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The detailed Martian Energetic Radiation Environment Model (dMEREM) is a Geant4 based
model developed for the European Space Agency, which enables to predict the radiation
environment expected at different locations on the Martian orbit, atmosphere and surface,
as a function of epoch, latitude and longitude, taking into account the specific atmospheric
and soil composition, based on different particle propagation codes for primary Galactic
Cosmic Rays or Solar Particle Events. This work describes the validation of dMEREM with
differential proton fluxes measured with the NASA Curiosity rover Radiation Assessment
Detector (RAD) at the Gale Crater, at the surface of Mars, from 15 November 2015 to 15
January 2016 and in the beginning of September 2017, using two different Galactic
Cosmic Ray (GCR) models, the ISO-15 390 and the Badhwar-O’Neill 2014 models. This
work includes a comparative study of the available Geant4 physics lists in describing the
RAD measured proton spectrum, and an investigation of the proton directional spectrum
at the Martian surface, and on its effect on the comparisons between models and data,
which are necessarily measured within a limited field-of-view. For both GCR models and
data periods there was a good agreement between the proton fluxes in the energy range
between 10 and 90MeVmeasured at the surface of Mars with RAD and the corresponding
dMEREM predictions. Therefore, although the RAD only measures a limited field-of-view in
zenith angle of the Martian Particle Radiation Field, and this effect has to be taken into
account, the results obtained constitute an important benchmark in the use of dMEREM in
the assessment of the expected ionising radiation field on the surface of Mars.

Keywords: mars radiation environment, Geant4 (G4), RAD (radiation assessment detector), GCR, proton differential
fluxes

1 INTRODUCTION

The characterization of the Martian radiation environment is of major importance for Mars
exploration. Radiation levels expected at the surface of Mars are known to have an impact on
life forms, biological, organic materials (Baumstark-Khan and Facius, 2001), (Cucinotta, 2012),
(Cucinotta et al., 2010), (Durante and Cucinotta, 2008) and semiconductor devices, emphasising the
need for well trusted and validated transport codes. The radiation environment on Mars differs
greatly from Earth’s mainly due to Mars not having a global magnetic field, only weak crustal
magnetic fields, and also because of the sparse Martian atmosphere, with column depths of 15–22 g/
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cm2 at the surface, 50 to 70 to times lower than the 1,030 g/cm2

average atmospheric depth on Earth at sea level. Both facts
contribute to a weak shielding against energetic particles at the
Martian surface, resulting not only on higher levels of radiation at
Mars when compared to Earth, but also on a very different
composition of the radiation fields. It is therefore crucial to
study the Martian radiation environment and the way it
affects spacecraft systems and crews. This is especially relevant
to evaluate the health risks for astronauts in future Mars missions
and to establish radiation hazard mitigation strategies.

The radiation field at the Martian surface is mainly induced by
Galactic Cosmic Rays (GCR), which interact in the sparse
Martian atmosphere and with the soil materials producing
secondary particles. GCR are mainly composed by protons
(90%), helium nuclei (9%), electrons (1%) and fully ionized
heavy nuclei (Simpson, 1983). Their energies range from
values lower than 1 MeV/nuc up to ~1 EeV/nuc, with
maximum intensities around a few GeV, following negative
power-law distributions for higher energies (Nymmik et al.,
1992; O’Neill, 2010). The fluxes of GCR decrease below the
GeV/nuc region due modulation by the solar activity,
displaying higher average energies, but a lower fluences,
during solar maximum periods than during solar minimum
periods (Adams ea, 1981). GCR penetrate the sparse Martian
atmosphere originating secondary particles that propagate in
particle showers. Additionally, GCR protons with energy above
~ 150 MeV (for atmospheric depths of ~ 20 g/cm2) (Guo et al.,
2018) reach directly the Martian surface and interact with the soil
materials originating secondary particles via spallation and
fragmentation processes, resulting on an albedo neutrons and
energetic gammas, which contribute to the radiation field. The
resulting spectrum at the surface of Mars is therefore a
combination of different particle types within a broad
energy range.

Although GCR constitute the dominant contribution to the
radiation environment on Mars, Solar Energetic Particle events
(SEPs)—mostly protons and electrons plus ~ 10% helium nuclei
and <1% heavier elements -, with energies ranging from a few
keV up to ~1 GeV may be the dominant component of the
primary particles arriving on Mars for limited time periods of
several days. Comparisons of dMEREM predictions with SEP
data collected at the surface of Mars will be reported in a
dedicated publication following the present dMEREM
validation analysis.

Particle radiation data from the surface of Mars were obtained
for the first time with the RAD, the Radiation Assessment
Detector (Hassler et al., 2012), an instrument of the NASA
Curiosity Rover payload (Grotzinger et al., 2012), in Gale
Crater (Cabrol et al., 1999) since August 2012. These first in-
situmeasurements provide an important data set for assessing the
radiation-associated risks for future humanMars exploration and
valuable inputs for the design of protective habitats and for
countermeasures for future missions. RAD was designed to
measure differential particle fluxes for lower-energy charged
particles: protons, deuterons, tritons, other isotopes of helium,
carbon, nitrogen, oxygen and iron ions (up to ~ 100 MeV/nuc)
and integral fluxes for higher energies of these ions (Ehresmann

et al., 2017). RAD measurements offer a unique opportunity to
validate particle transport codes developed to model the Martian
radiation environment, with real data from Mars.

Different transport codes like Particle and Heavy Ion
Transport Code System (PHITS) (Sato et al., 2013; Flores-
McLaughlin, 2017), the High charge (Z) and Energy
TRaNsport (HZETRN) (Slaba et al., 2016), (Slaba and Stoffle,
2017), Monte Carlo N-Particle (MCNP6) (Ratliff et al., 2017),
High Energy Transport Code-Human Exploration and
Development in Space (HETC-HEDS) (de Wet and
Townsend, 2017) and GEometry ANd Tracking (GEANT4)
(Agostinelli et al., 2003; Allison et al., 2006; Allison et al.,
2016) are available for studying the particle spectra and
radiation dose at Mars (Hassler et al., 2017). In particular,
models based on Geant4, such as a PLANETOCOSMICS
(Matthiä and Berger, 2017), which simulates particle transport
in planetary magnetic fields and atmospheres, and AtRIS, the
Atmospheric Radiation Interaction Simulator (Guo et al., 2019),
are used to simulate the Martian radiation environment and were
already validated with RAD data.

The Mars Energetic Radiation Environment Models, MEREM
(Gonçalves et al., 2009), are ionising radiation environment
characterization models for Mars, developed for the European
Space Agency under the MarsREM project. The detailed Martian
Energetic Radiation Environment Model (dMEREM) is a Geant4
based model that predicts the particle radiation environment on
Mars atmosphere surface and on Phobos and Deimos (McKenna-
Lawlor et al., 2012a), (McKenna-Lawlor et al., 2012b), (Da Pieve
et al., 2021). eMEREM, the engineering Martian Energetic
Radiation Environment Model uses a set of pre-computed
response functions based on the FLUKA radiation transport
code (Ferrari et al., 2005; Böhlen et al., 2014) to calculate the
shielding effects of the atmosphere and surface for a range of
mono-energetic proton and helium nuclei sources. While
dMEREM and eMEREM are each capable of operating in
stand-alone mode, they are interfaced with SPENVIS
(Heynderickx et al., 2004; Kruglanski et al., 2009), the Space
ENVironment Information System web-based user interface,
where results of the models’ predictions can be extracted in
the form of pre-defined csv files. The SPENVIS interface also
enables the extraction of input parameters for stand-alone
operation of both models. In this paper, dMEREM’s
predictions validation with data from the Martian surface are
described, and dMEREM is shown to be capable of providing a
detailed characterization of the different contributions for the
radiation environment at the surface of Mars, including spectral
and directional information.

MATERIALS AND METHODS

The detailed Martian Energetic Radiation Environment Model is
described in detail in (Gonçalves et al., 2009; McKenna-Lawlor
et al., 2012b). Since its release, dMEREM was continuously
updated to comply with the current versions of Geant4. In
this study Geant4-10.1.2 version was used. The model has also
been improved in terms of computing performance and adapted
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for more flexibility of input formats and for more complete
output information.

Definition of the Physical Environment in
dMEREM
dMEREM relies on a pre-processor that extracts Martian
atmospheric composition and density profiles from data bases
and models—from the EuropeanMars Climate Data Base (Forget
et al., 1999; Millour et al., 2018) and from MarsGRAM (Justus
et al., 2002)- and it uses the data from the Mars Odyssey Gamma
Ray Spectrometer (GRS) (Boynton et al., 2004) for the
determination of surface soil composition and density. The
retrieval of this information is performed as a function of the
Martian latitude and longitude, in a 5°x5° latitude-longitude grid,
and, for the case of the atmospheric data, also as a function of
solar longitude and for day and night conditions.

The dMEREM default atmosphere is 50 km high, and it is
divided in 20 layers of similar depth (in g/cm2). A 50 km high
atmosphere corresponds approximately to 99% of the total
atmospheric depth. If optionally crustal magnetic fields are
considered, an additional layer with a height of 100 km is
placed on top of the default atmosphere to account for the
variability on the trajectories of the particles propagating along
the magnetic field lines. The atmosphere description in the data
base can be accessed for the column of 20 equal depth
atmospheric layers (in g/cm2), for 12 different solar longitude
intervals (12 Martian “months”), and for day and night
conditions. The parameters describing each atmospheric layer
are the average atmospheric density (g/cm3), temperature (K),
and weight percentages of CO, CO2, H2, H2O ice, H2O vapour
and O2. Information on the surface pressure (Pa), temperature
(K) and weight percentage of CO2 ice at surface are also extracted
and stored.

In the case of soil composition a default basalt/andesitic-basalt
composition is used, augmented by information on the surface
iron, silicon and hydrogen concentration extracted from the GRS
Mars Odyssey data. The soil density is then calculated according
to the weight percentage of each material.

The simulated 3D dMEREM pixel has then a 50 km high
atmosphere on top of a 3 m thick soil layer with constant
composition and density, which is dependent on the Martian
latitude and longitude. The square transverse section of the pixel
has default values of 500, ×, 500 km2, which are changed to 900, ×,
900 km2 if the magnetic field is turned on.

dMEREM Output
The present stand-alone dMEREM version output adds a
ROOT1 tree structure to the standard csv pre-defined
outputs, which contain integral particle flux information for
a chosen sets of particle species and radiological quantities,
such as Effective Dose (ED) and Ambient Dose Equivalent
(ADE), ED being a protection quantity, corresponding to the
sum of dose equivalents in all tissues and organs of the body,

and ADE being the appropriate operational quantity for region
monitoring of strongly penetrating radiation, as discussed in
(McKenna-Lawlor et al., 2012b). These quantities are
calculated using fluence to ED and fluence to ADE
conversion factors of (Pelliccioni, 2000). The ROOT output
structure enables to save information of the characteristics of
all individual particles reaching a “sensitive” detector, which is
the scoring volume, such as particle species, energy and
direction, enabling to perform detailed analyses,
verifications and inter-comparisons at post-processing level
with additional flexibility.

Particle Scoring
Primary particles are generated at the centre of the 500 km ×
500 km dMEREM pixel, from the top of the simulated
atmosphere, at the altitude of 50 km, according to a cosine-
law distribution. All particles resulting from the interactions
of primary particles with the atmosphere and soil materials,
arriving at a scoring volume covering the 500 km × 500 km
dMEREM pixel at the Martian surface are then tallied and
their characteristics stored in the ROOT dMEREM output.

dMEREM Inputs for Validation With RAD
Data
Predictions of radiological quantities with the MarsREM were
published in (McKenna-Lawlor et al., 2012b) and found to be in
reasonable agreement with those of transport code HZTERN (De
Angelis et al., 2007), although these comparisons are indicative,
since dMEREM outputs Ambient Dose Equivalent, and HZTERN
predictions are given in dose equivalent. For three different
characterised sites, the GCR induced ADE rates predicted by
dMEREM (and eMEREM) ranged between 0.48 mSv/day for
dMEREM at Mawrth Vallis site, and 0.71 mSv/day for
dMEREM at Viking landing site, the latter compared to the
0.8 mSv/day dose equivalent rate prediction of HZTERN for
similar solar minimum conditions (De Angelis et al., 2007).
These values are compatible with the average for the GCR
dose equivalent rate on the Mars surface of 0.64 ± 0.12 mSv/
day, measured with the RAD (Hassler et al., 2014). In the present
study two different RAD data sets consisting of stopping proton
differential fluxes measured at the Gale Crater from 15 November
2015 to 15 January 2016 (Ehresmann et al., 2017) and in the
beginning of September 2017 (Ehresmann et al., 2018) are
compared to the corresponding dMEREM predictions for the
same epochs and location on the Martian surface.

TABLE 1 | Basaltic soil composition from APXS analysis of Rocknest soil at Gale
Crater (Blake et al., 2013; Hassler et al., 2014).

Gale
Crater soil composition

Weight percentage (%) Soil density

H2O 5.2
Fe2O3 20.1 2.8
SiO2 44.9 g/cm3

Bulk (Al2MgCaNa2K2O7) 29.8

1https://root.cern.ch/
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Gale Crater Physical Environment
Although dMEREM uses by default pre-processed data for the
soil composition and density based on GRS data, in the present
analysis the values used for the soil composition and density at
Gale Crater are those measured by the Alpha-Particle X-ray
Spectrometer (APXS) aboard the Curiosity Rover (Blake et al.,
2013), displayed in Table 1, corresponding to a soil density of
2.8 g/cm3 (Hassler et al., 2014). The atmospheric description
corresponding to the epoch and season of September 2017 and
for the Gale Crater location, as described by the European Mars
Climate Data Base, was retrieved from the SPENVIS dMEREM
interface corresponding to an atmospheric depth of 20 g/cm2.
The same description was used for the November 2015–January
2016 period dMEREM simulation, although the atmospheric
density value retrieved for that epoch is 18.5 g/cm2. This
variation should be negligible for the proton flux predicted in
the RAD measured energy domain. In a preliminary comparative
study, the ratio between the dMEREM prediction for proton
fluxes at the surface of Mars for atmospheric depths of 20 g/cm2

and of 15 g/cm2 was below 5% for detected proton energies below
100 MeV.

Generation of Primary Particles
The primary cosmic-ray fluxes used as inputs, on top of the
Mars atmosphere, were obtained from two different
propagation models: ISO-15 930 model (Nymmik et al.,
1992), as implemented on SPENVIS and from the
Badhwar-O’Neill (BON) 2014 model (O’Neill, 2010; P M
O’Neill TCS S Golge, 2015), as implemented on OLTARIS
(Singleterry et al., 2011) web-based user interface for the

corresponding periods of RAD data. For the period of early
September 2017 a solar modulation parameter, Φ, of 500 MV,
obtained from the Oulu Neutron data base (Oulu Neutron
Data Base, 2017), was used in OLTARIS in order to extract the
expected BON2014 GCR spectra. Proton and 4He GCR fluxes,
as well as the fluxes of carbon, oxygen, nitrogen and iron
nuclei for the two GCR models and for both analysed data
periods are shown in Figure 1.

The differences between both GCR models are evident in the
region below ≃1 GeV/nuc, where the spectra are affected by solar
modulation. In this region the ISO-15 390 model flux prediction
is consistently below the BON-2014 prediction, for all species and
for both time periods, except for protons in the energy region
between ≃10 MeV and ≃1 GeV for the 2017 period. This is due to
the inherent differences between both models and also to the fact
that the ISO-15 390 model uses average yearly values for the
sunspot number, on which the modulation parameter depends,
whereas the BON2014 model uses monthly values for Φ. In the
region above ≃1 GeV/nuc, where GCR are no longer modulated
by the solar activity, no differences between both models are
observed.

Primary GCR fluxes were generated at the centre of the
500 km × 500 km dMEREM pixel, from the top of the
simulated atmosphere, at the altitude of 50 km, according to a
cosine-law distribution. For the analysis, GCR protons and 4He
nuclei were simulated in the energy interval from 12 MeV/nuc to
0.9 TeV/nuc, each sample consisting of 4.375 × 106 generated
events. The heavier nuclei, 12C, 14N, 16O, and 56Fe were generated
in the energy interval ranging from 12MeV/nuc to 0.5 TeV/nuc,
with 3.75 × 106 generated events in each data set.

FIGURE 1 | Primary simulated spectra for GCR hydrogen (Z = 1), helium (Z = 2), carbon (Z = 6), nitrogen (Z = 7), oxygen (Z = 8) and iron (Z = 26) for 15 November
2015–15 January 2016 (left) and 10 September 2017 (right) based on the ISO-15 390 (dot-dashed lines) and BON 2014 (full lines) GCR models.
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Geant4 Physics List Verification
The first investigation of the dMEREM validation consisted in the
verification of the most appropriate Geant4 physics list for the
present study. The Geant4 toolkit allows to use a broad range of
models for handling physical processes within different energy
intervals. They are included in several reference physics lists
which are routinely validated and updated with each release. In
this study, dMEREM was tested with four different physics lists:
QGSP_BIC_HP, QGSP_BERT_HP, FTFP_INCLXX_HP and
FTFP_BERT_HP.2 These physics lists are named based on the
combination of different hadronic models in different energy
ranges, which are listed below, whereas standard electromagnetic
(EM) processes are used by default in the four physics lists.

• High energy:
QGS—Quark Gluon String (QGS) model for high energy
particles (≥20 GeV);
FTF—Fritiof Model for string excitation and fragmentation
for particles with energy ≥10 GeV;

• Below 10 GeV:
BIC—Binary Cascade Model for primary protons and
neutrons with energies ≤10 GeV.
BERT—Bertini Cascade Model for primary protons,
neutrons, pions and kaons with energies ≤10 GeV;

• Intermediate energies:
P - Precompound model for de-excitation process for
nucleon-induced reactions below 1–2 MeV;
INCL -Liege Intranuclear Cascade model (INCL++) for
proton-, neutron- and pion-induced reactions below 3 GeV,

• Neutrons:

HP—High Precision Neutron Model for neutrons with
energies ≤20 GeV;

Both QGSP_BIC_HP and QGSP_BERT_HP models use the
same Quark Gluon String model for the high energy range, while
using different cascade models for energies ≤10 GeV, while
FTFP_BERT_HP is recommended by the Geant4 collaboration
for cosmic-ray applications due to the most accurate treatment of
very high energy particles. The FTFP_INCLXX_HP physics list
was the one selected in the systematic study with the previous
three physics lists presented in (Guo et al., 2019), which
considered particles coming from primary protons and 4He
nuclei propagating in the Martian atmosphere, and therefore it
is also considered in the present verification.

Sets of GCR protons and 4He nuclei (4.375 × 106 generated
particles per nuclei), and a lower statistics (3.75 × 106) of Oxygen
and Carbon nuclei, with energies ranging from 12MeV/nuc to
0.5 TeV/nuc were generated for each of the four chosen physics
lists. The proton spectra predicted with dMEREM using the
different physics lists originated from the generation of
protons and helium, carbon and oxygen nuclei described with
the ISO-15 390 model, integrated within the 36° FOV RAD field-
of-view are compared with the RAD proton differential flux
measurements of September 2017 (Ehresmann et al., 2018) in
Figure 2.

Given the uncertainties associated to the measured RAD
proton data set, the four tested physics lists yield compatible
results for proton energies below 90 MeV. Therefore, in order to
perform a deeper benchmark study for the Geant4 physics lists
choice, complementing what is reported in (Guo et al., 2019),
comparisons of simulations of heavier GCR primaries - from
Carbon to Iron—with H and He isotopes RAD measurements
should be performed. Nevertheless, and for the purpose of this
study, the FTFP_BERT_HPmodel was selected, since it displays a
trend more compatible with the proton spectral data distribution
for energies above 50 MeV.

RESULTS

dMEREM simulates the complete cascade of secondary particles
produced both in the atmosphere and resulting from the
interaction of the particles that arrive on the surface with the
Mars soil, and all this information can be used to study the
particle/radiation field on the surface of Mars or inside its
atmosphere. Figure 3 displays the dMEREM predicted
differential particle fluxes at the surface of Mars, at Gale
Crater, after complete interaction with the Martian
atmosphere and soil, for neutrons, photons, electrons, protons
and alpha particles originated by GCR protons helium, carbon,
oxygen, nitrogen and iron nuclei generated at the top of the
Martian atmosphere, described with the ISO-15 390model for the
September 2017 period. Albedo neutrons dominate the particle
population at the surface of Mars for low energy values (below a
few tens of keV) and there is also a gamma contribution, mostly
albedo, between a few tens of keV and 1 MeV. The high energy
part of the spectra is dominated by protons and 4He—only nuclei

FIGURE 2 | Proton spectra reaching the Mars surface within the RAD
field-of-view due to GCR-protons, helium, carbon and oxygen nuclei
described with the GCR ISO-15 390 model, simulated with dMEREM using
four different physics lists compared to RAD proton differential flux
measurements of September 2017.

2http://geant4.web.cern.ch/geant4/support/proc_mod_catalog/physics_lists/
referencePL.shtml
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with kinetic energy ≥1 MeV/nuc were registered - and also by
albedo neutrons. Neutrons produced in the interactions of
energetic particles with the soil materials are a distinctive
feature of Martian radiation spectra, with fluxes varying with
the soil composition, in particular with the presence of water,
which is an efficient absorber of energetic neutrons.

Directionality Studies With dMEREM
The angular distribution of secondary particles arriving at the
Martian surface affects the calculation of the total particle flux, in
particular when considering the Field-of-View of a detector such
as RAD, which is limited in zenith angle to 36° (Wimmer-
Schweingruber et al., 2015). In order to investigate this effect,
a directionality study was performed with protons originated

from a combination of primary GCR-proton and 4He ions based
on the ISO-15 390 model.

Figure 4 shows the zenith angle of protons (both upward and
downward) with energies below 90 MeV, expected at the surface
of Mars. The number of downward protons with zenith angles
below 45° is ≈13 times larger than the number for those arriving
from higher zenith angles. In fact, a fit to the total angular
distribution of downward protons (blue data points) shows a
depart from isotropy (red line in Figure 4), with χ2/ndf = 27.2.
However, the downward proton angular distribution approaches
isotropy for zenith angles within the RAD field-of-view, with a fit
value of χ2/ndf = 8 for zenith angles below 36° (black line in
Figure 4). dMEREM results are thus compatible with the angular
dependence of the radiation field on Mars measured with the

FIGURE 3 | Differential fluxes for a selected set of particle species predicted with dMEREM resulting from the different considered GCR sources—Protons, 4He,
12C, 14N, 16O, and 56Fe nuclei—with the ISO-15 390 model for the conditions corresponding to early September 2017 at the Gale Crater.
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RAD (Wimmer-Schweingruber et al., 2015), which was found to
be close to isotropy within its field-of-view. The flux of upward
going protons (green data points) is about 36% of the downward
going component. It departs significantly from isotropy with
61.5% of the upward going protons coming from zenith angles
above 45° (with a larger horizontal component).

dMEREM Prediction for RAD Measured
Proton Spectra
The differential proton fluxes expected at the Mars surface during
the two selected periods of 15 November 2015 to 15 January 2016
and early September 2017, were estimated with dMEREM and
compared with the RAD measurements for those periods,
presented in (Ehresmann et al., 2017) and (Ehresmann et al.,
2018), respectively.

Figures 5, 6 display the comparison of the measured RAD
proton spectra for proton energies below 100 MeV for the two
periods considered, compared to the corresponding dMEREM
predictions (blue lines) for the ISO-15 390 (left) and BON 2014
(right) GCR models, including the breakdown of the dMEREM
flux predictions into primary (red lines) and secondary (cyan
lines) components. As expected, in this low energy regime, the
major component of protons arriving to the soil are of secondary
origin, coming from interactions in the atmosphere and also with
the Martian soil.

If a χ2 statistical test is performed for the 2015–2016 period,
the BON2014 dMEREM prediction yields a value of χ2 = 1.54,
compared to χ2 = 4.67 for the ISO-15 390 model, for 8 degrees of
freedom. For the 2017 period the χ2 test for the BON2014
prediction yields a value of χ2 = 4.65, compared to χ2 = 3.33
for the ISO-15 390 prediction, for 7 degrees of freedom.
Therefore, the results obtained with dMEREM with both GCR
models - ISO-15 390 and BON2014—are found to be compatible
with the proton RAD measurements for both periods.
Nevertheless it is observed that the measured proton spectra
display a trend towards a steeper increase with energy, when
compared to the predictions of both models.

Figure 7 and Table 2 display ISO-15 390 model based
dMEREM predictions for the conditions of November 2015-
January 2016. In Figure 7 dMEREM predictions for the
proton differential fluxes broken down by their origin in terms
of different primary GCR species—H, He, C, N, O and Fe nuclei -
are compared with the corresponding RAD data. In Table 2 the
integral fluxes of protons with energies ranging from 1 to 90 MeV
at the Gale Crater are displayed for the contributions from each
primary GCR species, as well as the corresponding interplanetary
integral fluxes, for primary energies ranging from 1MeV/nuc to
500 GeV/nuc. It can be observed that the contribution of Helium-
4 primaries to the total number of detected protons at the surface
is of the order of 10%, whereas the contributions from Iron,
Carbon and Oxygen nuclei are of at most 0.2% each, and the
contribution from Nitrogen is one order of magnitude smaller.

FIGURE 4 | Zenith angle distribution of protons with E<90 MeV
reaching the Mars surface, coming from primary spectra of GCR-protons and
4He. The zenith angle of both upward (green data points) and downward
going protons (blue data points) is measured with respect to the
corresponding normal vectors to the surface. The black and the red lines
represent the fits to isotropy for the downward going protons within the field-
of-view of the RAD, and for all zenith angles, respectively.

FIGURE 5 | Differential proton flux spectra obtained with dMEREM compared to GCR-induced proton spectrum measured by RAD in November 2015-January
2016, extracted from (Ehresmann et al., 2017). Protons from primary (red) and secondary (cyan) origin are shown. dMEREM prediction based on ISO-15 390 flux
prediction is shown on the left, while the prediction based on BON2014 model is shown on the right.
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DISCUSSION

dMEREM is a Geant4 based model for the detailed description of
the energetic radiation environment in Mars, developed under
the ESA’sMarsREMProject. It is an end-to endmodel, based on a
Geant4 Monte-Carlo core, interfaced with Martian atmospheric
circulation models, soil composition data bases and with a
Martian crustal magnetic field model. It performs detailed
simulations of the propagation of energetic particles at
locations in Mars and on its Moons, namely in the Martian
orbit, inside its atmosphere, at the Martian surface or
underground. The first release of dMEREM was interfaced
with SPENVIS 2009 (Heynderickx et al., 2004; Kruglanski

et al., 2009), where it is accessible to the community. It uses a
very detailed description of the Mars atmosphere, extracting data
from the Mars Climate DataBase Model or MarsGRAM, and soil
composition data from the GRS aboard theMars Odyssey. For the
Mars atmosphere choice, the model uses epoch, solar longitude,
day/night conditions, location (latitude-longitude) and altitude
dependent profiles. It also allows different soil composition data
sets to be simulated depending on the user choice. This possibility
is available in the dMEREM SPENVIS implementation.

Given the flexibility both of the dMEREM core C++
implementation and of its python based interfaces, the
framework can be adapted to new data characterising the
Martian soil and atmosphere coming from present and future
missions of NASA and ESA exploration programmes. dMEREM
is therefore a powerful tool for making forecasts of the Martian
ionising radiation environment at chosen locations on Mars and
for different epochs, and it can be used for benchmarking of other
models, in particular, those relying on transfer functions and ray
tracing techniques.

dMEREM was validated in the past through comparison with
available simulation codes like HZTERN, since no Mars
Radiation data existed at the time (McKenna-Lawlor et al.,
2012b). In the present work GCR-induced proton differential
spectra, registered by the RAD in the period fromNovember 2015
to January 2016 and in the first days of September 2017, were used
in the validation of dMEREM.

The dMEREM characterisation of the Martian ionising radiation
environment relies on different models for the propagation of GCR in
the Heliosphere and on data and models for describing the physical
environment quantities affecting particle propagation in the planetary
atmosphere and surface. Two different GCRmodels were used in the
validation, the ISO-15390 (Nymmik et al., 1992) and on the Badhwar-
O’Neill 2014 (PMO’Neill TCS S Golge, 2015) model. dMEREMwas
input with the European Mars Climate Data Base (Forget et al., 1999;
Millour et al., 2018) atmospheric information corresponding to the
analysed time periods and a soil composition as measured by the
APXS instrument (Blake et al., 2013) aboard Curiosity.

FIGURE 6 | Differential proton flux spectra obtained with dMEREM compared to GCR-induced proton spectrummeasured by RAD in September 2017, extracted
from (Ehresmann et al., 2018). Protons from primary (red) and secondary (cyan) origin are shown. dMEREM prediction based on ISO-15 390 model (left) and on
BON2014 model (right) are shown.

FIGURE 7 | Differential proton flux spectra obtained with dMEREM
compared to GCR-induced proton spectrum measured by RAD in 15
November 2015–15 January 2016 (Ehresmann et al., 2017). Proton fluxes
induced by primary H, He, C, N, O, and Fe nuclei are based on ISO-
15 390 model.
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In the validation process, the accuracy of dMEREM in the
simulation of secondary proton spectra at the Martian surface due
primary GCR species comprising protons, helium, carbon and oxygen
nuclei, was verified using four different Geant4 physics lists. Among
these, the FTFP_BERT_HPphysics list was then used in the validation
of dMEREM although all the physics lists tested were in reasonable
agreement with data for the proton energy range below 50MeV.
Above this energy, between 50 and 100MeV, FTFP_BERT_HP
showed a better agreement with the RAD stopping proton
measurements. A similar study (Guo et al., 2019) of the same four
physics lists selected FTFP_INCLXX_HP physics list as the more
appropriate, using GCR proton and 4He as primaries, based on the
agreement with RAD data for several H and He isotopes. In the
present study, in addition to GCR protons and 4He primaries, 12C and
16O nuclei were used. Although there are other secondaries such as
electrons, positrons, muons that also contribute to the Mars radiation
environment that could be used to further compare the different
physics lists results, these were not used as additional information in
either study.

Directionality studies of the proton spectrum at the Martian
surface performed with dMEREM (using the ISO-15 390 model,
for the 2017 data set conditions) showed that the global zenith
angle distribution of secondary protons at the Martian surface
does not correspond to an isotropic distribution, in particular the
proton albedo from the interaction of cosmic rays with the
Martian soil is expected to be highly anisotropic. However, it
was shown that for downward going protons, dMEREM
predictions for the fluxes of protons with energies below
≈100 MeV are close to isotropy within the RAD field-of-view.

dMEREM predictions for the proton fluxes at the Martian
surface originated in the interactions of primary GCR nuclei in
the Martian Atmosphere and soil for the two analysed
periods—from November 2015 to January 2016 and for early
September 2017—based on the ISO-15 390 and on the Badhwar-
O’Neill 2014 models, were found to be consistent with the
stopping proton data measured by RAD during those periods.
This is confirmed from the χ2 goodness of fit tests performed to
compare dMEREM predictions and data, with the best fit

corresponding to the dMEREM prediction based on the
BON2014 model for the November 2015–January 2016 data.

It should however be noted that in this work the shielding and
scattering effect of the Curiosity rover materials, and of the RAD
detector itself, are not being simulated, and therefore any additional
effect due to the production of secondary particles is not included.
Additionally, in this study the surface of Mars is considered to be flat
and any effect due to topography is also not being taken into account.
Future work will explore these systematic effects, as well as the
dMEREM predictions for the RAD measurements for other
secondary particle species, and for the radiation environment on
the Martian surface during SEP events.
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TABLE 2 | Secondary protons integral fluxes predicted with dMEREM for Gale Crater, for two energy domains—the 10–90 MeV interval corresponding to the RAD
measurements—for the conditions of the period from November 2015 to 15/01/2,016 and based on the ISO-15 390 model. The proton fluxes at the surface and their
relative abundances are shown for the primary GCR species originating them. The corresponding integral fluxes of primary particles are also shown. Uncertainties are
statistical only.

Primary GCR
species

Secondary proton
flux 10–90 MeV
[10–3/(cm2.sr.s)]

Relative contribution % Secondary proton
flux 10–500 MeV
[10–3/(cm2.sr.s)]

Relative contribution % GCR flux
1 MeV/nuc <

E <
500 GeV/nuc [10–3/(cm2.sr.s)]

Protons 1.92±0.01 89.7±0.6 5.34±0.02 92.4±0.5 215±1
Helium 0.213±0.001 9.96±0.06 0.42±0.02 7.33±0.05 23.4±0.2
Carbon (4.21 ± 0.03).10−3 0.197±0.002 (7.81 ± 0.07).10−3 0.135±0.001 0.655±0.001
Nitrogen (4.78 ± 0.07).10−4 0.022 4±0.000 3 (7.6 ± 0.1).10−4 0.013 1±0.000 2 0.611± 0.005
Oxygen (3.42 ± 0.02).10−3 0.016±0.001 (6.57 ± 0.05).10−3 0.114±0.001 0.173±0.001
Iron (2.663 ± 0.009).10−3 0.012 5±0.000 6 (5.99 ± 0.02).10−3 0.104±0.000 5 0.069 1±0.000 3

Total 2.14±0.01 5.77±0.02 239.9 ± 1.0

The sumof the contributions of all generatedGCRprimaries to the: secondary integral proton fluxwithin 10 to 90MeV (1st column); secondary integral proton flux within 10 to 500GeV (2nd
collumn); Primary GCR integral flux within the energy range 1–500GeV/nuc (last column).
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