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Abstract

During the ascending and maximum phases of the current 25" solar cycle the Liulin-MO
dosimeter aboard Trace Gas Orbiter registered a considerable number of solar energetic
particle events. The catalog presented here lists the 27 events observed till June 2025
summarising the main characteristic of each event — its dosimetric parameters, the relation of
the event with a coronal mass ejection and a flare in the sun, Erath’s effect.
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1. Introduction

Solar energetic particles (SEP) are injected into the heliosphere following energetic solar
eruptions. While the galactic cosmic rays (GCR) represent an unceasing flux through the
heliosphere, though with low intensity but with energies up to 10%° eV/nucleon, SEP are
randomly distributed events. Two different acceleration mechanisms are believed to be most
responsible for accelerating SEPs: magnetic reconnection during solar flares and shock
acceleration at coronal mass ejection (CME)-driven shocks [Reames 1999; Kallenrode,
2003]. The flares themselves release impulsive events while the CME shocks produce gradual
events [Cliver and Cane, 2002]. High fluxes of charged particles (mostly protons, some
helium and heavier ions) with energies up to several GeV and intensity up to 10*cm2s 'sr !
are emitted. The time profile of a typical SEP event starts with a rapid increase in flux,
reaching a peak in minutes to hours. Although SEPs are more likely to occur around solar
maximum, such events are at present unpredictable with regard to their times of occurrence
and it cannot be assumed that SEPs will not occur under solar minimum.

The Liulin-MO dosimeter [Semkova et al., 2018] is a module of the Fine Resolution
Epithermal Neutron Detector (FREND) instrument [Mitrofanov et al., 2018] aboard Trace
Gas Orbiter (TGO). TGO was launched in March 2016; reached Mars in late September 2016
and till March 2017 orbited the planet at high elliptic orbits. After a year of aerobraking TGO
was inserted into a Mars circular orbit with 400 km altitude (varying within £25 km in every
orbital pass), 74% inclination, ~ 2 hours orbit period.

Liulin-MO has provided and is providing in-situ measurements of the radiation
environment during the TGO interplanetary travel and at Martian orbit. During the declining
phase and the minimum of the 24" solar cycle, from 2016 till June 2021 only GCR were
registered. With the increasing solar activity in the 25" solar cycle registration of SEP events
at Martian orbit started. From July 2021 to the end of June 2025 twenty seven SEP events
were observed. Different characteristics of the SEPs registered till October 2024 were
discussed in [Semkova et al. 2022; Semkova et al., 2023; Semkova et al., 2024; Semkova et
al., 2025].
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The aim of the present work is to summarise in a manner suitable for easy perception the
characteristics of all 27 SEP events registered till June 2025 at Mars orbit — their dosimetric
parameters, the relation of each event with a coronal mass ejection and a flare in the sun, a
possible effects on Earth.

2. Catalog of Solar Energetic Particles Events at Martian Orbit during the Current
Solar Cycle
2.1. Complementary tools

To relate the observed SEPs at Martian orbit to solar phenomena, we use the information
provided in the CME lists in the on-line catalogues: Solar Eruptive Event Detection System
(SEEDS, http://spaceweather.gmu.edu/seeds/) and the CDAW catalog
(https://cdaw.gsfc.nasa.gov/CME_list/), [Gopalswamy et al., 2009]. SEEDS uses images
from the Solar and Heliospheric Observatory (SOHO) Large Angle and Spectrometric
Coronagraph (LASCO) [Brueckner et al., 1995] C2 telescope and the outer coronagraph
(COR2) of the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI)
[Howard et al., 2002] on board the Solar Terrestrial Relations Observatory (STEREO). The
CDAW catalogue uses images from SOHO/LASCO C2 and C3 telescopes.

We have used data on solar flares provided by the data center for the Spectrometer and
Telescope for Imaging X-rays (STIX) on board the Solar Orbiter [Muller et al., 2020; Xiao et al,, 2023],
https://datacenter.stix.i4ds.net/view/flares/list, github.com/hayesla/stix_flarelist science.

The following data on SEP events have also been used:

- In Earth vicinity — from the NOAA Space Weather Prediction Center catalog of the Solar
Proton Events Affecting the Earth Environment (https://www.ngdc.noaa.gov/stp/space-
weather/interplanetary-data/solar-proton-events/SEP%20page%20code.html)  and
Catalogues of Solar Proton Events in the 20-25 Cycles of Solar Activity on the space weather
website of the SINP MSU (https://swx.sinp.msu.ru/apps/sep_events_cat/);

To present the mutual longitudinal location of Mars and the spacecraft carrying the
coronagraphs, we use the Solar-MACH on-line plotter https://solar-mach.github.io/ [Gieseler,
et al., 2022]. The plots are in the Stonyhurst System of heliographic coordinates and they
present the projections in the Sun equatorial plane during the discussed events. Since the
propagation of high-energy charged particles in interplanetary space is controlled by the
interplanetary magnetic field, we used the field lines (FL) modeled by that tool and
connecting Mars and the satellites carrying the coronagraphs SOHO, STEREO A and Solar
Orbiter (SolO) spacecraft to the Sun.

The GOES-18 [Kress et al., 2020] proton fluxes data used in the paper for the comparison
with the Liulin-MO fluxes is downloaded from the space weather website of the Institute of
Nuclear Physics of Moscow State University (section “INSTRUMENTS”)
https://swx.sinp.msu.ru/tools/ida.php?gcm=1. The data on GOES proton fluxes in cm2ssr?
are multiplied by 27 to compare with the Liulin-MO fluxes in cms™. In the analysis of the
GOES data, the paper also uses plots from NOAA/NWS Space Weather Prediction Center at
https://www.swpc.noaa.gov/products/goes-proton-flux and from Space Weather Data Portal
(https://lasp.colorado.edu/space-weather-portal) of the University of Colorado Boulder and
Space Weather Technology, Research, and Education Center, “SWx TREC Space Weather
Data Portal”, Laboratory for Atmospheric and Space Physics,
2019, https://doi.org/10.25980/NMEX-XX89.

2.2. Description of the Catalog

The catalog is presented in Table 1 below. From left to right:
- First column: Start time of the observed SEP event in Liulin-MO data;
- Second column: Approximate duration of the SEP event;
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- Third column: Total dose from background GCR and SEP (in Si) during the event /total
dose from SEP (in Si) during the event;

- Forth column: Maximum dose rate from GCR and SEP measured during the event;

- Fifth column: Maximum flux from GCR and SEP measured during the event;

- Sixth column: Drawing of the mutual location of Mars (TGO) and the three spacecraft carrying
the coronagraphs (the location of the SOHO/LASCO spacecraft is annotated as ‘Earth’);

- Seventh column: Time profiles of Liulin-MO and GOES flux increase during the event.

- Eighth column: Details of CME related to the corresponding event-type, onset time, an

appropriate image of LASCO C2 or STEREO A Cor2. Annotation:
*  According to CDAW C2+C3 catalog

**  According to SEEDS LASCO C2 catalog

*** According to SEEDS SECCHI COR2 catalog

- Ninth column: Details of X ray flare related to the corresponding event, observing satellite

and approximate peak time of the flare and location. Annotation:
+  NOAA catalogue

++ SINP MSU catalogue

+++ Solar Orbiter STIX catalog
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Table 1: Catalog of Solar Energetic Particles Events registered by Liulin-MO at Martian Orbit during the Current Solar Cycle

Xray flare
Start time | D% | Totaldose/ | paximum | Maximum Time profiles of Liulin-MO and CME class
rati total dose . _ (GOES
of SEP on from SEPs dose rate flux Location GOES-18 Type scale)
event [UT] [h] (|n SI) [uGy] [I.le/h] [Cm'ZS'l] flux rates onset UT flare list
location
555 «Behind
17 July al the E limb
2021, 23 | 444.9+44.5/ 203+2 | 425402 halo CME Behind
09:06 96.24+9.6 L 04:55:05 limb event
’ - 05:04:45,
17 July 2021
1 *East limb
partial halo
17 3 CME
September | 37 | 757£76/ 25.642.6 | 4.5+0.2 i 04:05:17 — Backside
2021, 07:12 185+19 £, 04:17:47, event
17
1 September
Sep-17 00700 Sep-18 0000 - Sep-1900:00 Sep-20 0f 2021
*Halo CME, ++X1.0
15:25:32 - 28
28 October 79 7700+770/ 402+402 | 48.5+2.43 o Ny October
2021, 16:55 = e 15:32:36,
6500+650 - 2021,
28 October 1517
~ 2021 '
. S26W05
o - ) ’ ‘ 717‘7’;/10/25 17:00
147 Topic: Instrumentation for Space Weather Monitoring




Proceedings of

the Seventeenth Workshop “Solar Influences on the Magnetosphere, Tonosphere and Atmosphere”

Primorsko, Bulgaria, June, 2025

2022-02-15 21:45 (UTC)

e Behind the
weenwi|  @ast limb
halo CME ++M1.3
15 February 1500041500/ # 21:25, 15
. + 1009+101 | 109.7+5.5
2022, 23:00 | 76 | 3800:1380 15 Pehnary February,
from 18:15
4g()ldr-!\iACH STEREO A
L a— awe =21 EUV images
I | ® - w2 | *Behind the
ket W limb
14 March o partial halo
2022, 17 328.1£33/ 31.2+43.1 | 5.13+0.26 3 CME, ~Behind
17:55 95.249.5 i 17:02:17 - limb event
: i 17:16:28,
14 March
VarT4BI00 Mér»ISUOO;)Q‘ m"r'.laﬂseo'co War 170000 War-18 ) 2022
2023-02-24 20:30 (UTC) Pm]g;ﬂux
100t 9 = bumézg
T . Liviin
1/;5/ \T i wscam| *Halo CME, ++M3.7
24 February + ' L 20:09:46 - 24
2023, 21:07 | 24 1‘&%‘;‘%‘3}5 58.83+5.9 [ 5.1%0.25 o 20:13:22 February,
- [ 24 February 20:03
) 2023 N29W24
s es 24 1800 Ges 250000 es 250600 e 251200 a5 g
e
el i ++M6.4
= *Halo CME, 25
25 February " 19:10:47 - Februal
2023, 2120 | 41 31525867—31564;'/ 33.87+3.4 [ 3902 | 19:08:05 2023 v
P . 25 Februa !
> 4 2023 18:40
Solar-MACH SR N24W45

@es 26 1200
D

148

Topic: Instrumentation for Space Weather Monitoring




Proceedings of
the Seventeenth Workshop “Solar Influences on the Magnetosphere, Tonosphere and Atmosphere”
Primorsko, Bulgaria, June, 2025

13 March 5 *5436};08%?
2023, 39 668.94+66.9/ + 4.4+0.22 z; o . Behind
270.9427.1 41.7x4.2 g 03:24:29 limb event
05:24 et ” S 13 March
2023
sé’olar—MACH h:ar-i?oﬂ 00 WMar-14 00700 V-’;i:l'-;;ﬂ:em Mar-16 0000 War-170(
- 2 . Ehn ++X5.0
' ’% *Halo CME 31
01 January 22204222/ : 21:42:57 - December
2024,00:08 | &1 | 1670+167 70547 | 7.320.37 | . | 21:45:45, 2023,
i 31 December 21:52
| R g i 2023 NO4E73
. ""Sjulme A cH Jan-01 0000 J;nagj :ggu Jan-05 00700
i ’ '\~ ‘/?‘\\ oot *Backside
:; Py halo CME
06 February 630+63/ §° 11:23:26 -
2024 13:10 | %0 350435 248525 | 32016 | \k 11:28:14, no data
%) 06 February
3 - ! M 2024
45° g %;ﬁ:oéoobn'. Feb-10 0000 Feb-130000  Feb-16 00.00 —
Solar-MACH Date/Time
: Particles flux *East leb
8 +++M3.4,
10 February ; h?cl:cl)vl CéI\Z/I)E 10
2024, 06:30 K
39 | 449 | a5ai36 | 464023 |, 03:28:41- February
merged 647+65 1 A, 2024,
: 03:29:37, 03-48
events = 10 February S14E88
“Solar-MACH : i 3 2024 CORP: 2024/02/10 04:53:30
% htps.soter-mach gNuL io Feb—IO"w‘(i)—F‘Tlme eb-110000 Feb-T200:00
149 Topic: Instrumentation for Space Weather Monitoring




Proceedings of

the Seventeenth Workshop “Solar Influences on the Magnetosphere, Tonosphere and Atmosphere”
Primorsko, Bulgaria, June, 2025

2024-02-10 23:15 (UTC)

180°

°
o
o
o

*Halo CME +++M9.0
(CME3) 10
23:11:13, 2024,
10 February 23:07
2024 S10W12
*Halo CME
behind the
—Paricle tux S— Limb S36W135
: N M Bl (CME4) estimated
. \v‘ S | 06:25:45 -
g \ A, \" gl o 06:29:05,
12 February 4 \ 4 ” : 12 Feb 2024
2024, 12:10 1945+195/ - R RSN
+ + ‘
merged 107 12804128 246425 | 3.3+0.17 ‘ : A
eVents ;eoo;uuén” #emounoomqreb-m‘nooo’ Feb-1600:00 :
- **Behind the
W limb
(CME 5)
18:26:14 - No data
18:52:59
15 February
2024
g P cmeme) - *Backside F++X12
o2 J halo CME 20 May
20 May 2024, 25220+2522/2 05:06:25- 2024
0540 | ®*| 472042472 | 2800280 | 38319 L. \ 05:10:26 05:14:40
i hL ™ 20 May
. g 2024 S18W171
150

Topic: Instrumentation for Space Weather Monitoring




Proceedings of
the Seventeenth Workshop “Solar Influences on the Magnetosphere, Tonosphere and Atmosphere”
Primorsko, Bulgaria, June, 2025

] | *Halo CME +++X3
11 June Behind west 11 June
+ 9 g .
2024, |52 | 192002 | 51615 | 7.8:0.39 { limb 2024
23:30 - ol fadl 22:27:56 , 22:38:52
qu 11 June 2024 S16W118
J:nr1|lil;;ij;f"1u:{fzuuuu T3 0000 Jun-T4 0000 Jun-1500.08 Jun- 15
3 A CEi| ~Backside +++X14
2230J211ly . s halo 22 July
, f CME 2024
+ = i ’ \ ’
01:20 o5 | 3200320/ 197420 | 21.8+1.1 _ i 23:51:22, 22 23:56:37
25804258 0 |
Merged : ] \ \ OC‘)JLCJ){ 46 ind
events S o ‘ Yoo o7 . :01:46, behind the
G | e e e | 23 July 2024 W limb
2024-08-03 08:15 (UTC) - Particles flux . ***Behind A 0 4 _', +++X2.4
gE west limb 2 03
¥ partial halo Septem-
03 i CMEL, ber 2024
+ g '
September | 47 1111271111%22/ 208.3+21 | 18.8+0.95 B 07:32:56 - 07:55:36
2024, 09:15 - #a I 07:50:20 N21W12
of o SR 03 V125
L - 'I‘I"“;J‘m o M i | September (efé'(;';a'
....,:w],m,,,, .... 1 Sep-0100:00 Sep~DJUOOODMemmESep~05MDO 2024
o - 1 ***Brz]iclkside X2
s 138 =8 alo
05 / 3 T CME2, Ser?tzm-
September | 59 ?éizséizﬁ/ 336134 | 35.0:18 | <*‘*-\'\ N[5 0(‘;3(;_537(;_2157' ber,
2024, 07:52 - \ W / b '05' 06:35:16
% AEMN. U oiaal | september No flare
e " "/s:;wanMACll SepTTTOTO SEUITOT0 " Se SO SeFOTO00 2024 position

151 Topic: Instrumentation for Space Weather Monitoring




Proceedings of

the Seventeenth Workshop “Solar Influences on the Magnetosphere, Tonosphere and Atmosphere”

Primorsko, Bulgaria, June, 2025

2024-10-09 01:45 (UTC) § STEREQ & . § Particles flux
1o ° Ny = Dino)
= R Sy
3t he A **Halo CME *+X1.8
; 01:50:45 - 09
+ i %
ggzacg’g%g 52 11%5(’)11163%/ 54454 | 58029 | ) 01:50:41 October,
, 06: + 5 A 3 09 October 01:35:23
. i 2024 N13W08
‘;:Lar—J\:U‘\CH P OGET00000 lm& Oct-14 0
2024-11-21 l‘E-Eﬂ {urc) % E" o § Particles flux .
— Gitom| *Beyond W
21 / ; \ hallcl;mchE Beyond
+ T Yo \ western
November, | 40 11%22111%63/ 76+7.6 8.8+0.44 [T A 17:43:40 - .
2024, 18:30 + A \ ) 17:55:09 limb
= B 21 November S12
| e _ : 2024
1 631463/ ; "’ i
December | 38 402140 50+5 4.61£0.23 | . TR No appropriate CME found
2024, 23:20 - Eo T
j%’”l“ [‘:”\FCH n—ec,{a.'g; 00 Dec-19 00.00 Du‘c:ZO o
Sitom| e West
i LY limb +C7.6
2= partial halo
+ w %
gg;sar(‘)‘i”_‘% 18 177%1178/ 2042.2 21401 | . ’ CME 4 January,
e - § 19:40:47 19:55
° 4 January S17W61
2025

45°
Solar-MACH
Petps i B U Date/Ti

ime

152

Topic: Instrumentation for Space Weathe

r Monitoring




the Seventeenth Workshop “Solar Influences on the Magnetosphere, Tonosphere and Atmosphere”

Proceedings of

Primorsko, Bulgaria, June, 2025

§E.. | ® g e | Westlimb
T o cmeei) semi-halo +M3.9
CME 24
L e 2 **20:53 — February
25 February 285+28/ \ . ,
2025,02:10 | 32 | 92102 25425 | 1.8:0.09 L. ) 23:02
i on around
P — e L, February SW Lim
Date/Time 20 25
! A 5] wx Behind
01 April 4 v oY East limb +X1-1h
147+15/ R CME 28 March,
2025 + + E L ,
: 15 4544 5 17.7+1.8 210.1 i % 16:43 15:21
01:10 £, . 31 March NO5E85
| et W 2025
‘.é“.olﬂr.MACH Mar 370000 Apr-0T00: Ogalem":\:r»ﬂ 000 AP -2
***East
limb halo +++M8.2
31 May 1872+187/ CME
2025 48 179+18 13+0.65 ) 30 May
. 1592+159 23:03
01:24 30 May 23:24
2025
153 Topic: Instrumentation for Space Weather Monitoring




