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Abstract

Solar Energetic Particles (SEP) are one of the major sources of the martian radiation environment. It is important to understand

the SEP-induced martian radiation environment for future human habitats on Mars. Due to the lack of global intrinsic magnetic

field, SEPs can directly propagate through and interact with its atmosphere before reaching the surface and subsurface of Mars.

Since Mars has many high mountains and low-altitude craters where the atmospheric thickness can be more than 10 times

different from one another, the SEP-resulted surface radiation level may be very different from one location to another. We thus

consider the influence of the atmospheric depths on the martian radiation levels including the absorbed dose, dose equivalent,

and (human-)body effective dose induced by SEPs at varying heights above and below the martian surface. The state-of-the-art

Atmospheric Radiation Interaction Simulator based on GEometry And Tracking Monte-Carlo method (AtRIS/GEANT4) has

been employed for simulating particle interactions with the martian atmosphere and terrain. We find that even the thinnest

martian atmosphere reduces radiation dose from that in deep space by at least 65\%, and the shielding effect increases for

denser atmosphere. Furthermore, we present a method to quickly forecast the SEP-induced radiation in different regions of

Mars with different surface pressures.
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Abstract14

Solar Energetic Particles (SEP) are one of the major sources of the martian radiation15

environment. It is important to understand the SEP-induced martian radiation environ-16

ment for future human habitats on Mars. Due to the lack of global intrinsic magnetic17

field, SEPs can directly propagate through and interact with its atmosphere before reach-18

ing the surface and subsurface of Mars. Since Mars has many high mountains and low-19

altitude craters where the atmospheric thickness can be more than 10 times different from20

one another, the SEP-resulted surface radiation level may be very different from one lo-21

cation to another. We thus consider the influence of the atmospheric depths on the mar-22

tian radiation levels including the absorbed dose, dose equivalent, and (human-)body ef-23

fective dose induced by SEPs at varying heights above and below the martian surface.24

The state-of-the-art Atmospheric Radiation Interaction Simulator based on GEometry25

And Tracking Monte-Carlo method (AtRIS/GEANT4) has been employed for simulat-26

ing particle interactions with the martian atmosphere and terrain. We find that even the27

thinnest martian atmosphere reduces radiation dose from that in deep space by at least28

65%, and the shielding effect increases for denser atmosphere. Furthermore, we present29

a method to quickly forecast the SEP-induced radiation in different regions of Mars with30

different surface pressures.31

Plain Language Summary32

On Earth, the global magnetic field and dense atmosphere can efficiently protect33

us from the radiation risk induced by Solar Energetic Particles (SEP). On Mars, how-34

ever, we are not so lucky. The lack of effective magnetic field and a thin atmosphere make35

Mars much more exposed to space radiation. It is therefore necessary to study the ra-36

diation impact on future humans exploring Mars. In this paper, we study the radiation37

level induced by SEPs at different locations on Mars and find that the martian atmo-38

sphere, even with the thinnest condition on top of Mount Olympus, can reduce at least39

65% of the radiation dose. In support of mitigating radiation risks for future Mars mis-40

sions, we find statistical correlations of the SEP radiation level on Mars with the SEP41

properties and derive convenient prediction functions which relate the SEP fluence at42

a certain energy with the martian surface dose.43

1 Introduction44

As flying to Mars is becoming extremely compelling for space agencies and the gen-45

eral public, it is important to consider all potential risks for astronauts, which may en-46

counter during such a mission. One of the serious hazards is induced by space radiation47

which exists both during interplanetary flight and on the surface of Mars (e.g., Cucinotta48

et al., 2013; Zeitlin et al., 2013; Hassler et al., 2014; Guo et al., 2021). Radiation envi-49

ronment in space mainly consists of Galactic Cosmic Rays (GCRs) and Solar Energetic50

Particles (SEPs). GCRs are omnipresent low-intensity background flux of high-energy51

(up to TeV/nucleon) fully ionized elements from hydrogen to nickel and beyond. In con-52

trast, SEPs are mostly protons from solar eruptions accelerated up to several GeV. SEPs53

can cause very significant radiation flux enhancements within a short time period. When54

referring to extreme SEPs and their space weather impact on Earth, the Ground Level55

Enhancement (GLE) events are of particular interest. They are often accelerated by large56

solar eruptions and contain protons with energies above a few hundreds of MeV and even57

up to a few GeVs. Consequently, as its name suggests, GLE particles may be able to pen-58

etrate the Earth’s magnetic field and atmosphere to cause enhancements detected by par-59

ticle detectors, such as muon or neutron monitors, on the Earth’s surface (e.g., Mirosh-60

nichenko et al., 2013). During large SEPs, the CME-shock may have the strength to keep61

accelerating particles in the interplanetary space as they propagate outward and another62
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SEP component called the Energetic Storm Particles (ESP) is often observed upon the63

arrival of the shock at an observer (Bryant et al., 1962).64

Before reaching the martian surface, energetic particles interact with the atmosphere.65

However, Mars’ surface pressure is only about one percent of that on Earth and it can66

vary by more than one order of magnitude due to the martian topography, e.g. 82 Pa67

on Mount Olympus and 1200 Pa within the Greek plain. While propagating through the68

martian atmosphere, energetic particles lose their energy and generate secondaries via69

nuclear interactions (such as neutrons, electrons, gammas, muons, etc.) which increase70

the radiation level. The interaction of GCRs with the martian atmosphere of different71

thicknesses has been recently studied (Saganti et al., 2004; Ehresmann et al., 2011; Guo72

et al., 2017; Zhang et al., 2022). It has been found that GCR-induced surface radiation73

level (quantified as dose rate) does not differ significantly, within about 10%, between74

different pressure conditions as suggested both by observations by the Radiation Assess-75

ment Detector (RAD, Hassler et al., 2012) at Gale Crater (Guo et al., 2017) and by de-76

tailed modeling results (Zhang et al., 2022). In comparison with GCRs, SEPs cover a77

lower energy range and are more likely to stop or lose energy in the atmosphere, sug-78

gesting that they are more susceptible to the thickness of the martian atmosphere. For79

example, the martian atmosphere at Gale Crater with a surface atmospheric pressure80

of about 830 Pa, corresponding to column density of 22.5 g/cm2 can stop protons be-81

low the energy of about 160 MeV from reaching the surface(Guo, Banjac, et al., 2019).82

Thus, the variation of SEP-induced radiation level should be greater than GCR’s at dif-83

ferent locations on Mars where the surface atmospheric column density varies significantly,84

e.g., 2.23 and 32.2 g/cm2 for Mount Olympus and Greek plain, respectively. RAD is the85

only radiation detector on Mars and can not simultaneously measure the surface SEP86

radiation level under two different pressures. Previous modeling studies mainly focused87

on the “global radiation map” of Mars induced by GCRs (e.g., Saganti et al., 2004; Da Pieve88

et al., 2021). while how this map may change under extreme SEP events still remain un-89

clear. Therefore, we here investigate the impact of extreme SEP Events (i.e., GLE events)90

on the surface radiation environment in a few representative regions on Mars with sur-91

face pressures varying significantly from one another.92

With this purpose, we apply a GEometry And Tracking (GEANT4, Agostinelli et93

al., 2003) based particle transport code named Atmospheric Radiation Interaction Sim-94

ulator (AtRIS, Banjac et al., 2018), which is a state-of-the-art modeling tool developed95

to simulate the propagation of energetic particles through planetary atmosphere and re-96

golith. AtRIS has been previously applied to study the martian radiation environment97

with a focus on GCRs and validated against the RAD measurements (Guo, Banjac, et98

al., 2019; Röstel et al., 2020; Zhang et al., 2022). Here it is used to study the SEP-induced99

surface radiation environment at different Mars’ locations with vastly different atmospheric100

depths. The article is organized as following: Section 2 introduces and describes the method-101

ology, model setup and input parameters for the study; Section 3 shows and discusses102

the results and Section 4 summarizes the main results and concludes our study.103

2 Methods104

2.1 GLE Spectra105

There is few study on retrieving the spectra of SEPs arriving at Mars due to the106

lack of observational data, while the method of studying the SEP spectra at Earth based107

on both ground-based and space-borne observations is already very sophisticated. Tylka108

and Dietrich (2009) analyzed the time-integrated fluence spectra of GLE events based109

on combined spacecraft and neutron monitor measurements and found that the fluence110

spectra in rigidity can be represented with a double power law function known as the111

Band function (Band et al., 1993). With this method, Raukunen et al. (2018, Table2)112

calibrated spectral parameters for 59 GLE events together with the ESP components of113
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Figure 1. The time-integrated fluence spectra of 67 GLE events are represented by colored

lines. Three events are marked by different colors. The green shadow represents the GCR flux

derived from the Badhwar O’Neil 2014 model (O’Neill et al., 2015) with the solar modulation

between 400 MV and 1000 MV.

6 events (GLE42, GLE43, GLE58, GLE59, GLE62, and GLE65) occurring in 1956–2012.114

In addition, we also include the spectra of the most recent two events: GLE72 (Bruno115

et al., 2019) and GLE73 (Guo et al., 2023; Martucci et al., 2023). All of the GLE event116

spectra used in this article are shown in Figure 1. Compared to the daily flux of GCR117

protons, the fluence of SEPs below 100 MeV is significantly higher: the difference is be-118

tween 2 and 14 orders of magnitude.119

Before applying these spectra to the Mars model, we need to consider the evolu-120

tion of SEP flux due to the different separation of Mars and Earth from the correspond-121

ing original flare/CME site (e.g., Lario et al., 2013). This difference would also vary from122

one event to another due to the orbital movement of the planets and the “ad-hoc” lo-123

cation of the flare/CME site. Since the longitudinal separation of one observer to the124

eruption site is arbitrary and thus statistically equivalent for Mars and Earth, we can125

scale the SEP flux from Earth (at 1 AU) to Mars (at 1.5 AU) only considering the ra-126

dial gradient of the SEP flux. In this study, we suppose that flux intensity decreases as127

∼ 1/r2 with the distance from the Sun thus a scaling factor 1/1.52 = 0.44 should be128

applied to multiply the SEP fluence at Earth to convert it into that at Mars.129

2.2 Mars Radiation Model130

In the Mars model, the atmospheric properties including the composition (∼ 95%131

CO2), density, temperature and their variation over altitude are defined by the Mars Cli-132

mate Database (MCD, Forget et al., 1999, http://www-mars.lmd.jussieu.fr). It is a database133

of meteorological fields derived from General Circulation Model (GCM) numerical sim-134

ulations of the martian atmosphere and validated using available observational data. Guo,135

Banjac, et al. (2019), Röstel et al. (2020) and Zhang et al. (2022) have implemented MCD136

in AtRIS (explained later in detail) to model the Mars radiation environment, and Zhang137

et al. (2022) set up 6 respective models under 6 martian surface pressures of 82, 305, 529,138
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753, 975, and 1200 Pa to assess the variation of the GCR radiation levels at different mar-139

tian locations. In this work, we further investigate the influence of atmospheric thick-140

ness on the SEP radiation with the same model used in Zhang et al. (2022).141

The martian soil is defined as a substance with a density of 1.79 g/cm2 and com-142

posed of 50% Si, 40% O, and 10% Fe which is close to the Andesite Rock (AR) scenario143

considered by Röstel et al. (2020, AR mass fraction is 44% O, 27% Si, 12% Fe). The model144

provides particle spectra at 80 altitudes distributed in a logarithmic scale from the sur-145

face up to 80 km and at 40 evenly-distributed depth layers in the martian soil down to146

10 m.147

Atmospheric Response Matrices (ARMs) makes AtRIS a convenient tool (Banjac148

et al., 2018) to save simulation time and they are obtained by simulating primary par-149

ticles through the atmospheric model for different primary-secondary case (e.g., protons150

producing neutrons) and directions (upwards & downwards). In the first run, the aver-151

age ionization and interaction process of a particle with specific energy penetrating the152

atmosphere is simulated, and the histogram of secondary particles caused by primary153

particles with different energy bins are listed in columns of an ARM. In the following154

calculations, secondary particle spectra can be obtained simply by multiplying the in-155

coming GCR/SEP spectrum with the ARM at a certain output layer, rather than run-156

ning a new simulation with a new spectrum with the math description detailed in Guo,157

Banjac, et al. (2019).158

With the output particle spectra at a certain layer of our martian radiation model,159

we can then obtain the absorbed dose, dose equivalent (ICRP, 2013) and effective dose160

(ICRP, 2007) using the energy and particle-dependent dose conversion factors, as described161

in detail by Dobynde et al. (2021) and Zhang et al. (2022, section 2.3). The absorbed162

dose (expressed in the unit of J kg−1, or Gray, or Gy) is defined as the total energy de-163

posited by particles per unit of material mass. It is a key parameter that is directly mea-164

surable for evaluating the radiation effect of high-energy particles when they interact with165

the target. In this study, we will calculate the absorbed dose in two phantoms: a 300-166

µm-thick silicon slab representing the silicon dosimeter of RAD, and a 15-cm radius wa-167

ter sphere that approximates a human torso. The latter phantom is also applied to cal-168

culate the dose equivalent and effective dose since we can not directly characterize the169

biological effect of particle radiation on the human body from the absorbed dose. The170

biological damage in tissue depends on the linear energy transfer (LET) which is the en-171

ergy dE deposited along a path length of dx. By multiplying the absorbed dose by LET-172

dependent quality factor Q(LET ) (ICRP, 1992), we can obtain the dose equivalent. Fur-173

ther, the radiation damage to the entire human body is characterized by the effective174

dose as a sum of tissue-weighted dose equivalent values in 15 critical organs (ICRP, 2007).175

Here we use mean shielding values of a particular organ to identify the dose equivalent176

at this corresponding spherical layer as described by Matthiä et al. (2013). Finally, for177

the given 67 spectra of GLE events, the absorbed dose, dose equivalent and effective dose178

above and below the martian surface can be calculated for each of the 6 selected loca-179

tions. The results are presented and discussed in the following section.180

3 Results and Discussion181

With the simulation methods introduced in section 2 and for each GLE event, we182

can obtain the particle spectra (of both primary particles and their secondary particles)183

and corresponding radiation level generated at each of the 6 locations through different184

depths of the atmosphere and regolith. GLE73 which took place on 2021 October 28 is185

the most recent GLE event and has been studied in detail combining observations from186

both Earth and Mars (Guo et al., 2023). So we also employ GLE73 as an example to187

show its radiation impact throughout the martian atmosphere under different surface188

atmospheric pressures.189
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3.1 Radiation environment induced by GLE73190
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Figure 2. (a): The input primary spectra of GLE73 (2021-10-28, black star line) scaled to the

distance of Mars (and integrated over 2π) and the output proton fluence at the martian surface

under the scenarios of surface pressure for 82, 305, 529, 753, 975 and 1200 Pa (shown in different

colors). (b): The accumulated absorbed dose (in a 15-cm radius water sphere) of protons (y-axis,

in units of mGy) lower than certain energy (x-axis) for different cases: 2π-deep space (black star

line) and under different pressures on the surface of Mars (colored lines). (c): The same as in (b)

but with the accumulation scaled to the maximum value of each case.

Figure 2(a) compares the primary proton spectra of GLE73 (integrated over a solid191

angle of 2π considering a planetary surface without atmospheric shielding) with the out-192

put proton spectra on the martian surface under different surface pressures. The shield-193

ing effect of the martian atmosphere is clearly shown for protons with energy below 100194

MeV and is more significant with increasing surface atmospheric pressure. Even when195

the surface pressure is only 82 Pa (the case of Mount Olympus), the output surface spec-196

trum of protons has a considerable reduction below ∼ 150 MeV and is more than four197

orders of magnitude smaller than the primary spectrum at 1 MeV. While under the sur-198

face atmospheric pressure of 1200 Pa, the output surface proton fluence has decreased199

further: at 100 MeV, it reduced by over one order of magnitude compared to the deep-200

space spectra and the 82-Pa spectra. At energy lower than 10 MeV, the difference of the201

surface proton fluence under different surface pressures has reached about two orders of202

magnitude.203

The absorbed dose on the surface of Mars is mainly contributed by protons in case204

of large SEP events. As shown in Figure 2(b), the energy-accumulated absorbed dose205

of protons, which is calculated in the 15-cm-radius water sphere phantom placed in deep206

space, steadily increases to 4.4 mGy at 100 MeV, then slowly reaches a plateau of 4.8207

mGy. In comparison, the surface dose under 82 Pa is only about 0.6 mGy meaning that208

the martian atmosphere of only about 2.23 g/cm2 can reduce about 88% of the total ra-209

diation dose induced by GLE protons in deep space.The surface dose is significantly lower210

for other pressures that can shield more than 98% of the deep-space dose, e.g., it is 0.08211

mGy under 753 Pa. Figure 2(c) shows that the energy interval dominating 90% of the212

proton-induced radiation is 1 - 135 MeV in deep space and shifts to 25 - 270 MeV for213

the 82-Pa case, and then shifts further to 55 - 485 MeV for the 1200-Pa case.214
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Figure 3. Absorbed dose (in units of mGy) in a 300-µm-thick silicon slab (panel a) and in a

15-cm radius water sphere (panel b) at various locations on Mars with surface pressures of 82,

305, 529, 753, 975, 1200 Pa from 70-km atmospheric height to the surface and down to 10 m

below the surface. (c) and (d) panels show the dose equivalent and effective dose calculated based

on a 15-cm-radius water sphere phantom, respectively.

Figure 3(a) and (b) show the absorbed dose induced by primary GLE73 protons215

calculated based on the silicon slab phantom and on the water sphere phantom, respec-216

tively. The results are shown from 70-km atmospheric height to the surface and down217

to several meters below the surface (each line) and at various locations on Mars with sur-218

face pressures of 82, 305, 529, 753, 975, 1200 Pa (lines with different colors). Note that219

secondary particles (e.g, protons, neutrons, electrons, gamma particles, etc) generated220

by the primary GLE protons in the martian environment that contribute to the absorbed221

dose are also counted and scored.222

The absorbed dose calculated based on the silicon slab phantom quickly decreases223

from 142 mGy at 70 km altitude to 0.12 mGy on the surface of Mars with an atmospheric224

pressure of 753 Pa. After the same vertical distance, the absorbed dose of GLE73 is lower225

under denser atmospheric conditions, and eventually, it becomes negligible (10−3 mGy)226

at around one-meter depth beneath the martian surface. At 70 km, the absorbed dose227
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in the water sphere (panel b) is over one order of magnitude smaller than that in the sil-228

icon slab (panel a) and this difference is mainly caused by low-energy protons which are229

easily stopped at the outer part of the water sphere. This difference becomes smaller at230

larger atmospheric depths, e.g., it is only 20% at the 1200-Pa surface, since these low-231

energy particles are more effectively shielded by the atmosphere.232

We also calculated the dose equivalent and effective dose induced by the GLE73233

event as shown in Figure 3(c) and (d) respectively. The results of dose equivalent and234

effective dose are approximately the same. After passing through the martian atmosphere235

with a surface atmospheric pressure of 1200 Pa, GLE73 causes about 0.1 mSv of effec-236

tive dose on the surface of Mars, which is around 3% of that in deep space, and approx-237

imately one-tenth of that on the surface with an atmospheric pressure of 82 Pa.238

3.2 The dependence of the atmospheric shielding on SEP spectral prop-239
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Figure 4. (a): The ratio of the surface dose to the deep-space dose, i.e., the residual rate

Rsurf/ds,(y-axis) calculated in a 300-µm-thick silicon slab for different surface pressures (x-axis)

for all the 67 GLE spectra. (b): The residual rate Rsurf/ds for the absorbed dose calculated

based on a water sphere phantom with a radius of 15 cm. The GLE event with the largest

Rsurf/ds is represented in red while that with the smallest Rsurf/ds is shown in blue, and the

remaining 65 GLE events are represented in yellow.

The shielding capability of the martian atmosphere of SEP-induced radiation is re-241

lated to the atmospheric depth and the SEP spectral properties (such as the relative con-242

tribution of low and high energy particles to the total flux). We characterize the shield-243

ing capability of the martian atmosphere by defining a residual rate Rsurf/ds, which is244

the ratio of the surface radiation dose caused by a GLE event to its radiation dose in deep245

space. Figure 4 compares the residual rates caused by 67 GLE spectra for various sur-246

face atmospheric pressures. The residual rate decreases with increasing atmospheric pres-247

sure due to a thicker atmosphere stopping more low-energy particles and also slowing248

down those with higher energies.249

Compared to other GLE spectra, the martian atmosphere is the most effective in250

shielding the radiation caused by GLE58ESP (1998-08-24), with the residual rate for the251

–8–



manuscript submitted to Space Weather

absorbed dose in silicon slab ranges from about 8 × 10−7 at the location with surface252

atmospheric pressure of 82 Pa to approximately 3×10−9 at the 1200 Pa location. On253

the contrary, the residual rate of GLE49 (1990-05-26) is always the highest at all pres-254

sure conditions as calculated for the absorbed dose in silicon slab, and it varies from around255

5% at 82 Pa to about 0.2% at 1200 Pa. With the identical shielding condition, the resid-256

ual rate of GLE58ESP is around 5 orders of magnitude lower than that of GLE49 due257

to the significant contribution of low-energy particles, which are more easily attenuated258

by the atmosphere. This generally corresponds to a soft power-law spectrum (as shown259

in Figure 1). In other words, the shielding of the martian atmosphere has a larger in-260

fluence on primary particles with low energy and consequently the residual rate of GLE261

event with a harder (or softer) spectrum is larger (or smaller).262

When comparing the dose in the water sphere and silicon slab, we also need to pay263

attention to the low-energy component of the spectra. Generally, low-energy particles264

contribute more to the dose in the silicon slab than in the water sphere due to the self-265

shielding effect of the latter with a larger volume and mass. As a result, under the same266

martian atmospheric condition, the residual rate in the water sphere is higher compared267

to that in the silicon slab.268

3.3 Statistical results and the Pivot energy269
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Figure 5. The absorbed dose calculated in a 15-cm-radius water sphere on the martian sur-

face under different surface atmospheric pressures.

As shown in Figure 5, the absorbed dose caused by GLE spectra on the surface of270

Mars with an atmospheric pressure of e.g., 753 Pa can span three orders of magnitude271

from about 0.008 mGy for GLE58ESP to more than 10 mGy for GLE5 which approx-272

imately equals to a monthly-integrated GCR radiation dose during solar minimum pe-273

riod as measured by RAD during solar cycle 24 (Guo et al., 2021). The maximum dose274

on Mars shown in the Figure 5 reaches about 100 mGy for GLE24 when the atmospheric275

pressure is 82 Pa. The pressure dependence of different events is similar for the effec-276

tive dose as for the absorbed dose which varies from 0.03 mSv to 200 mSv as shown in277

Figure 6. Thus accounting for pressure dependence of the dose is an important issue for278
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Figure 6. The effective dose calculated based on a 15-cm-radius water sphere phantom on the

martian surface under different surface atmospheric pressures.

a quick and accurate forecast of the radiation dose rates caused by different GLEs at var-279

ious locations on Mars.280

Guo, Wimmer-Schweingruber, et al. (2019) statistically studied the effects of dif-281

ferent energy ranges, intensities, and power-law index on the SEP-induced radiation on282

the martian surface. For a given surface pressure of about 840 Pa, they discovered a good283

correlation between the induced radiation on Mars and the flux of the initial SEP spec-284

tra at the so-called pivot energy (∼ 300 MeV). Specifically speaking, the surface dose285

rate can be directly derived based solely on the SEP flux at this pivot energy while the286

SEP spectral shape and slope do not affect the surface radiation. Based on the same method-287

ology, we try to correlate the absorbed dose (calculated in the water sphere under dif-288

ferent surface pressures) with the original fluence of 67 GLEs at different specific ener-289

gies to obtain the corresponding pivot energy values and the correlation for determin-290

ing the surface dose. These values can be used to evaluate the radiation caused by the291

incoming GLE in different regions with different pressures on the martian surface.292

To find the pivot energy for different surface atmospheric pressures, we calculated293

the Pearson Correlation Coefficient (PCC) of the absorbed and effective dose calculated294

based on the water sphere phantom induced by each event versus the GLE spectral flu-295

ence at different energies. Figure 7(a) plots the PCC versus energy of the original GLE296

spectra for various cases of pressure. When PCC reaches a maximum value close to 1,297

the corresponding energy is defined as pivot energy at which the best correlation between298

the SEP flux and the surface dose can be established. As shown in Figure 7(c), the pivot299

energy increases from about 110 MeV for 82 Pa to 350 MeV for 1200 Pa because a higher300

atmosphere column depth corresponds to a higher energy threshold for incoming pro-301

tons. In Figure 7(b), we show the correlation of the absorbed dose on martian surface302

versus the primary GLE fluence at the pivot energy (determined in panel (a)). For each303

of modeled pressure values, we apply a linear function and derive the fitting coefficient304

between the fluence at the pivot energy and the surface dose based on the following func-305
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Figure 7. (a): The Pearson correlation coefficient between the surface absorbed dose and

the intensity at a certain energy for 67 GLE spectra. (b): Colored dots represent the results of

67 GLE spectra, and the colored lines are the corresponding fitting results. (c): The pivot en-

ergy E0(p) and coefficient ”cD(p)” (in Equation 1) based on the 6 modeled pressures (dots) and

the fitted functions versus the surface atmospheric pressure (dotted lines) for the absorbed dose

recorded in the water sphere on the martian surface. (d): The pivot energy E′
0(p) and coefficient

”cE” (in Equation 2) based on the 6 modeled pressures (dots) and the fitted functions versus the

surface atmospheric pressure (dotted lines) for the effective dose calculated based on the water

sphere phantom on the martian surface.

tion:306

Dsurf (p) = cD(p) · IE0(p), (1)

where Dsurf (p) is the absorbed dose [mGy] on the martain surface under a surface pres-307

sure of p, IE0(p) is the original GLE fluence [particles cm−2 MeV−1] at the pivot energy308

E0 which is pressure dependent, cD(p) is the derived coefficient between IE0(p) and Dsurf (p)309

based on all the events studied under a certain surface pressure and has the unit of [mGy310

cm2 MeV]. The derived E0(p) and cD(p) values are displayed in Figure 7(c) as dots for311
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6 pressure results. Moreover, we use quadratic functions to fit E0(p) versus p, and cD(p)312

versus p as shown in the legend of the figure so that a continuous coverage of different313

surface pressures is possible using our empirical function Eq. 1. For any given pressure,314

E0(p) and cD(p) can be implemented in Eq. 1 to quickly derive the surface dose (or dose315

rate) once the original fluence (or flux) of the SEP event is known.316

This approach is also applied to analyze the SEP-induced effective dose for future317

astronauts on Mars’ surface and the following Equation 2 is obtained318

Esurf (p) = cE(p) · IE′
0(p)

. (2)

Here, Esurf (p) is the body effective dose on martain surface [mSv] under the surface pres-319

sure p, IE′
0(p)

is the original SEP fluence [particles cm−2 MeV−1] at the pivot energy E
′

0320

which is pressure dependent, cE(p) is the derived coefficient between IE′
0(p)

and Esurf (p)321

based on all the events studied under a certain surface pressure p and has the unit of [mSv322

cm2 MeV]. The derived E
′

0(p) and cE(p) values are displayed in Figure 7(d). Again, we323

use quadratic functions to fit E
′

0(p) versus p, and cE(p) versus p as shown in the legend324

so that the prediction can be made for any given surface pressure between 82 Pa and 1200325

Pa.326

For future applications, with the derived cD(p), cE(p), E0(p) and E
′

0(p) values shown327

in Figure 7(c) and 7(d) applied to Equations 1 and 2, we can quickly quantify the ab-328

sorbed dose and effective dose at various locations with different surface pressure p based329

solely on the SEP fluence at these pivot energies. This can serve as a timely forecast for330

the global Martian radiation environment.331

4 Summary and Conclusion332

In order to understand the impact of extreme SEP events on the Martian radia-333

tion enrichment at a global scale (different altitude or different locations) , we established334

a martian radiation model to study the SEP-induced radiation on Mars and its depen-335

dence on the atmospheric depths. We considered 6 scenarios of martian atmosphere with336

surface pressures ranging from 82 Pa at the top of Olympus Mons to 1200 Pa at Hel-337

las Planitia through the state-of-the-art GEANT4 and AtRIS codes and simulated the338

radiation induced by the 67 SEP spectra which are converted from historical GLE spec-339

tra at Earth as shown in Figure 1.340

We showed the modification of the proton spectra as SEPs arrive at different Mar-341

tian locations with different atmospheric depths and derived the induced absorbed dose342

due to protons under different surface pressures as in Figure 2. We demonstrate that the343

energy range of protons, which cover 90% of the total proton-induced dose shifts to higher344

energies as the atmosphere becomes thicker due to the reduction of the proton flux at345

lower energies being more efficient.346

We further derived the absorbed dose in a 300-µm-thick silicon slab, as well as the347

absorbed dose, dose equivalent, and effective dose calculated based on a 15-cm-radius348

water sphere phantom above and beneath the martian surface (from the altitude of 70349

km in the atmosphere down to the depth of 10 m beneath the surface) with GLE73 on350

2021-10-28 as an exampled event shown in Figure 3. The SEP-induced radiation is sig-351

nificantly affected by the martian atmosphere: increase of surface pressure from 82 Pa352

to 1200 Pa may reduce the surface radiation by an order of magnitude. The result also353

shows that the Martian soil can more efficiently reduce the SEP impact: at 1 m depth354

beneath surface, radiation (quantified as absorbed dose, dose equivalent and effective dose)355

is reduced down to only one percent of that on the surface. Note that the martian soil356

used in the current model is rather “dry” without content of hydrogen. If consider the357

soil contains water (with hydrogen atoms) we may expect an enhanced modulation of358

the secondary fast neutrons (below ∼ 10 MeV) as modeled by Röstel et al. (2020). As359
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a result, the corresponding dose equivalent and effective dose could be lower for such “wet”360

Martian regolith due to the large biological weighing factor of neutrons around this ev-361

ery range. However, the absorbed dose does not change much as the soil content changes.362

The prediction of our model for GLE73 in the silicon slab under a surface pressure363

of about 753 Pa is 120 µGy which is about 45% smaller than the surface measurement364

of RAD (216 µGy under a pressure of 742 Pa) in its silicon detector (Guo et al., 2023).365

This difference is likely due to the fact that the factor (1/1.52) that converts the GLE73366

spectrum at Earth to Mars is only a general and statistically-averaged assumption which367

may not be accurate for individual events. In the case of this event, this factor might368

lead to an underestimation of the actual SEP flux at Mars as discussed in detail in Guo369

et al. (2023).370

Comparing the results of different SEP events, we found that the shielding effect371

of the martian atmosphere is more effective for softer GLE spectra which have a larger372

relative contribution of low-energy particles as shown in Figure 4. This highlights the373

importance of better understanding the SEP spectra properties in order to predict the374

surface radiation environment and develop shielding strategies.375

Finally, we derived the pivot energy and the correlation for the surface absorbed376

dose and effective dose calculated based on the water sphere phantom following the method377

of Guo, Wimmer-Schweingruber, et al. (2019) and further explored how the pivot en-378

ergy and the correlation may differ at different martian locations with different atmo-379

spheric pressures. With the derived equations 1 and 2 and the pressure-dependent pa-380

rameters, we can quickly obtain the radiation doses caused by SEPs solely based on the381

fluence at the pivot energy without running the global Mars radiation model for com-382

plicated calculations.383

Therefore, continuous observations monitoring the energetic particles arriving at384

Mars would be of great benefit for future accurate forecast of the SEP-induced radia-385

tion on Mars. Currently, the Mars Energetic Particle Analyzer (MEPA, Tang et al., 2020)386

on board the first Chinese Mars exploration mission (Tianwen-1) has been monitoring387

the flux of particles with energy between 2 and 100 MeV at Mars orbit since February388

2021. This energy range compensates that by the SEP instrument of Mars Atmosphere389

and Volatile EvolutioN (MAVEN, Larson et al., 2015) orbiter which measures the flux390

of particles with energy lower than about 6 MeV. However, the pivot energies we derived391

vary from ∼ 100 MeV (E
′

0 for 82 Pa) to ∼ 350 MeV (E0 for 1200 Pa) which are mostly392

beyond the current energy range covered by the existing instruments. Carrying a par-393

ticle detector with a higher energy range can be considered in future Mars exploration394

missions. Besides, SEP modeling approaches that predict SEP fluxes at energies of 100s395

of MeV and towards the direction of Mars will be of great importance for mitigating fu-396

ture Martian radiation hazards induced by extreme SEPs (e.g., Whitman et al., 2022).397
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Matthiä, D., Berger, T., & Reitz, G. (2013). Organ shielding and doses in Low-498

Earth orbit calculated for spherical and anthropomorphic phantoms. Advances499

in Space Research, 52 (3), 528–535. doi: 10.1016/j.asr.2013.03.025500
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Abstract14

Solar Energetic Particles (SEP) are one of the major sources of the martian radiation15

environment. It is important to understand the SEP-induced martian radiation environ-16

ment for future human habitats on Mars. Due to the lack of global intrinsic magnetic17

field, SEPs can directly propagate through and interact with its atmosphere before reach-18

ing the surface and subsurface of Mars. Since Mars has many high mountains and low-19

altitude craters where the atmospheric thickness can be more than 10 times different from20

one another, the SEP-resulted surface radiation level may be very different from one lo-21

cation to another. We thus consider the influence of the atmospheric depths on the mar-22

tian radiation levels including the absorbed dose, dose equivalent, and (human-)body ef-23

fective dose induced by SEPs at varying heights above and below the martian surface.24

The state-of-the-art Atmospheric Radiation Interaction Simulator based on GEometry25

And Tracking Monte-Carlo method (AtRIS/GEANT4) has been employed for simulat-26

ing particle interactions with the martian atmosphere and terrain. We find that even the27

thinnest martian atmosphere reduces radiation dose from that in deep space by at least28

65%, and the shielding effect increases for denser atmosphere. Furthermore, we present29

a method to quickly forecast the SEP-induced radiation in different regions of Mars with30

different surface pressures.31

Plain Language Summary32

On Earth, the global magnetic field and dense atmosphere can efficiently protect33

us from the radiation risk induced by Solar Energetic Particles (SEP). On Mars, how-34

ever, we are not so lucky. The lack of effective magnetic field and a thin atmosphere make35

Mars much more exposed to space radiation. It is therefore necessary to study the ra-36

diation impact on future humans exploring Mars. In this paper, we study the radiation37

level induced by SEPs at different locations on Mars and find that the martian atmo-38

sphere, even with the thinnest condition on top of Mount Olympus, can reduce at least39

65% of the radiation dose. In support of mitigating radiation risks for future Mars mis-40

sions, we find statistical correlations of the SEP radiation level on Mars with the SEP41

properties and derive convenient prediction functions which relate the SEP fluence at42

a certain energy with the martian surface dose.43

1 Introduction44

As flying to Mars is becoming extremely compelling for space agencies and the gen-45

eral public, it is important to consider all potential risks for astronauts, which may en-46

counter during such a mission. One of the serious hazards is induced by space radiation47

which exists both during interplanetary flight and on the surface of Mars (e.g., Cucinotta48

et al., 2013; Zeitlin et al., 2013; Hassler et al., 2014; Guo et al., 2021). Radiation envi-49

ronment in space mainly consists of Galactic Cosmic Rays (GCRs) and Solar Energetic50

Particles (SEPs). GCRs are omnipresent low-intensity background flux of high-energy51

(up to TeV/nucleon) fully ionized elements from hydrogen to nickel and beyond. In con-52

trast, SEPs are mostly protons from solar eruptions accelerated up to several GeV. SEPs53

can cause very significant radiation flux enhancements within a short time period. When54

referring to extreme SEPs and their space weather impact on Earth, the Ground Level55

Enhancement (GLE) events are of particular interest. They are often accelerated by large56

solar eruptions and contain protons with energies above a few hundreds of MeV and even57

up to a few GeVs. Consequently, as its name suggests, GLE particles may be able to pen-58

etrate the Earth’s magnetic field and atmosphere to cause enhancements detected by par-59

ticle detectors, such as muon or neutron monitors, on the Earth’s surface (e.g., Mirosh-60

nichenko et al., 2013). During large SEPs, the CME-shock may have the strength to keep61

accelerating particles in the interplanetary space as they propagate outward and another62
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SEP component called the Energetic Storm Particles (ESP) is often observed upon the63

arrival of the shock at an observer (Bryant et al., 1962).64

Before reaching the martian surface, energetic particles interact with the atmosphere.65

However, Mars’ surface pressure is only about one percent of that on Earth and it can66

vary by more than one order of magnitude due to the martian topography, e.g. 82 Pa67

on Mount Olympus and 1200 Pa within the Greek plain. While propagating through the68

martian atmosphere, energetic particles lose their energy and generate secondaries via69

nuclear interactions (such as neutrons, electrons, gammas, muons, etc.) which increase70

the radiation level. The interaction of GCRs with the martian atmosphere of different71

thicknesses has been recently studied (Saganti et al., 2004; Ehresmann et al., 2011; Guo72

et al., 2017; Zhang et al., 2022). It has been found that GCR-induced surface radiation73

level (quantified as dose rate) does not differ significantly, within about 10%, between74

different pressure conditions as suggested both by observations by the Radiation Assess-75

ment Detector (RAD, Hassler et al., 2012) at Gale Crater (Guo et al., 2017) and by de-76

tailed modeling results (Zhang et al., 2022). In comparison with GCRs, SEPs cover a77

lower energy range and are more likely to stop or lose energy in the atmosphere, sug-78

gesting that they are more susceptible to the thickness of the martian atmosphere. For79

example, the martian atmosphere at Gale Crater with a surface atmospheric pressure80

of about 830 Pa, corresponding to column density of 22.5 g/cm2 can stop protons be-81

low the energy of about 160 MeV from reaching the surface(Guo, Banjac, et al., 2019).82

Thus, the variation of SEP-induced radiation level should be greater than GCR’s at dif-83

ferent locations on Mars where the surface atmospheric column density varies significantly,84

e.g., 2.23 and 32.2 g/cm2 for Mount Olympus and Greek plain, respectively. RAD is the85

only radiation detector on Mars and can not simultaneously measure the surface SEP86

radiation level under two different pressures. Previous modeling studies mainly focused87

on the “global radiation map” of Mars induced by GCRs (e.g., Saganti et al., 2004; Da Pieve88

et al., 2021). while how this map may change under extreme SEP events still remain un-89

clear. Therefore, we here investigate the impact of extreme SEP Events (i.e., GLE events)90

on the surface radiation environment in a few representative regions on Mars with sur-91

face pressures varying significantly from one another.92

With this purpose, we apply a GEometry And Tracking (GEANT4, Agostinelli et93

al., 2003) based particle transport code named Atmospheric Radiation Interaction Sim-94

ulator (AtRIS, Banjac et al., 2018), which is a state-of-the-art modeling tool developed95

to simulate the propagation of energetic particles through planetary atmosphere and re-96

golith. AtRIS has been previously applied to study the martian radiation environment97

with a focus on GCRs and validated against the RAD measurements (Guo, Banjac, et98

al., 2019; Röstel et al., 2020; Zhang et al., 2022). Here it is used to study the SEP-induced99

surface radiation environment at different Mars’ locations with vastly different atmospheric100

depths. The article is organized as following: Section 2 introduces and describes the method-101

ology, model setup and input parameters for the study; Section 3 shows and discusses102

the results and Section 4 summarizes the main results and concludes our study.103

2 Methods104

2.1 GLE Spectra105

There is few study on retrieving the spectra of SEPs arriving at Mars due to the106

lack of observational data, while the method of studying the SEP spectra at Earth based107

on both ground-based and space-borne observations is already very sophisticated. Tylka108

and Dietrich (2009) analyzed the time-integrated fluence spectra of GLE events based109

on combined spacecraft and neutron monitor measurements and found that the fluence110

spectra in rigidity can be represented with a double power law function known as the111

Band function (Band et al., 1993). With this method, Raukunen et al. (2018, Table2)112

calibrated spectral parameters for 59 GLE events together with the ESP components of113
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Figure 1. The time-integrated fluence spectra of 67 GLE events are represented by colored

lines. Three events are marked by different colors. The green shadow represents the GCR flux

derived from the Badhwar O’Neil 2014 model (O’Neill et al., 2015) with the solar modulation

between 400 MV and 1000 MV.

6 events (GLE42, GLE43, GLE58, GLE59, GLE62, and GLE65) occurring in 1956–2012.114

In addition, we also include the spectra of the most recent two events: GLE72 (Bruno115

et al., 2019) and GLE73 (Guo et al., 2023; Martucci et al., 2023). All of the GLE event116

spectra used in this article are shown in Figure 1. Compared to the daily flux of GCR117

protons, the fluence of SEPs below 100 MeV is significantly higher: the difference is be-118

tween 2 and 14 orders of magnitude.119

Before applying these spectra to the Mars model, we need to consider the evolu-120

tion of SEP flux due to the different separation of Mars and Earth from the correspond-121

ing original flare/CME site (e.g., Lario et al., 2013). This difference would also vary from122

one event to another due to the orbital movement of the planets and the “ad-hoc” lo-123

cation of the flare/CME site. Since the longitudinal separation of one observer to the124

eruption site is arbitrary and thus statistically equivalent for Mars and Earth, we can125

scale the SEP flux from Earth (at 1 AU) to Mars (at 1.5 AU) only considering the ra-126

dial gradient of the SEP flux. In this study, we suppose that flux intensity decreases as127

∼ 1/r2 with the distance from the Sun thus a scaling factor 1/1.52 = 0.44 should be128

applied to multiply the SEP fluence at Earth to convert it into that at Mars.129

2.2 Mars Radiation Model130

In the Mars model, the atmospheric properties including the composition (∼ 95%131

CO2), density, temperature and their variation over altitude are defined by the Mars Cli-132

mate Database (MCD, Forget et al., 1999, http://www-mars.lmd.jussieu.fr). It is a database133

of meteorological fields derived from General Circulation Model (GCM) numerical sim-134

ulations of the martian atmosphere and validated using available observational data. Guo,135

Banjac, et al. (2019), Röstel et al. (2020) and Zhang et al. (2022) have implemented MCD136

in AtRIS (explained later in detail) to model the Mars radiation environment, and Zhang137

et al. (2022) set up 6 respective models under 6 martian surface pressures of 82, 305, 529,138
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753, 975, and 1200 Pa to assess the variation of the GCR radiation levels at different mar-139

tian locations. In this work, we further investigate the influence of atmospheric thick-140

ness on the SEP radiation with the same model used in Zhang et al. (2022).141

The martian soil is defined as a substance with a density of 1.79 g/cm2 and com-142

posed of 50% Si, 40% O, and 10% Fe which is close to the Andesite Rock (AR) scenario143

considered by Röstel et al. (2020, AR mass fraction is 44% O, 27% Si, 12% Fe). The model144

provides particle spectra at 80 altitudes distributed in a logarithmic scale from the sur-145

face up to 80 km and at 40 evenly-distributed depth layers in the martian soil down to146

10 m.147

Atmospheric Response Matrices (ARMs) makes AtRIS a convenient tool (Banjac148

et al., 2018) to save simulation time and they are obtained by simulating primary par-149

ticles through the atmospheric model for different primary-secondary case (e.g., protons150

producing neutrons) and directions (upwards & downwards). In the first run, the aver-151

age ionization and interaction process of a particle with specific energy penetrating the152

atmosphere is simulated, and the histogram of secondary particles caused by primary153

particles with different energy bins are listed in columns of an ARM. In the following154

calculations, secondary particle spectra can be obtained simply by multiplying the in-155

coming GCR/SEP spectrum with the ARM at a certain output layer, rather than run-156

ning a new simulation with a new spectrum with the math description detailed in Guo,157

Banjac, et al. (2019).158

With the output particle spectra at a certain layer of our martian radiation model,159

we can then obtain the absorbed dose, dose equivalent (ICRP, 2013) and effective dose160

(ICRP, 2007) using the energy and particle-dependent dose conversion factors, as described161

in detail by Dobynde et al. (2021) and Zhang et al. (2022, section 2.3). The absorbed162

dose (expressed in the unit of J kg−1, or Gray, or Gy) is defined as the total energy de-163

posited by particles per unit of material mass. It is a key parameter that is directly mea-164

surable for evaluating the radiation effect of high-energy particles when they interact with165

the target. In this study, we will calculate the absorbed dose in two phantoms: a 300-166

µm-thick silicon slab representing the silicon dosimeter of RAD, and a 15-cm radius wa-167

ter sphere that approximates a human torso. The latter phantom is also applied to cal-168

culate the dose equivalent and effective dose since we can not directly characterize the169

biological effect of particle radiation on the human body from the absorbed dose. The170

biological damage in tissue depends on the linear energy transfer (LET) which is the en-171

ergy dE deposited along a path length of dx. By multiplying the absorbed dose by LET-172

dependent quality factor Q(LET ) (ICRP, 1992), we can obtain the dose equivalent. Fur-173

ther, the radiation damage to the entire human body is characterized by the effective174

dose as a sum of tissue-weighted dose equivalent values in 15 critical organs (ICRP, 2007).175

Here we use mean shielding values of a particular organ to identify the dose equivalent176

at this corresponding spherical layer as described by Matthiä et al. (2013). Finally, for177

the given 67 spectra of GLE events, the absorbed dose, dose equivalent and effective dose178

above and below the martian surface can be calculated for each of the 6 selected loca-179

tions. The results are presented and discussed in the following section.180

3 Results and Discussion181

With the simulation methods introduced in section 2 and for each GLE event, we182

can obtain the particle spectra (of both primary particles and their secondary particles)183

and corresponding radiation level generated at each of the 6 locations through different184

depths of the atmosphere and regolith. GLE73 which took place on 2021 October 28 is185

the most recent GLE event and has been studied in detail combining observations from186

both Earth and Mars (Guo et al., 2023). So we also employ GLE73 as an example to187

show its radiation impact throughout the martian atmosphere under different surface188

atmospheric pressures.189
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3.1 Radiation environment induced by GLE73190
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Figure 2. (a): The input primary spectra of GLE73 (2021-10-28, black star line) scaled to the

distance of Mars (and integrated over 2π) and the output proton fluence at the martian surface

under the scenarios of surface pressure for 82, 305, 529, 753, 975 and 1200 Pa (shown in different

colors). (b): The accumulated absorbed dose (in a 15-cm radius water sphere) of protons (y-axis,

in units of mGy) lower than certain energy (x-axis) for different cases: 2π-deep space (black star

line) and under different pressures on the surface of Mars (colored lines). (c): The same as in (b)

but with the accumulation scaled to the maximum value of each case.

Figure 2(a) compares the primary proton spectra of GLE73 (integrated over a solid191

angle of 2π considering a planetary surface without atmospheric shielding) with the out-192

put proton spectra on the martian surface under different surface pressures. The shield-193

ing effect of the martian atmosphere is clearly shown for protons with energy below 100194

MeV and is more significant with increasing surface atmospheric pressure. Even when195

the surface pressure is only 82 Pa (the case of Mount Olympus), the output surface spec-196

trum of protons has a considerable reduction below ∼ 150 MeV and is more than four197

orders of magnitude smaller than the primary spectrum at 1 MeV. While under the sur-198

face atmospheric pressure of 1200 Pa, the output surface proton fluence has decreased199

further: at 100 MeV, it reduced by over one order of magnitude compared to the deep-200

space spectra and the 82-Pa spectra. At energy lower than 10 MeV, the difference of the201

surface proton fluence under different surface pressures has reached about two orders of202

magnitude.203

The absorbed dose on the surface of Mars is mainly contributed by protons in case204

of large SEP events. As shown in Figure 2(b), the energy-accumulated absorbed dose205

of protons, which is calculated in the 15-cm-radius water sphere phantom placed in deep206

space, steadily increases to 4.4 mGy at 100 MeV, then slowly reaches a plateau of 4.8207

mGy. In comparison, the surface dose under 82 Pa is only about 0.6 mGy meaning that208

the martian atmosphere of only about 2.23 g/cm2 can reduce about 88% of the total ra-209

diation dose induced by GLE protons in deep space.The surface dose is significantly lower210

for other pressures that can shield more than 98% of the deep-space dose, e.g., it is 0.08211

mGy under 753 Pa. Figure 2(c) shows that the energy interval dominating 90% of the212

proton-induced radiation is 1 - 135 MeV in deep space and shifts to 25 - 270 MeV for213

the 82-Pa case, and then shifts further to 55 - 485 MeV for the 1200-Pa case.214
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Radiation induced by GLE73
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Figure 3. Absorbed dose (in units of mGy) in a 300-µm-thick silicon slab (panel a) and in a

15-cm radius water sphere (panel b) at various locations on Mars with surface pressures of 82,

305, 529, 753, 975, 1200 Pa from 70-km atmospheric height to the surface and down to 10 m

below the surface. (c) and (d) panels show the dose equivalent and effective dose calculated based

on a 15-cm-radius water sphere phantom, respectively.

Figure 3(a) and (b) show the absorbed dose induced by primary GLE73 protons215

calculated based on the silicon slab phantom and on the water sphere phantom, respec-216

tively. The results are shown from 70-km atmospheric height to the surface and down217

to several meters below the surface (each line) and at various locations on Mars with sur-218

face pressures of 82, 305, 529, 753, 975, 1200 Pa (lines with different colors). Note that219

secondary particles (e.g, protons, neutrons, electrons, gamma particles, etc) generated220

by the primary GLE protons in the martian environment that contribute to the absorbed221

dose are also counted and scored.222

The absorbed dose calculated based on the silicon slab phantom quickly decreases223

from 142 mGy at 70 km altitude to 0.12 mGy on the surface of Mars with an atmospheric224

pressure of 753 Pa. After the same vertical distance, the absorbed dose of GLE73 is lower225

under denser atmospheric conditions, and eventually, it becomes negligible (10−3 mGy)226

at around one-meter depth beneath the martian surface. At 70 km, the absorbed dose227

–7–



manuscript submitted to Space Weather

in the water sphere (panel b) is over one order of magnitude smaller than that in the sil-228

icon slab (panel a) and this difference is mainly caused by low-energy protons which are229

easily stopped at the outer part of the water sphere. This difference becomes smaller at230

larger atmospheric depths, e.g., it is only 20% at the 1200-Pa surface, since these low-231

energy particles are more effectively shielded by the atmosphere.232

We also calculated the dose equivalent and effective dose induced by the GLE73233

event as shown in Figure 3(c) and (d) respectively. The results of dose equivalent and234

effective dose are approximately the same. After passing through the martian atmosphere235

with a surface atmospheric pressure of 1200 Pa, GLE73 causes about 0.1 mSv of effec-236

tive dose on the surface of Mars, which is around 3% of that in deep space, and approx-237

imately one-tenth of that on the surface with an atmospheric pressure of 82 Pa.238

3.2 The dependence of the atmospheric shielding on SEP spectral prop-239
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Figure 4. (a): The ratio of the surface dose to the deep-space dose, i.e., the residual rate

Rsurf/ds,(y-axis) calculated in a 300-µm-thick silicon slab for different surface pressures (x-axis)

for all the 67 GLE spectra. (b): The residual rate Rsurf/ds for the absorbed dose calculated

based on a water sphere phantom with a radius of 15 cm. The GLE event with the largest

Rsurf/ds is represented in red while that with the smallest Rsurf/ds is shown in blue, and the

remaining 65 GLE events are represented in yellow.

The shielding capability of the martian atmosphere of SEP-induced radiation is re-241

lated to the atmospheric depth and the SEP spectral properties (such as the relative con-242

tribution of low and high energy particles to the total flux). We characterize the shield-243

ing capability of the martian atmosphere by defining a residual rate Rsurf/ds, which is244

the ratio of the surface radiation dose caused by a GLE event to its radiation dose in deep245

space. Figure 4 compares the residual rates caused by 67 GLE spectra for various sur-246

face atmospheric pressures. The residual rate decreases with increasing atmospheric pres-247

sure due to a thicker atmosphere stopping more low-energy particles and also slowing248

down those with higher energies.249

Compared to other GLE spectra, the martian atmosphere is the most effective in250

shielding the radiation caused by GLE58ESP (1998-08-24), with the residual rate for the251
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absorbed dose in silicon slab ranges from about 8 × 10−7 at the location with surface252

atmospheric pressure of 82 Pa to approximately 3×10−9 at the 1200 Pa location. On253

the contrary, the residual rate of GLE49 (1990-05-26) is always the highest at all pres-254

sure conditions as calculated for the absorbed dose in silicon slab, and it varies from around255

5% at 82 Pa to about 0.2% at 1200 Pa. With the identical shielding condition, the resid-256

ual rate of GLE58ESP is around 5 orders of magnitude lower than that of GLE49 due257

to the significant contribution of low-energy particles, which are more easily attenuated258

by the atmosphere. This generally corresponds to a soft power-law spectrum (as shown259

in Figure 1). In other words, the shielding of the martian atmosphere has a larger in-260

fluence on primary particles with low energy and consequently the residual rate of GLE261

event with a harder (or softer) spectrum is larger (or smaller).262

When comparing the dose in the water sphere and silicon slab, we also need to pay263

attention to the low-energy component of the spectra. Generally, low-energy particles264

contribute more to the dose in the silicon slab than in the water sphere due to the self-265

shielding effect of the latter with a larger volume and mass. As a result, under the same266

martian atmospheric condition, the residual rate in the water sphere is higher compared267

to that in the silicon slab.268

3.3 Statistical results and the Pivot energy269
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Figure 5. The absorbed dose calculated in a 15-cm-radius water sphere on the martian sur-

face under different surface atmospheric pressures.

As shown in Figure 5, the absorbed dose caused by GLE spectra on the surface of270

Mars with an atmospheric pressure of e.g., 753 Pa can span three orders of magnitude271

from about 0.008 mGy for GLE58ESP to more than 10 mGy for GLE5 which approx-272

imately equals to a monthly-integrated GCR radiation dose during solar minimum pe-273

riod as measured by RAD during solar cycle 24 (Guo et al., 2021). The maximum dose274

on Mars shown in the Figure 5 reaches about 100 mGy for GLE24 when the atmospheric275

pressure is 82 Pa. The pressure dependence of different events is similar for the effec-276

tive dose as for the absorbed dose which varies from 0.03 mSv to 200 mSv as shown in277

Figure 6. Thus accounting for pressure dependence of the dose is an important issue for278
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Figure 6. The effective dose calculated based on a 15-cm-radius water sphere phantom on the

martian surface under different surface atmospheric pressures.

a quick and accurate forecast of the radiation dose rates caused by different GLEs at var-279

ious locations on Mars.280

Guo, Wimmer-Schweingruber, et al. (2019) statistically studied the effects of dif-281

ferent energy ranges, intensities, and power-law index on the SEP-induced radiation on282

the martian surface. For a given surface pressure of about 840 Pa, they discovered a good283

correlation between the induced radiation on Mars and the flux of the initial SEP spec-284

tra at the so-called pivot energy (∼ 300 MeV). Specifically speaking, the surface dose285

rate can be directly derived based solely on the SEP flux at this pivot energy while the286

SEP spectral shape and slope do not affect the surface radiation. Based on the same method-287

ology, we try to correlate the absorbed dose (calculated in the water sphere under dif-288

ferent surface pressures) with the original fluence of 67 GLEs at different specific ener-289

gies to obtain the corresponding pivot energy values and the correlation for determin-290

ing the surface dose. These values can be used to evaluate the radiation caused by the291

incoming GLE in different regions with different pressures on the martian surface.292

To find the pivot energy for different surface atmospheric pressures, we calculated293

the Pearson Correlation Coefficient (PCC) of the absorbed and effective dose calculated294

based on the water sphere phantom induced by each event versus the GLE spectral flu-295

ence at different energies. Figure 7(a) plots the PCC versus energy of the original GLE296

spectra for various cases of pressure. When PCC reaches a maximum value close to 1,297

the corresponding energy is defined as pivot energy at which the best correlation between298

the SEP flux and the surface dose can be established. As shown in Figure 7(c), the pivot299

energy increases from about 110 MeV for 82 Pa to 350 MeV for 1200 Pa because a higher300

atmosphere column depth corresponds to a higher energy threshold for incoming pro-301

tons. In Figure 7(b), we show the correlation of the absorbed dose on martian surface302

versus the primary GLE fluence at the pivot energy (determined in panel (a)). For each303

of modeled pressure values, we apply a linear function and derive the fitting coefficient304

between the fluence at the pivot energy and the surface dose based on the following func-305
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Figure 7. (a): The Pearson correlation coefficient between the surface absorbed dose and

the intensity at a certain energy for 67 GLE spectra. (b): Colored dots represent the results of

67 GLE spectra, and the colored lines are the corresponding fitting results. (c): The pivot en-

ergy E0(p) and coefficient ”cD(p)” (in Equation 1) based on the 6 modeled pressures (dots) and

the fitted functions versus the surface atmospheric pressure (dotted lines) for the absorbed dose

recorded in the water sphere on the martian surface. (d): The pivot energy E′
0(p) and coefficient

”cE” (in Equation 2) based on the 6 modeled pressures (dots) and the fitted functions versus the

surface atmospheric pressure (dotted lines) for the effective dose calculated based on the water

sphere phantom on the martian surface.

tion:306

Dsurf (p) = cD(p) · IE0(p), (1)

where Dsurf (p) is the absorbed dose [mGy] on the martain surface under a surface pres-307

sure of p, IE0(p) is the original GLE fluence [particles cm−2 MeV−1] at the pivot energy308

E0 which is pressure dependent, cD(p) is the derived coefficient between IE0(p) and Dsurf (p)309

based on all the events studied under a certain surface pressure and has the unit of [mGy310

cm2 MeV]. The derived E0(p) and cD(p) values are displayed in Figure 7(c) as dots for311
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6 pressure results. Moreover, we use quadratic functions to fit E0(p) versus p, and cD(p)312

versus p as shown in the legend of the figure so that a continuous coverage of different313

surface pressures is possible using our empirical function Eq. 1. For any given pressure,314

E0(p) and cD(p) can be implemented in Eq. 1 to quickly derive the surface dose (or dose315

rate) once the original fluence (or flux) of the SEP event is known.316

This approach is also applied to analyze the SEP-induced effective dose for future317

astronauts on Mars’ surface and the following Equation 2 is obtained318

Esurf (p) = cE(p) · IE′
0(p)

. (2)

Here, Esurf (p) is the body effective dose on martain surface [mSv] under the surface pres-319

sure p, IE′
0(p)

is the original SEP fluence [particles cm−2 MeV−1] at the pivot energy E
′

0320

which is pressure dependent, cE(p) is the derived coefficient between IE′
0(p)

and Esurf (p)321

based on all the events studied under a certain surface pressure p and has the unit of [mSv322

cm2 MeV]. The derived E
′

0(p) and cE(p) values are displayed in Figure 7(d). Again, we323

use quadratic functions to fit E
′

0(p) versus p, and cE(p) versus p as shown in the legend324

so that the prediction can be made for any given surface pressure between 82 Pa and 1200325

Pa.326

For future applications, with the derived cD(p), cE(p), E0(p) and E
′

0(p) values shown327

in Figure 7(c) and 7(d) applied to Equations 1 and 2, we can quickly quantify the ab-328

sorbed dose and effective dose at various locations with different surface pressure p based329

solely on the SEP fluence at these pivot energies. This can serve as a timely forecast for330

the global Martian radiation environment.331

4 Summary and Conclusion332

In order to understand the impact of extreme SEP events on the Martian radia-333

tion enrichment at a global scale (different altitude or different locations) , we established334

a martian radiation model to study the SEP-induced radiation on Mars and its depen-335

dence on the atmospheric depths. We considered 6 scenarios of martian atmosphere with336

surface pressures ranging from 82 Pa at the top of Olympus Mons to 1200 Pa at Hel-337

las Planitia through the state-of-the-art GEANT4 and AtRIS codes and simulated the338

radiation induced by the 67 SEP spectra which are converted from historical GLE spec-339

tra at Earth as shown in Figure 1.340

We showed the modification of the proton spectra as SEPs arrive at different Mar-341

tian locations with different atmospheric depths and derived the induced absorbed dose342

due to protons under different surface pressures as in Figure 2. We demonstrate that the343

energy range of protons, which cover 90% of the total proton-induced dose shifts to higher344

energies as the atmosphere becomes thicker due to the reduction of the proton flux at345

lower energies being more efficient.346

We further derived the absorbed dose in a 300-µm-thick silicon slab, as well as the347

absorbed dose, dose equivalent, and effective dose calculated based on a 15-cm-radius348

water sphere phantom above and beneath the martian surface (from the altitude of 70349

km in the atmosphere down to the depth of 10 m beneath the surface) with GLE73 on350

2021-10-28 as an exampled event shown in Figure 3. The SEP-induced radiation is sig-351

nificantly affected by the martian atmosphere: increase of surface pressure from 82 Pa352

to 1200 Pa may reduce the surface radiation by an order of magnitude. The result also353

shows that the Martian soil can more efficiently reduce the SEP impact: at 1 m depth354

beneath surface, radiation (quantified as absorbed dose, dose equivalent and effective dose)355

is reduced down to only one percent of that on the surface. Note that the martian soil356

used in the current model is rather “dry” without content of hydrogen. If consider the357

soil contains water (with hydrogen atoms) we may expect an enhanced modulation of358

the secondary fast neutrons (below ∼ 10 MeV) as modeled by Röstel et al. (2020). As359
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a result, the corresponding dose equivalent and effective dose could be lower for such “wet”360

Martian regolith due to the large biological weighing factor of neutrons around this ev-361

ery range. However, the absorbed dose does not change much as the soil content changes.362

The prediction of our model for GLE73 in the silicon slab under a surface pressure363

of about 753 Pa is 120 µGy which is about 45% smaller than the surface measurement364

of RAD (216 µGy under a pressure of 742 Pa) in its silicon detector (Guo et al., 2023).365

This difference is likely due to the fact that the factor (1/1.52) that converts the GLE73366

spectrum at Earth to Mars is only a general and statistically-averaged assumption which367

may not be accurate for individual events. In the case of this event, this factor might368

lead to an underestimation of the actual SEP flux at Mars as discussed in detail in Guo369

et al. (2023).370

Comparing the results of different SEP events, we found that the shielding effect371

of the martian atmosphere is more effective for softer GLE spectra which have a larger372

relative contribution of low-energy particles as shown in Figure 4. This highlights the373

importance of better understanding the SEP spectra properties in order to predict the374

surface radiation environment and develop shielding strategies.375

Finally, we derived the pivot energy and the correlation for the surface absorbed376

dose and effective dose calculated based on the water sphere phantom following the method377

of Guo, Wimmer-Schweingruber, et al. (2019) and further explored how the pivot en-378

ergy and the correlation may differ at different martian locations with different atmo-379

spheric pressures. With the derived equations 1 and 2 and the pressure-dependent pa-380

rameters, we can quickly obtain the radiation doses caused by SEPs solely based on the381

fluence at the pivot energy without running the global Mars radiation model for com-382

plicated calculations.383

Therefore, continuous observations monitoring the energetic particles arriving at384

Mars would be of great benefit for future accurate forecast of the SEP-induced radia-385

tion on Mars. Currently, the Mars Energetic Particle Analyzer (MEPA, Tang et al., 2020)386

on board the first Chinese Mars exploration mission (Tianwen-1) has been monitoring387

the flux of particles with energy between 2 and 100 MeV at Mars orbit since February388

2021. This energy range compensates that by the SEP instrument of Mars Atmosphere389

and Volatile EvolutioN (MAVEN, Larson et al., 2015) orbiter which measures the flux390

of particles with energy lower than about 6 MeV. However, the pivot energies we derived391

vary from ∼ 100 MeV (E
′

0 for 82 Pa) to ∼ 350 MeV (E0 for 1200 Pa) which are mostly392

beyond the current energy range covered by the existing instruments. Carrying a par-393

ticle detector with a higher energy range can be considered in future Mars exploration394

missions. Besides, SEP modeling approaches that predict SEP fluxes at energies of 100s395

of MeV and towards the direction of Mars will be of great importance for mitigating fu-396

ture Martian radiation hazards induced by extreme SEPs (e.g., Whitman et al., 2022).397
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