAZ, Arecibo-Observatory, BIR, EGYPT-A 1137 1137 245 100
SWISS-HEITERSWIL, SWISS-IRSOL, SWISS-Landschlacht, SWISS-MUHEN
: - . H - 20220702 14:54-14:56 v? ALASKA-COHOE, ALASKA-HAARP, ALGERIA-CRAAG, AUSTRIA-OE3FLB, AUSTRIA-UNIGRAZ, Arecibo-Observator
4 2012 - 2019 no CALLISTO burst lists availableldue to lack of man-power...Volunteers welcome. undocumented period Daily e-CALLISTO NM, SJBI)-PERALEJOS, SWISS-HEITERSWIL, SWISS-IRSOL, SWISS-Landschlacht, SWISS-MUHEN, TRIEST, USA-ARIZONA-ERAU 111 1133 ®25-186  II1/1
. BURST REPORTS 20220702 16:27-16:28 I1I ALASKA-COHOE, ALASKA-HAARP, AUSTRIA-OE3FLB, AUSTRIA-UNIGRAZ, Arecibo-Observatory, BIR, EGYPT-A 111/ 1300 044-084 I1II/1
» Event lists 2010, 2011 andl>:2D20 List of radio bursts observed with e-Callisto (C. Munstein]l documented period: HEITERSWIL, SWISS-Landschlacht, SWISS-MUHEN, USA-ARIZONA-ERAU

: i : 26220702 16:38-16:43  II1  ALASKA-COHOE, ALASKA-HAARP, AUSTRIA-OE3FLB, AUSTRIA-UNIGRAZ, Arecibo-Observatory, BIR, EGYPT-A .
only 1 station 2020 - present (visual inspection) Landschlacht, SWISS-MUHEN, USA-ARIZONA-ERAU Y i1 1545 111-150  II1/1

20220702 18:15-18:20 II1 ALASKA-COHOE, ALASKA-HAARP, Arecibo-Observatory, BIR, GLASGOW, GREENLAND, MEXART, MEXICO-LANCE /1] 1638 036-082 III/1 ¥
20220702 20:49-20:50 111 ALASKA-COHOE, ALASKA-HAARP, GREENLAND, MEXART, MEXICO-LANCE-A, MEXICO-LANCE-B 117 1708 025-075  VI/1
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DEEP LEARNING. The NVIDIA Deep Learning GPU Training System (DIGITS) is used to train AlexNet, a
convolutional neural netw.or!(, to.dlscrlmlnate .b.urst signals (Yeas) from n0|.se (Nays), both given as input. RAW DATA - SPECTROGRAM BACKGROUND SUBSTRACTION
The network output (prediction) is the probability P(Yea) for each observation to be a burst. Let us follow [ @wmoa S— sew@

the stages of the process: | L i FRAMES.png (1 minute)® GRE-PROCESSING )
256 x 256

A) PRE-PROCESSING (steps and goals) time freq Transfer to DIGITS )

1) Background subtraction: the average spectrum over a 15-minute run is subtracted, thereby eliminating

those noise sources which are constant during the run. 2) Frequency range selection: avoid observatory- G'SUA" |NspEc'|10|'D -

dependent noise-swarmed frequency channels. 3) Split spectrogram into 1-minute frames: enhance burst ] TARGET DATABASE

features and adapt resolution to DNN requirements (256 x 256-pixel PNG format). TRAINING DATABASE FRAMES.png (1 minute)

3600 pixels i YEAS NAYS

B) TRAINING OF AN IMAGE CLASSIFIER OR MODEL. s sustoder /- NoBurst foder

1) Build training database: made of two sets of frames, one from documented bursts (YEAS folder) and the GUN CLASSIFICATION MOO%

other from background data (NAYS folder). 2) Model generation: optimize network parameters (epochs, ' . Y Sl

gradient solver, train/validation/test percentages) and obtain the final set of convolutional weights (“the ' MODEL GENERATION (ALEXNET) 1 / // /

classifier”). 3) Model performance evaluation: we set as figures of merit the percentages of False Negatives Parameters, train / validation / test | PREDICTIONS TABLE ggtg?;rg Egggms
FN (true bursts “missed” by the classifier) and False Positives FP along with the fraction of runs with at least J Frame P(Y) P(N)

one positive prediction -the subset of runs the user will want to study in more detail. The (ground) truth of
a prediction is assessed using Callisto Burst Reports issued by an expert on duty. Lessons learned from ELASSIER DO MODEL

adjusted weights

careful study of False Negatives and False Positives are incorporated as feedback to improved models; in ;e;dozﬂeclk

this process, a number of UNREPORTED BURSTS, unnoticed to the human inspector, are discovered. By ; } | B foe;dotaﬂeﬁk PERFORMANCE generator

default, the threshold P(Yea)>P_thresh for the Yea/Nay decision is set to 50% but optimization of this | i generator i ELALEERET

parameter, currently underway, holds room for further improvement. EVALUATION

—>

C) RUN CLASSIFIER through the TARGET DATABASE to obtain PREDICTIONS [frame, P(Yea)] and final Cropping of aspectrogram i 15 parts (one per minute). S
PRODUCTS. Currently, the pipeline generates the following PRODUCTS: Every square is a 256 x 256 PNG file.

- for documented data (ground truth is know): re-evaluate performance (dynamic feedback to model)

- for undocumented data: NEW EVENT REPORTS (Fig.4B)

A) PERFORMANCE EVALUATION of automatic burst identification models for 3 e-Callisto stations (Glasgow, UK; Landschlacht, A _—

; . . ) ) ) GLASGOW Single, 50 14.8
Switzerland; ASSA, Australia) using one year’s worth of data (2021, human inspection reports available). In general we are now STEREO WAVES beacon data for 2022/06/18

S : , ; i LANDSCHLACHT Single, 50 13.7
capable of filtering out >87% (100%-13%) of the total data flow, while keeping >86% of the bursts, with most, if not all, of the Yy — Single, 50 e

missing bursts being very weak ones. Initially, so-called “single” models, where training datasets contain images only from ) Single -~
35

the target station, were tested; now, for comparison, “hybrid” models have been included in our study, with similar or better » Single
results. The table also shows the effect of the probability threshold (P_thresh): imposing a higher threshold (fewer images pass the AT Hybrid, 50
filter) results in an increase in False Negatives and a decrease in False Positives. ASSA-Australia Hybrid, 50

13.1
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B) AUTOMATIC BURST REPORTS FOR THE UNDOCUMENTED PERIOD (2012-19) are now being produced. Hybridg b o
Wi

A preliminary example with a month’s worth of data from the BIRR Observatory (July 2014) is shown where only one other B AUTOMATIC BURST REPORT

e-Callisto station (Glasgow) and the NOAA-SWPC report are cross-examined. BIRR STATION CROSS MATCH with:
# results BIR2014 07

Cross-match In_NOAA

Energy [MeV]
"

C) AUTOMATIC STATION-vs-TIME SCATTER-PLOT OUTPUT (preliminary): minute-by-minute burst coincidences for 17 e-Callisto

stations (ordered by geographic longitude) and the NOAA list (first row, in blue). This information, to be issued in near-real time [Sspsdiss

along with automatic burst alerts, will be useful for both immediate space weather and deferred scientific usage. ;g;:g;g:
20140701
D) Recent example (June 2022) of burst cross match between e-Callisto and space-borne observatories (STEREO/Swaves and [esptbes o3 1700 04.24-08:28 00 20-06. 101

recently-launched Solar Orbiter). 20140701 : : : : : :58,06:50-08:16]
20140701 : : : : : :58,06:50-08:16]
20140701 : : : : : :58]

IMMEDIATE FUTURE: A second e-Callisto data center is currently being installed at Casa del Doncel, Sigiienza, Spain, which will Fsepss 23.17:00 09124 27140

mirror the server at FHNW and offer automatic solar radio burst detection, cross-matching and reporting capabilities via an open- [Es¢ssbe : : : : : :2%

access web service for the space weather community. 20140701 : : : : 46,15:08-22:38]
201408701 : : Yes[16:11-16:14,03:53-17:00,09:24-22:46,15:08-22: 1750 1799 A0 TROL AB02 1003 L eervation time [UTC) T e 100 A8 2
201467681 *1R-16" YeslA3:53-17:00 A9:24-22:-4A4 15:AR-27:38]

c =N AUTOMATIC BURST DETECTION & CROSS MATCH: November 2nd, 2014
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