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In this work we discuss the growing ensemble of solar energe�c par�cle events registered on the 
Mar�an surface, including their temporal appearance and solar sources. Solar energe�c par�cle events 
have been observed from the surface of Mars since soon a�er the August 2012 landing of the Radia�on 
Assessment Detector onboard Curiosity. The Mar�an atmosphere prevents protons and heavy ions of up 
to 180 MeV/n kine�c energy from directly reaching the Mar�an surface. This cut-off is high enough to 
limit the number of solar energe�c par�cle events measured on the surface to only 15 in ~12 ½ years. 
Yet we find in this analysis that Mars ground level enhancements follow the dis�nct SEP clock patern for 
proton events observed at lower energies as reported in Posner, Richardson, and Strauss (2024). Proton 
accelera�on occurs predominantly near the solar surface, while transport to Mars incurs a delay in 
onset, and, as we show here, peak intensity. These delays are a func�on of the longitudinal magne�c 
connec�on distance. between the foot point of solar wind magne�c field lines that intersect the Mars 
environment with the source longitude of the solar magne�c erup�on. A dis�nct clustering of solar 
source loca�ons at or near the Mars foot points at the Sun’s western limb rela�ve to Mars is apparent, 
indica�ng lower flux thresholds from such preferred loca�ons. Our findings have implica�ons for 
astronaut safety at Mars. 

1 Introduc�on 

On August 5, 2012, Curiosity arrived on the surface of Mars. Soon therea�er, the Radia�on Assessment 
Detector (RAD) began observa�ons of the ground-level ionizing radia�on environment. For more than 
eight months, the surface radia�on environment was dominated by galac�c cosmic rays and their 
secondary par�cles generated in the interac�on with the atmosphere and the ground (Ehresmann et al., 
2014). Only on April 11, 2013, did  the typical patern of a solar energe�c par�cle event, a sudden rise 
and slow decay in the radia�on intensity, become evident in RAD observa�ons on the Mar�an surface. 
This first Mars Ground Level Enhancement (MGLE) was also observed as a solar par�cle event at 
different loca�ons around the Sun (see, e.g., Hassler et al., 2014) , from par�cle instruments on the Solar 
and Heliospheric Observatory (SOHO, Domingo, Fleck & Poland, 1995) and STEREO A and B (Kaiser et al., 
2008). Figure 1 shows the rela�ve loca�ons of Earth, Mars, and the STEREO s/c.  



 

Figure 1. Inner-heliosphere loca�ons of STEREO A (1), Earth (2), STEREO B (3), and Mars (4) with respect 
to the Sun (center) and the longitude of the associated solar flare (arrow, see Table 1) during the first 
observed Mars Ground Level enhancement of Apr. 11, 2013. View is from north of the eclip�c plane. 
Nominal Parker magne�c field lines indicate the approximate magne�c connec�vity to the Sun. 

Wide-spread events observed in space have been known since 1970 (Dodson-Prince et al., 1977). A more 
recent systema�c study of wide-spread solar par�cle events by Richardson et al. (2014) used 
observa�ons from three s/c at ~ 1 AU (STEREO A, B, SOHO).   This study commencing with the launch of 
STEREO s/c in October 2006  included the iden�fica�on of all solar source loca�ons, aided by direct flare 
observa�ons and also considering the kinema�cs of coronal mass ejec�ons in coronagraph imagery. 
They found the source region related to this event to be an ac�ve region near Earth’s subsolar point, just 
12o east of the central meridian. As viewed from Earth, only one week later, on April 18, 2013, Mars 
passed its conjunc�on with the Sun, meaning Mars was located almost directly on the opposite side of 
the Sun from the solar ac�vity that caused the April 11 MGLE as shown in Figure 1, where the arrow 
indicates the longitude of the flare. The STEREO spacecra� were located on either side of Mars as 
viewed from Earth, separated by 130o (STEREO B) and -146o (STEREO A) in terms of solar longitude from 
the flare loca�on, and both also recorded the par�cle event. These early observa�ons suggest a 
connec�on between MGLEs and wide-spread solar energe�c par�cle events. The comprehensive list of 
SEP events including such wide-spread events by Richardson et al. (2014) has been extended to 2023 at 
the �me of wri�ng, and made available to the public (Richardson, 2024). The list contains a total of 245 
individual 1 AU proton events at ~25 MeV in the period Aug. 2012 – Nov. 2023, and includes all 8 MGLEs 
observed during this period, sugges�ng that MGLEs are a subset of extreme SEP events that are usually 
observed over extended regions of the inner heliosphere. Since then, seven addi�onal MGLEs have 
occurred as ac�vity ramps up during the approach to the peak of solar cycle 25, bringing the total to 15. 
The dates of MGLEs # 1 – 15 together with other parameters to be discussed below,  are listed in Table 1. 
 

A number of studies have addressed MGLEs so far: Aspects of individual MGLEs, including dose rate and 
dose equivalent rate on the Mar�an surface, have been discussed by various authors. Guo et al. (2015) 
discuss the implica�ons for en�re human explora�on missions, including round trip periods.  The intense 
September 10, 2017 MGLE (#6 in our Table 1) allowed Zeitlin et al. (2018) to discuss for the first �me the 
iden�fica�on of primary SEP protons and their impact on dose rate on the Mar�an surface. Moreover, 



Guo et al. (2018) discussed the same event regarding the solar/heliospheric origins in a global CME 
shock scenario. They found that the observed CME’s shock would have reached the magne�c field line 
Mars was on at or near the onset of the MGLE too late to explain the observed par�cle arrival and 
suggest that par�cle cross-field transport in the heliosphere may be required They further suggest that a 
stream interac�on region (SIR) may have aided the trapping and re-accelera�on of  CME-shock 
accelerated par�cles, resul�ng in the MGLE. Bruno et al. (2019) discuss observa�ons of this and other 
SEP events in September 2017 measured at Earth and STEREO A in the context of their solar sources and 
solar wind structures. Guo et al. (2019a) discuss a larger ensemble of MGLEs. This work treats MGLEs up 
to MGLE #6 (by omi�ng #5, up to Sept. 10, 2017), again, in terms of overall dose rate. 

The par�cular focus of this work is to study the solar sources of MGLEs and to test predic�ons from the 
“SEP clock” (Posner, Richardson & Strauss, 2024, herea�er PRS24) that may apply to MGLEs. 
Theore�cally, as CME shocks expand into the heliosphere, they would reduce the length of the direct 
magne�c field connec�on between the shock and the observer (Wijsen et al., 2022), thus reducing the 
path length and therefore shortening the dura�on of proton energy dispersion. PRS24, however, find 
that the shortest path lengths are found in well-connected events, with systema�cally increasing path 
lengths as the magne�c connec�on worsens. Therefore, the study suggests both a dominant role of 
par�cle cross-field transport and a reduced role of CME-driven shocks regarding the appearance of solar 
par�cle events.  

It is the purpose of this study to explore links between the “SEP clock” picture drawn above and solar 
par�cle events observed on the Mar�an surface. If the dominance of cross-field diffusion applies to 
those high-energy protons that give rise to MGLEs, solar source longitudes can lie very far away from the 
nominal magne�c field connec�on of Mars at the Sun. Overall weaker events would  be more likely to 
originate from near the nominal magne�c connec�on longitude, which is ~W90 rela�ve to Mars (see 
Table 1 in Posner et al., 2021). Moreover, poorly-connected events would be expected to show a delay in 
onset �me and possibly a slower rate of increase than well-connected events owing to the slow 
unfolding of the cross-field transport process.  

In a CME-driven shock scenario, onset delays of MGLEs would also be expected, presumably larger than 
those in the SEP clock picture, but as the shock approaches Mars, the dura�on of energy dispersion 
would shorten, and the intensity rise would be more rapid for events that are not well connected. In 
addi�on, a shi� towards solar source regions closer to the central meridian rela�ve to Mars should be 
observed, as CMEs origina�ng from these regions would be most likely to encounter Mars. 

The following sec�on describes the underlying observa�ons. Sec�on 3 tests these two pictures against 
the observa�ons. In Sec�on 4 we address new insights into MGLE forecas�ng. Sec�on 5 summarizes our 
work, 

2 Observa�ons 

The Radia�on Assessment Detector (RAD) onboard Curiosity owes its heritage to a compact design for a 
space-based solar energe�c electron and ion detector system that is also capable of detec�ng neutrons. 
It was originally intended for the Solar Orbiter mission, as described in Posner et al. (2006). In the same 
year, a variant of the instrument intended for Mars surface opera�ons was created with modifica�ons to 
make it suitable for the Mars Science Laboratory, now Curiosity. Curiosity was launched in November 
2011 and landed in Gale crater on Mars in August 2012. At this loca�on, the Mar�an (mostly CO2) 



atmosphere with a surface pressure of ~730 Pa shields against most low-energy energe�c charged 
par�cles. Protons require a minimum of ~180 MeV to reach the surface, while heavy ions have even 
higher MeV/n thresholds. The penetra�on depth varies over the course of a Mar�an day, or Sol, as the 
pressure changes in a diurnal cycle have a direct measurable effect on cosmic ray surface dose rates 
(Ra�in et al., 2013).  

The RAD instrument, fully described in Hassler et al. (2012), can detect primary par�cles from space and 
secondary par�cles generated by the interac�on of high-energy cosmic rays with the atmosphere, 
including protons and heavy ions, electrons, neutrons, X- and gamma rays, muons and pions. This work 
analyzes total surface dose rate data publicly available from the SPDF. The two types of dose rates used 
here are from the solid-state detector “B” that measures charged par�cles, and from the plas�c 
scin�llator detector system “E” that is sensi�ve to both charged and neutral ionizing radia�on. Detector 
“E” is located deeper in the instrument and is par�ally shielded from above by a significant CsI 
scin�llator that can stop protons of up to ~100 MeV. The �me resolu�on of the publicly available RAD 
data is variable and changes over �me, within the range of 7 minutes to below two hours. 

 

3 Mars Ground Level Enhancements 2012 – 2024 and the SEP Clock 

A total of fi�een MGLEs have been observed between August 2012 and December 2024. Figure 1 shows 
observed dose rates over the course of two (Earth) days for the three most intense MGLEs. Here, the top 
graph shows dose rates of detector “B”, i.e., predominantly charged primary and secondary par�cles. For 
comparison, the botom graph shows dose rates recorded in detector “E” that include contribu�ons 
from secondary neutrons and also charged par�cles but observed at a higher shielding depth. Overall, 
there are minor differences between the top and botom graphs. A�er subtrac�on of the pre-event GCR-
based dose rate, twelve of the 15 MGLEs have higher peak dose rates in the lower-shielded “B” detector. 
However, notably, the most intense event (MGLE #9) is one of a subset of events in which the peak dose 
rate is higher in the more heavily shielded "E" detector. In this case, the peak does in "E" is ~15% higher 
than recorded in "B". 

In terms of overall observed peak dose rate, the MGLEs remain far below thresholds that may lead to 
acute radia�on sickness (Kim, Hu & Cucinota, 2005). The strongest event, MGLE #9, increased the 
surface dose rate by a record 4900%. For comparison, this event is equivalent in terms of increase over 
pre-event background to the most intense Earth Ground Level Enhancement on Feb. 23 1956 (see, e.g., 
the Ground Level Enhancement database at htps://gle.oulu.fi/#/). The event arose from AR13664, the 
same ac�ve region complex that caused a significant geomagne�c storm at Earth on May 10, then 
rotated behind the limb. The X-ray flare associated with the May 20, 2024 erup�on was observed 
directly by Solar Orbiter, and es�mated to be X16.5. From Mars’ point of view, the solar event occurred 
in the Sun’s far western hemisphere (W71). Mars was near perihelion, at ~1.38AU distance from the Sun, 
marking the closest Mars-Sun distance during any of the 15 MGLEs. It was thus apparently well 
connected with Mars via the interplanetary magne�c field. Overall, given the extreme flare, the 
proximity and good nominal magne�c field connec�vity with the source region, this MGLE may 
represent a near worst-case scenario in terms of radia�on exposure from solar par�cles and their 
secondaries on the Mar�an surface. The event was recorded as a solar par�cle event in near-Earth space 
by SOHO and STEREO-A, but at a moderate intensity owing to the poor magne�c connec�on condi�ons. 



All MGLEs have dose-�me profiles that are typical of high energy SEP events in the heliosphere, with a 
more rapid rise than decline phase. A second enhancement from the arrival of an interplanetary shock at 
Mars, the “energe�c storm par�cle” (ESP) component, o�en observed in  space, has not been observed 
on the surface of Mars as might be expected due to the high atmospheric cut off since ESP events are 
most prominent at low energies and only occasionally exceed 40 MeV in protons (Lario et al., 2023).  

The number of MGLEs is far below the number of solar energe�c proton events observed in this �me 
period from a single or mul�ple inner-heliosphere spacecra� (SOHO, STEREO). For example, the list of 
Richardson (2024) contains a total of 245 solar energe�c proton enhancements at ~25 MeV in the period 
Aug. 2012 – Nov. 2023. Notably, each of the first 8 MGLEs, occurring when the STEREO spacecra� were 
s�ll well-separated from Earth, was observed at ~25 MeV by each of the ac�ve s/c, sugges�ng that the 
solar par�cle events that gave rise to MGLEs were generally observed all around the Sun. The remaining 
seven MGLEs occurred in 2024, during the rise phase of Solar Cycle 25.  All these events were associated 
with SEP events observed at Solar Orbiter, STEREO A and SOHO, with the excep�on  of event 13 which 
was not evident at STEREO A and only a weak event was observed by SOHO.  

The ra�o of ~25 MeV proton events at 1 AU to MGLEs in overlapping �me periods of the two lists so far 
is on the order of 30:1. It remains to be seen whether this ra�o is dependent on the overall strength of 
the solar cycle. Several authors have shown that solar cycle 24 was unusually weak- as compared to 
previous cycles, in terms of sunspot number (Javaraiah, 2024), X ray flares (Pandey et al., 2023), and also 
GLEs at Earth. 

All 15 MGLEs have been analyzed to determine their onset �me. We use a similar method as Posner, 
Richardson & Strauss (2024). Red ver�cal lines in Fig. 1 indicate the �mes of onsets of type-III radio 
bursts associated with the solar ac�vity that gave rise to each event. Type-III radio bursts are associated 
with the escape of suprathermal or energe�c electrons from the Sun, where their spectrum can give rise 
to Langmuir waves and radio emission at the local plasma frequency and its harmonic. They typically 
start at high frequencies in the corona (~GHz) and dri� quickly to low frequencies, even occasionally to 
the local plasma frequency, i.e. to tens of kHz near 1 AU.  

We use observa�ons of type-III radio bursts by the WAVES instrument (Bougeret et al., 1995) on Wind 
(Ogilvie & Parks, 1996) at Earth/Sun L1 and from S/WAVES (Bougeret et al., 2008) on the STEREO 
spacecra�, where these data are available.  Blue ver�cal lines in Figure 2 bound the �me intervals when 
least squares fits are made to the logarithm of the (exponen�al) dose rate increases in the B or E 
detectors to derive two onset �mes for each event. Each individual onset �me is determined as the �me 
when the exponen�al fit intersects with the average pre-event (pre-type-III onset) dose rate measured in 
the four hours leading up to the event (indicated as a blue horizontal line). The average of the “B”-
detector and “E”-detector onset �mes is entered as the “SEP onset” in Table 1. We define the error in 
onset �me determina�on as either the distance of the individual onset �mes from the average, or the 
instrumental �me resolu�on, whichever is larger. The onset delay is determined as the difference 
between the onset �me of the MGLE and the solar release �me of the associated type-III radio burst, 
i.e., 8 min before the onset of the type III at Wind or STEREO at 1 AU. 

 

 



 
Figure 2. Mars Ground Level Enhancements 7-9, observed on Oct. 8, 2021, Feb. 15, 2022, and May 20, 
2024, respec�vely. For each event we display two days of dose rates measured by detector "B" (top 
graph) and detector "E" (botom graph).. Onset �me delays of the MGLE observa�ons with respect to 
the type-III radio burst onsets are included at the top of each graph. The methodology of onset 
determina�on  is discussed in the main text. 

Table 1 lists each of the events and their derived onset �mes in temporal order. The list contains event 
date, type-III radio burst and MGLE onset �mes, their respec�ve delays, and flare informa�on, including 
GOES so� X-ray brightness (where available), and loca�ons (directly observed and inferred as collated in 
Richardson, 2024) un�l the end of 2023. So� X-ray flare brightnesses in parenthesis are es�mates from 
Solar Orbiter. Any more recent flare informa�on is taken from the public Community Coordinated 
Modeling Center (CCMC) Space Weather Database Of No�fica�ons, Knowledge, Informa�on (DONKI) at 
htps://kauai.ccmc.gsfc.nasa.gov/DONKI. Approximate Mars magne�c field foot point loca�ons at the 
Sun are inferred from back mapping to the Sun using an ideal Parker spiral field line that intersects Mars’ 
loca�on and assumes a constant solar wind speed. In cases where upstream solar wind observa�ons 
from the Mars Atmosphere and Vola�le Evolu�oN (MAVEN) spacecra� (Jakosky et al., 2015)  are 
available within 24 hours of type-III radio burst onset, they are used.  Halekas et al. (2017) discuss how to 
infer solar wind speeds from MAVEN/SWIA and MAG data. Where not available, we use the average 
solar wind speeds observed by MAVEN in the same calendar year, or, if recorded before 2014,  of the 
calendar year nearest to the observa�on.  

“Clock angles” for the flare source longitude rela�ve to Mars are defined in a similar way as in PRS2024 
with Mars assumed to be fixed at clock hour "6". Note that the  magne�c connec�on distances are 
angular distances of Mars’ inferred magne�c field foot point from the (actual or inferred) flare loca�on. 
Therefore, they differ from clock angle. 

Maximum dose rates for MGLEs from the “B” and “E” detectors are determined as the maxima observed 
during the event with the pre-event (pre-type-III radio burst) galac�c cosmic ray-induced background 
subtracted (see above). The dataset available to the public already has background from the on-board 
RTG power source subtracted. Peak delays of MGLEs are also calculated also with respect to the solar 
release �me of the associated type-III radio burst. 

The first six MGLEs occurred during the later half of solar cycle 24, while the remaining nine MGLEs are 
related to solar ac�vity in the more ac�ve cycle 25. Each of the first three cycle-25 events (MGLEs 7-9, 
Figure 2) at the �me set a new peak dose rate record in both the “B” and “E” detectors. Notably, the 

https://kauai.ccmc.gsfc.nasa.gov/DONKI


most recent seven events occurred within a �me span of ~6 months. As also found for each of the “SEP 
clock” study’s SEPs of PRS24, each of the 15 MGLEs is associated with one type-III radio burst or a series 
of type-III radio bursts. Note that type-III radio bursts are useful in several ways: In contrast to solar flares 
that are not visible if occurring off the limb and on the far side, at ~1 MHz they provide a reliable �me 
marker observable from any solar longitude of all significant solar energe�c par�cle events. They are 
poten�ally obstructed at high frequencies by the limb of the Sun or high-density near-Sun solar wind for 
far side events rela�ve to the observer. However, at frequencies at or just below 1 MHz, type-III radio 
bursts always precede SEP arrival, even the arrival of the SEP’s rela�vis�c electrons (Posner et al., 2024), 
which were recognized as the first in-situ sign of a solar par�cle event by Van Hollebeke, Ma Sung & 
McDonald (1975). Furthermore, they set a �me marker for pre-SEP-event background determina�on, 
including MGLEs as shown above. In addi�on, the �me marker set by the type-III burst onset also is a 
good proxy for determining SEP (proton, electron) arrival �me delays, also described above. 

Table 1. List of all 15 Mars Ground Level enhancements 2012 – 2024 observed by Curiosity/RAD and 
their associated solar phenomena. 

No. Date Type 
III 
Obs. 
Onset, 
Sol. 
Rel. 
Time 
[UT] 

SEP 
Onset 
Mars 
[UT] 

Delay 
wrt 
SRT 
[min] 

Flare 
Loc. 
Wrt 
Mars 
[ᵒ], 
Clock 
hr. 

MVN 
Vsw* 
[km/s] 

Mars 
Dist. 
Wrt 
Sun 
[AU] 
Day/ 
Nght 

Mars 
FP, 
Flare 
Conn. 
Dist. 
[ᵒ], 
Magn. 

Max 
Dose 
Rate 
B 
[μGy/ 
hr] 

Max 
Dose 
Rate E 
[μGy/ 
hr] 

Max 
Del. 
B vs 
SRT  
[min] 

Max 
Del. 
E  vs 
SRT 
[min] 

1 
(20) 

11 
Apr. 
2013 

06:58 
06:50 

06:50 60 
 ±123 

W165 
12/1 

409 1.42 
Nght 

W85.3 
79.7 
M6.5 

3.0 2.1 357 
±123 

479 
±123 

2 
(29) 
 

11 
Oct. 
2013 

07:14 
07:06 

07:50 44  
±9 

W162 
1 

409 1.63 
Nght 

W98.0 
64.0 
(M1.5) 

8.9 8.0 215 
±9 

224 
±13 

3 
(34) 

6 
Jan. 
2014 

07:46 
07:38 

10:05 147  
±50 

W59 
4 

409 1.67 
Nght 

W100.4 
-41.4 

4.3 2.0 282 
±34 

315 
±34 

4 
(46) 

1 
Sept. 
2014 

11:01 
10:53 

16:59 366  
±58 

E43 
7 

409 1.45 
Day 

W87.1 
-130.1 

5.3 5.0 1163 
±9 

1333 
±9 

5 
(50) 

29 
Oct. 
2015 

02:17 
02:09 

03:57 108  
±30 

E15 
6/7 

404 1.66 
Nght 

W101.0 
-116.0 

1.2 0.9 260 
±23 

237 
±23 

6 10 
Sept. 
2017 

15:55 
15:47 

20:25 278 
±9 

E68 
8 

400 1.66 
Nght 

W102.0 
170.0 
X8.2 

15.3 13.4 1061 
±9 

878 
±9 

7 28 
Oct. 
2021 

15:28 
15:20 
 

16:44 84 
 ±9 

W164 
1 

377 1.61 
Nght 

W105.0 
59.0 
X1.0 

17.3 15.9 425 
±9 

434 
±9 

8 15 
Feb. 
2022 

21:56 
21:48 

22:39 51  
±9 

W89 
3 

435 1.48 
Nght 

W83.6 
5.4 

31.9 29.8 493 
±9 

311 
±9 

9 20 
May 
2024 

05:15 
05:07 

05:15 8 
±9 

W71 
4 

380 1.38 
Day 

W89.3 
-18.3 
(X16.5) 

300.1 343.5 72 
±9 

72 
±9 



10 22 
Jul. 
2024 

(23:56) 
(23:48) 

00:25 
(+1d) 

37  
±17 

W83 
3 

380 1.42 
Day 

W91.8 
-8.8 
(X14) 

8.2 7.9 214 
±17 

214 
±17 

11 05 
Aug. 
2024 

13:37 
13:29 

13:22 -7 
±17 

W21 
5 

380 1.43 
Day 

W92.5 
-71.5 
(X1.7) 

1.6 1.5 
(spike) 

165 
±17 

114 
±17 

12 3 
Sept. 
2024 

07:48 
07:40 

08:22 42 
±17 

W87 
3 

380 1.47 
Day 

W95.1 
-8.1 

3.7 2.1 126 
±17 

144 
±17 

13 5 
Sept. 
2024 

07:04 
06:56 

07:19 23 
±17 

W105 
2/3 

337 1.47 
Day 

W107.2 
-2.2 

5.5 5.8 99 
±17 

99 
±17 

14 9 
Oct. 
2024 

01:48 
01:40 

03:27 107 
±21 

E44 
7 

444 1.51 
Day 

W83.6 
127.6 

1.8 1.4 1024 
±17 

570 
±17 

15 21 
Nov. 
2024 

1800 
1752 

1812 20 
±17 

W90 
3 

380 1.57 
Nght 

W101.6 
-11.6 

4.2 4.4 84 
±17 

135 
±17 

 

Figure 3 uses the clock angle informa�on of Table 1 to display the most intense MGLEs in any of the 
respec�ve clock sectors where available. The scaling on all MGLEs that are shown is iden�cal to allow a 
direct comparison of dose rates. There is one excep�on, MGLE #9 (also shown in Fig. 2) at the clock hour 
“4”. Here the scale had to be compressed by a factor of 7 due to the much higher maximum dose rate for 
this event. 

 

Figure 3. The Mars Ground Level Enhancement clock.  The figure shows highest dose rate Mars Ground 
Level Enhancement for each solar clock angle source loca�on, where available. Other events in each 
sector are also noted (yellow). Details are described in the text. 



The individual events in Figure 3 show dose rates in detector “B”. The color represents the “B” to “E” 
dose rate ra�o (see color scale), with rela�vely higher ra�os indica�ng the presence of SEP protons that 
are less likely to reach the beter-shielded detector “E”. Large MGLEs show clear evidence of so�ening of 
the spectrum (i.e., larger B/E ra�os) in the post-peak phase of the event, whereas earlier phases, usually 
associated with harder spectra, do not. 

Each event shown includes an indicator of day- vs. nigh�me on Mars. This shows whether Curiosity 
observed the MGLE onset at day or night and is determined by reading off the sensor temperature, 
which is a func�on of the ambient temperature, since Mars undergoes significant temperature swings 
between   day- and nigh�me. Of the 15 MGLEs so far, eight have been observed to start during 
nigh�me, vs seven during day�me when there can be effects on the atmospheric density and cosmic ray 
intensity (Ra�in et al., 2013). Sol �me appears to have limited-to-no effect on MGLE onsets. Effects on 
dose rates over the unfolding of the event also seem to be of secondary importance, with possible small 
hints of modula�on with a 24.5-hour (i.e., Sol) periodicity during MGLE declining phases. Several events 
have long-las�ng decays of intensity, and, while a minor effect of modula�on can be seen, the overall 
effect on this analysis is negligible. 

Figure 3 shows that the preferen�al MGLE solar source longitude is near the west limb. Also including 
events in Table 1 that are not shown in Figure 2, a single clock hour, hour 3, is source of 27% of all events  
(MGLEs, #8, 10, 12, 15 – the six events not explicitly shown in Figure 2 are iden�fied  by number near the 
lower le� side of each clock sector’s panel). This sector only represents ~8% of all solar source longitudes   
No events so far have originated from clock hours 9-11 that cover 25% of solar source longitudes. and 
correspond to sources far behind the east limb with respect to Mars.  Given the low event sta�s�cs, it is 
not possible to rule out that future MGLEs may originate in these sectors, as is the case for lower energy 
SEP events (e.g., Richardson et al., 2014, PRS24). All other clock hours are sources for either a single or 
two MGLEs. We conclude that all source longitudes are poten�al sources of MGLEs, provided the overall 
event is extreme. The rela�vely more frequent moderate SEP events can only be observed as MGLEs if 
they originate from a preferred solar source longitudes near the W limb.  

The broad range of MGLE source regions described above is in general agreement with the PRS24 SEP 
clock picture of par�cle events observed in space near 1 AU, in which cross-field diffusion appears to be 
the mechanism that allows SEPs to be detected very broadly in longitude. In the absence of cross-field 
transport, it would be difficult to explain how solar source regions of events #1, 4, 6, and 14 in the 7, 8, 
and 12 clock sectors can possibly give rise to the observed events. Excluding cross-field transport as a 
mechanism, par�cles accelerated to high energies by CME shocks that expand into the heliosphere 
would require these shocks to “touch” field lines that directly  connect with Mars. However, assuming 
nominal Parker spiral fields, this scenario is unlikely to be consistent with the short delays between type 
III and MGLE onsets. Note that Guo et al (2018) find the onset of MGLE #6 to be earlier than expected 
from a no-cross-field transport point of view. 

There is a direct overlap of wide-spread par�cle events listed in PRS24 with our list of MGLEs: MGLE 1 – 
5 of this study are also listed as events #20, 29, 34, 46, and 50 of PRS24 (these event numbers are 
included in Table 1, first column, in parentheses).  PRS24 analyzed proton energy dispersion, i.e., the 
difference in arrival �mes at the observing spacecra� for protons of different specified energies. They 
found a systema�c dependence of proton energy dispersion on solar source longitude. 



Of the five overlapping SEP/MGLEs of PRS24 and this work, PRS24 found that event #29 (MGLE #2) was 
too faint at Earth-Sun L1 and the pre-event par�cle background was too intense to analyze the energy 
dispersion dura�on.  PRS24 event #34 (MGLE #3) cannot be used either for comparison with this study 
due to a SOHO energe�c par�cle data gap during the onset at 45 MeV. However, the remaining three 
PRS24 events were fully analyzed for energy dispersion and provide data for the onset �me delay at 45 
MeV. Therefore, they can be used as a comparison with our study.  

By analogy, we test whether the MGLE onset delay can be used to predict MGLE energy dispersion 
dura�ons. Figure 4 shows all analyzed events of PRS24 in terms of dura�on of energy dispersion for 
protons of 45 – 10 MeV and 45 – 4.5 MeV measured at Earth by SOHO. These are displayed over the 45 
MeV proton onset delay vs the type-III radio burst. We find that there is a clear correla�on between 
onset delay and energy dispersion dura�on overall. This behavior is predicted if the main cause for wide 
spread of SEPs in the heliosphere is cross-field diffusion: 45 MeV protons are faster to diffuse across field 
lines than slower-moving 10 MeV or even 4.5 MeV protons. In the CME shock picture with no cross-field 
diffusion allowed, one would expect the opposite: The higher a CME shock expanding away from the 
solar surface is before connec�ng to the field line that connects Mars with the Sun, the shorter (on 
average) the remaining magne�c path length between this “connec�on to the observer” (COB) point and 
the observer at Mars would become (see Wijsen et al., 2022). Therefore, the compara�vely slow CME 
shock propaga�on should have a dominant effect on onset delay, and the dispersion dura�on between 
two fixed proton energies should be an�correlated with the onset delay. Figure 4 shows that there is a 
clear posi�ve correla�on between onset delay and energy dispersion dura�on for Earth/SOHO, favoring 
the cross-field diffusion picture.  

The color scale used for Figure 4 relates to symbol color and shows that typically events with large 
magne�c connec�on distance have both large onset delays and large proton energy dispersion 
dura�ons. Figure 4 iden�fies the three common events between PRS24 and this study. Their distribu�on 
fits into the above picture and confirms that SEPs that give rise to MGLEs have rather typical 4.5 – 45 
MeV proton onsets at Earth/SOHO . 

 

Figure 4: The figures display energy dispersion dura�ons from onsets of wide-spread solar energe�c 
par�cle events of the STEREO era. These dura�ons, derived for 45 – 10 MeV (le�) and 45 – 4.5 MeV 
(right), are shown in rela�on to the onset delay dura�on of 45 MeV protons with respect to the type-III 



radio burst.  All data and errors included in this figure are taken from Table 1 of Posner, Richardson & 
Strauss (2024). The three events that were also MGLEs in Table 1 are labeled. 

Unlike the data PRS24 is based on, the observa�ons by RAD on the Mar�an surface don’t allow us to 
undertake a meaningful es�ma�on of MGLE energy dispersion dura�ons for all MGLEs. Most MGLEs do 
not provide significant numbers of ~200 – 300 MeV primary protons that stop in the RAD detector 
(Hassler et al., 2018). Only the most intense events, presumably MGLEs 6 – 10, may support a par�al 
study by applying a method to derive original proton energies at the top of the Mar�an atmosphere 
from energy loss signals of stopping protons in the RAD detector stack as described in Ehresmann et al 
(2017, 2018). Based on the discussion of Figure 4, and on the assump�on that cross-field diffusion is 
responsible for spreading par�cles in solar longitude, we qualita�vely predict long-dura�on ~300 MeV – 
200 MeV proton energy dispersion for MGLE #6 (with a 170ᵒ magne�c connec�on distance) and short 
dura�ons for MGLEs 8 – 10 (all with <20ᵒ absolute magne�c connec�on distances), while MGLE 7 (with 
~60ᵒ magne�c connec�on distance) would be expected to have an intermediate energy dispersion 
dura�on. The dataset is not yet available to the public and the analysis is beyond the scope of this paper 
and may be independently tested.  

We can apply a simplified test the SEP clock picture with all MGLEs by limi�ng ourselves to onset delays 
and dependency on (or lack thereof) magne�c connec�on distance.  For this purpose, we show 
informa�on on these parameters from Table 1 in Figure 5, le�. As shown in Figure 4, the SEP onset delay 
at 45 MeV is highly correlated with energy dispersion dura�on. We predict that energy dispersion 
dura�ons in MGLEs will likely show the same behavior, i.e., their onset delay is posi�vely correlated with 
MGLE proton energy dispersion dura�on. Moving beyond the onset, Figure 5, right-hand side, shows a 
posi�ve correla�on between magne�c connec�on distance and peak dose rate delay. Both observed 
dependencies, MGLE onset- and peak delay, can also be interpreted as cross-field diffusion driving the 
unfolding of the event from the solar source longitude towards Mars. 

We use the color coding to test whether peak dose rate has any influence on the dependencies. Overall, 
this seems not to be the case. We point out, however, that MGLE #11 is quite faint and its solar source 
associa�on is ambiguous. The associa�on to a source region at W21 as viewed from Mars from AR13767, 
and its bright type-III radio burst with SRT 1329UT) appears obvious. However,  this would lead to a 
nega�ve onset delay (Figure 5, le�). Close inspec�on of the STEREO A radio data shows an earlier type-III 
radio burst with SRT ~1240UT that may point to a source on the far side of the Sun as viewed from 
STEREO-A and Earth. Such a loca�on may be closer to the nominal magne�c connec�on of Mars than 
AR13767 is. However, as neither flare nor CME observa�ons have been reported, for now we will 
maintain the associa�on with the brighter type-III radio burst. 



 

Figure 5: The figure displays onset delays (le�) and peak dose rate delays (right, for detector “B”) vs the 
magne�c connec�on distance inferred for each of the 15 Mars Ground Level Enhancements. The color 
scale iden�fies the peak dose rate for each event. All data and error bars are taken from Table 1. 

While we fited both the onset and peak delays with straight lines, it is more likely that the cross-field 
diffusion process unfolds faster where proton intensity gradients across solar/heliospheric longitudes are 
large. The process then slows down as the gradients decrease. This is discussed in PRS24, poin�ng back 
to the observa�ons shown in Richardson et al., (2014, their Figure 11). A fit that rises slowly at small 
magne�c connec�on distances, but increases at larger distances, would indeed match our observa�ons 
beter.  

Also discussed in PRS24 is that the structure of the solar wind is complex and constantly changing as the 
Sun expels coronal mass ejec�ons, and corota�ng interac�on regions and rarefac�ons form from the 
interac�on of fast and slow solar wind.  The magne�c sector structure, related to the heliospheric 
current sheet which may be flat or �lted, is also variable.  All these structures can influence the 
propaga�on of SEPs and affect the rate of cross-field diffusion. Addi�onally, switchbacks in the inner 
heliosphere, which have been recently characterized using Parker Solar Probe observa�ons, introduce 
another variable, as high-energy charged par�cles can find ways to “surf” across solar longitudes where 
magne�c fields are folded back on themselves. Malara et al. (2023) found by modeling that pitch angles 
of par�cles in switchback fields in the proton energy range between 1 MeV and a few GeV may be most 
affected. Therefore, while there are clear overall cross-field diffusion signatures, significant variability 
from event to event that are separated by months or years from each other should be expected, likely 
contribu�ng to the observed large scater. On the other hand, it is more likely that changes in 
heliospheric charged par�cle transport condi�ons are smaller on much shorter �me scales of minutes to 
hours during the onsets of individual events. Our Figure 6 gives credence to this assump�on since the 
displayed onset delay vs  peak delay distribu�ons of all MGLEs are highly correlated.  



 

Figure 6: Onset vs peak delays for the 15 Mars Ground Level enhancements. The le�-hand side uses as 
the peak delay that of detector “B”, whereas the right-hand side uses peak delays in detector “E”. 

 

4 Mars Ground Level Enhancement Forecas�ng with In-Situ and Remote Sensing Instrumenta�on – 
Obstacles and Opportuni�es 

Mars Ground Level enhancements so far have not reached intensity levels of concern for human 
explora�on of the Mar�an surface. Even the highest dose rate of May 20, 2024, MGLE #9, is more than 
two orders of magnitude below threshold levels for acute radia�on sickness. Nonetheless, reduc�on in 
dose rate for such events is s�ll useful to keep radia�on exposure as low as reasonably achievable 
(ALARA). This study reveals two new insights in terms of advance warning of radia�on events: 

4.1 A Shi� in Mars Magne�c Connec�vity 

A simple calcula�on shown in Posner et al. (2021) for the Mars distance range, folding in the likelihood of 
1 AU solar wind speeds to occur (Li, Zhanng & Feng, 2016), finds that the most likely magne�c field 
connec�on from Mars is near the Sun’s western limb, i.e., at or near clock angle “3”. Our Table 2 updates 
this earlier result with the solar wind speed distribu�on observed by MAVEN in Mars orbit as analyzed 
with the method described in  Halekas et al. (2017). Direct observa�ons of solar wind speeds from 
upstream por�ons of the MAVEN orbit include the �me frame 2014 – 2023. Without going into detail 
regarding differences between 1 AU and Mars-distance solar wind parameters, we find a clear shi� 
towards slower solar wind speeds at Mars distances.  presumably because dynamic interac�ons between 
slow (dense) and fast (less dense) solar wind streams beyond 1 AU tend to erode the higher speed 
regions (e.g., Gosling, Hundhausen and Bame, 1976). This slow-down out at Mars semimajor axis 
distances around 1.5 AU nominally limits the percentage of Mars’ magne�c foot point periods on the 
visible side of the Sun to under 35%, meaning that almost 2/3 of the �me Mars would be connected with 
regions of the Sun that are behind the solar west limb. This is down from previous assump�ons of~53% 
that was based on the same solar wind speed distribu�on as seen at 1 AU. However, if the cause of this 
change is dynamic interac�on between 1 and 1.5 AU, one can assume that inside 1 AU the assump�on of 
a nominal Parker spiral at slightly higher wind speeds would apply. This would shi� a frac�on of magne�c 
field connec�ons back slightly towards the visible side of the Sun. We therefore regard both solar wind 



speed distribu�ons, 1 AU and 1.5 AU, as the extreme bounds of the actual distribu�on that determines 
where Mars is connected to at the Sun.  

Whitman et al. (2022) give a summary of SEP forecas�ng methods for the Earth-Moon system, including 
long-term (pre-erup�on) and post-erup�on techniques. Their Table 10 show that most techniques rely 
on direct observa�ons of the SEP source region with remote sensing. As available (real-�me) 
observa�ons are mostly limited to the Sun-Earth line, important inputs of s�ll well-connected sources 
are hidden from view, predominantly near or behind the W limb as viewed from Earth, where about 25% 
of all SEPs at 1 AU originate from (Richardson et al., 2014). This issue affects the probability of detec�on 
and false alarm rate of many SEP forecas�ng techniques.   

Posner et al. (2021) speculate that SEP forecas�ng for Mars would be problema�c as source regions 
affec�ng the Mars environment are frequently hidden from view of a Mars-based observer. Our new 
analysis of magne�c connec�vity exacerbates the issue by pushing the direct magne�c connec�on point 
further west, and behind the limb . We can now confirm that SEP forecas�ng driven by Mars-based solar 
remote sensing would indeed be very ineffec�ve. Four of 15 MGLEs, or ~27%, originate from the solar far 
side as viewed from Mars. Three addi�onal MGLEs (20%) originate within 3ᵒ of the solar limb, where X-
ray flares may be directly observed but solar magnetographic methods are ineffec�ve. Thus, remote 
sensing of the Sun with X ray or polarimetric instrumenta�on from a Mars-Sun line loca�on would be 
significantly more ineffec�ve in forecas�ng SEPs at Mars than previously thought.  

Table 2. Solar wind speed distribu�ons at Earth and Mars and their magne�c connec�on longitudes. This 
table is adapted from Posner et al. (2021) with added MAVEN solar wind speed distribu�ons that are 
based on Halekas et al. (2017). 

 

4.2 Solar Radio and Mars Surface Precursors 

While remote-sensing techniques that support SEP and MGLE forecas�ng at Mars may be ineffec�ve, we 
introduce alterna�ve means of post-erup�on forecas�ng to be plausible and poten�ally quite accurate. 
Energe�c electrons that are a reliable precursor of SEPs at 1 AU could be used for this purpose, as 
discussed in Posner and Strauss (2020). Type-III radio bursts appear to be reliably visible before any SEP 
and MGLE onset. The example of HESPERIA REleASE+ (Posner et al., 2024) shows a plausible combina�on 

Solar Wind 
Speed 

Earth Mars Semim. 
Axis Dist 

Mars 
Perihelion 

Mars 
Aphelion 

Likelihood 
1 AU 

Likelihood 
Mars 

275 – 325 km/s 81.8W 124.7W 113.0W 136.3W 8% 15% 
325 – 375 km/s 70.1W 106.9W 96.8W 116.8W 22% 28% 
375 – 425 km/s 61.4W 93.5W 84.7W 102.2W 23% 22% 
425 – 475 km/s 54.5W 83.1W 75.3W 90.9W 16% 15% 
475 – 525 km/s 49.1W 74.8W 67.8W 81.8W 11% 10% 
525 – 575 km/s 44.6W 68.0W 61.6W 74.3W 7% 6% 
575 – 625 km/s 40.9W 62.3W 56.5W 68.1W 5% 2% 
625 – 675 km/s 37.8W 57.5W 52.1W 62.9W 4% 1% 
675 – 725 km/s 35.1W 53.4W 48.4W 58.4W 3% 0.2% 
725 – 775 km/s 32.7W 49.9W 45.2W 54.5W 1% 0.1% 
775 – 825 km/s 30.7W 46.8W 42.4W 51.1W <0.5% <0.1% 



of inputs in a SEP forecas�ng system from a Mars-Sun L1 vantage point or Mars orbit (see, e.g., Lee et al., 
2023).  

Noteworthy is also the predictability of the �me of peak intensity of MGLEs. For this, the onset delay in 
RAD’s detector E over the type-III radio burst can be used as a proxy. Our empirical formula for MGLE 
peak �me past type-III onset is: 

(1) Delay Tpeak=91min + 3.2 * Delay Tonset  

An ideal instrument installed on the Mar�an surface should be sensi�ve to both charged and neutral 
ionizing radia�on with sufficient sensi�vity to run con�nuously at resolu�on of 1-2 min. Basically, RAD 
matches these capabili�es and runs at a baseline resolu�on of 1min, while switching to “SEP” mode with 
dosimetry data at 30sec resolu�on, but the high-resolu�on data is not yet publicly available. 

A�er determining the �me of peak dose rate, a simple extrapola�on of the dose rate rise between onset 
and a �me ΔT shortly therea�er can also give an indica�on of the upper bound of the expected peak 
dose rate: 

(2) Ipeak = I0 + Delay Tpeak * (I(t1)-I0)/ ΔT 

Please note that in some cases this upper bound can be orders of magnitude higher than actually 
observed. His is because MGLE profiles from regions not well connected tend to have a steep onset, but 
a slower rise at a later phase. Our es�mate is for exponen�al rise of the steep phase and does not 
assume a more gradual rise to follow the ini�al increase. 

In addi�on, as argued in Guo et al. (2019b), MGLE dose rates on the Mar�an surface can be forecasted 
based on the pivot-energy 300 MeV measured flux above the Mar�an atmosphere. 

5 Summary and Conclusions 

We have analyzed all 15 Mars Ground Level enhancements observed by Curiosity RAD that were 
observed between 2012 and the end of 2024. We have iden�fied the solar sources that gave rise to 
MGLEs and placed these Mars surface par�cle events in context with findings of a related study of wide-
spread solar par�cle events at 1 AU by Posner, Richardson & Strauss (2024), our main results are: 

(1) The May 20, 2024 ground level enhancement serves as a good proxy for a worst-case MGLE 
given the extreme brightness of the associated X-ray flare, good magne�c connec�on condi�ons 
between ac�ve region and Mars, and Mars being near perihelion distance. The peak dose rate of 
this event on the Mar�an surface, 352 μGy/hr, while not negligible, is about two orders of 
magnitude below threshold levels of acute radia�on effects. ALARA would apply. 

(2) The most extreme percentage increase over pre-event ionizing radia�on levels on Mars (May 20, 
2024) is similar in magnitude to that for the GLE at Earth on Feb. 23, 1956. 

(3) The ra�o of ~25 MeV solar energe�c proton events to MGLEs in the overlapping �me period is 
on the order of 30  to 1.  

(4) Each of the 15 MGLEs has a solar type-III radio burst precursor. This MGLE feature is also present 
in all STEREO-era wide-spread SEPs as defined in Posner, Richardson & Strauss (2024). 

(5) Despite likely onset anisotropy, it appears that MGLE onset occurring on day- or nigh�me on the 
surface of Mars has a negligible effect on the surface dose rate. The number of MGLE onsets at 
night is 8, vs. 7 at day�me. 



(6) The observed distribu�on of solar source longitudes in clock angle rela�ve to the longitude of 
Mars at 6 o’clock shows that most solar source longitudes (75%, or 9 out of 12 clock angles) have 
given rise to MGLEs, and we cannot rule out that the remaining longitudes (9, 10, and 11 o’clock) 
can also give rise to them. There is a notable clustering of solar source longitudes (4/15) in the 
magne�c foot point clock sector 3. 

(7) Each of the MGLEs that are also included in the ~25 MeV solar proton event list by Richardson 
(2024) have been observed at SOHO and STEREO as proton enhancements as well, regardless 
their rela�ve loca�ons with respect to Mars or the ac�ve region source, indica�ng that all MGLEs 
cause SEPs over a wide range of solar longitudes. That would also mean that a lack of >25 MeV 
solar energe�c proton enhancement at Earth could rule out occurrence of a MGLE.  

(8) We find a posi�ve correla�on between MGLE onset �me delay and magne�c connec�on 
distance. Re-analysis of the Posner, Richardson & Strauss (2024) wide-spread SEP list shows a 
posi�ve correla�on of onset delay and energy dispersion dura�on. The three MGLEs that are 
part of the overlapping list of events show the same patern at 25 MeV. We predict that a) onset 
delay and energy dispersion dura�on at >180 MeV proton energies are also correlated for 
MGLEs and b) that magne�c connec�on distance and energy dispersion dura�on > 180 MeV are 
posi�vely correlated. The later, if confirmed, would strongly suggest that accelera�on of protons 
to highest energies occurs very low down in the solar corona and that cross-field transport is 
their dominant mechanism for wide spread around the Sun. Longitudinal transport via expansion 
of CME shocks would give rise to an an�correla�on of magne�c connec�on  distance and energy 
dispersion dura�on. As indicated in Ehresmann et al. (2017, 2018), MGLEs 6-10 are sufficiently 
intense on the Mar�an surface that they might be analyzed to examine the proton energy 
dispersion dura�on and test this hypothesis. 

(9) We find that the delays of onset and peak of MGLEs vs the type-III radio burst solar release �me 
are strongly correlated. This allows for a crude es�ma�on of the �me of peak dose rate, and its 
upper bound, adding addi�onal tools for short-term radia�on forecas�ng at Mars. 
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