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Abstract
Potential deleterious health effects to astronauts induced by space radiation is one of

the most important long-term risks for human space missions, especially future

planetary missions to Mars which require a return-trip duration of about 3 years

with current propulsion technology. In preparation for future human exploration, the

Radiation Assessment Detector (RAD) was designed to detect and analyze the most

biologically hazardous energetic particle radiation on the Martian surface as part of

the Mars Science Laboratory (MSL) mission. RAD has measured the deep space

radiation field within the spacecraft during the cruise to Mars and the cosmic ray

induced energetic particle radiation on Mars since Curiosity’s landing in August

2012. These first-ever surface radiation data have been continuously providing a

unique and direct assessment of the radiation environment on Mars. We analyze the

temporal variation of the Galactic Cosmic Ray (GCR) radiation and the observed

Solar Energetic Particle (SEP) events measured by RAD from the launch of MSL

until December 2020, i.e., from the pre-maximum of solar cycle 24 throughout its

solar minimum until the initial year of Cycle 25. Over the long term, the Mars’s

surface GCR radiation increased by about 50% due to the declining solar activity

and the weakening heliospheric magnetic field. At different time scales in a shorter

term, RAD also detected dynamic variations in the radiation field on Mars. We

present and quantify the temporal changes of the radiation field which are mainly

caused by: (a) heliospheric influences which include both temporary impacts by

solar transients and the long-term solar cycle evolution, (b) atmospheric changes

which include the Martian daily thermal tide and seasonal CO2 cycle as well as the

altitude change of the rover, (c) topographical changes along the rover path-way

causing addition structural shielding and finally (d) solar particle events which occur

sporadically and may significantly enhance the radiation within a short time period.

Quantification of the variation allows the estimation of the accumulated radiation

for a return trip to the surface of Mars under various conditions. The accumulated
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GCR dose equivalent, via a Hohmann transfer, is about 0:65 � 0:24 sievert and

1:59 � 0:12 sievert during solar maximum and minimum periods, respectively. The

shielding of the GCR radiation by heliospheric magnetic fields during solar maxi-

mum periods is rather efficient in reducing the total GCR-induced radiation for a

Mars mission, by more than 50%. However, further contributions by SEPs must also

be taken into account. In the future, with advanced nuclear thrusters via a fast

transfer, we estimate that the total GCR dose equivalent can be reduced to about 0.2

sievert and 0.5 sievert during solar maximum and minimum periods respectively. In

addition, we also examined factors which may further reduce the radiation dose in

space and on Mars and discuss the many uncertainties in the interpreting the bio-

logical effect based on the current measurement.
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1 Introduction

Multiple space agencies have been looking into the possible human deep space

exploration programs to our neighbour planet Mars. However, space radiation

presents risks not only for the lifetime of satellites and the performance of

instruments onboard, but also the health of astronauts. There are three primary types

of energetic particle radiation in space, the particles in the radiation belts of

planetary magnetospheres, galactic cosmic rays (GCRs) and solar energetic particles

(SEPs). Table 1, adapted from Feynman and Gabriel (2000), summarizes some

major radiation effects induced by these particles with different types and energies.

For deep space missions outside Earth’s magnetosphere and radiation belts, e.g., to

the Moon and to Mars, high-energy GCR and SEP-induced radiation effects are the

main concern as shown in the table. Note that all acronyms used in this article are

given in Table 3 and 4 in the Abbreviatons.

1.1 Types of radiation relevant for a Mars mission

Radiation in deep space that can be hazardous for a potential Moon/Mars mission

consists of omnipresent highly energetic GCRs, sporadic and possibly highly

intense SEPs, and secondary radiation as primary particles (either GCRs or SEPs)

pass through the spacecraft hull or the planetary atmosphere. SEPs and GCRs have

different origins, properties, and distributions in space and time.

Cosmic rays have been extensively studied at the Earth (Grieder 2001).

Remarkably, their energy spectrum has been measured with proton energies

extending above 1020 eV, several orders of magnitude above what the most

powerful man-made particle accelerators can produce on Earth. At energies above

� 10 GeV/nuc, the energy spectrum follows a power law with a small spectral

break near 5 � 1015 eV, commonly referred to as the knee, where the spectrum

steepens. There exists another spectral break near 3 � 1018 eV, usually called the
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ankle, where the spectrum turns up again. Below the ankle energy the particles are

most commonly interpreted as originating from supernova explosions within the

galaxy (Biermann and Sigl 2001) and are called galactic cosmic rays (GCRs).

However, the detailed origin of these high-energy cosmic particles is still one of the

most fundamental problems of modern astro-particle physics. In the current article,

we focus on the radiation effect of GCRs rather than their origin. On their way to the

solar system, GCRs are continuously deflected by galactic magnetic fields, resulting

in a flux that is nearly isotropic in the solar system. In the heliosphere, the intensity

and composition of GCRs are rather stable, but evolve as the particle flux is

modulated by the varying heliospheric magnetic field following the solar cycle (e.g.,

Cane et al. 1999). GCRs in the inner heliosphere include about 2% electrons and

98% atomic nuclei of which the latter are composed of about 87% protons, 12%

helium, and � 1% heavier nuclei ðZ� 3Þ (Simpson 1983). (Abundances vary

slightly depending on the phase of the solar cycle.) The decrease (increase) in GCR

intensity near solar maximum (minimum) is reflected in the data from neutron

monitors which measure the GCR-induced neutrons generated in Earth’s atmo-

sphere (e.g., Feynman and Gabriel 2000). Figure 1 (left) shows the differential GCR

flux as a function of energy for protons, helium ions and heavier ions as modeled by

the Badhwar–O’Neill model (O’Neill 2010). The model numerically solves the

Table 1 The primary particle sources and effects of radiation damage in space. Table adapted from

Feynman and Gabriel (2000)

Particle energy and type Radiation effects Sources

10–100 keV electrons Spacecraft surface charging Magnetospheric substorms and

trapped particles

[ 100 keV electrons Deep dielectric charging, and

background counting in sensors

and solar cell damage

Trapped magnetospheric particles

[ 1 MeV electrons Ionization radiation damage Trapped magnetospheric particles

and SEPs

0.1–1 MeV protons Surface damage to materials Radiation belt and SEPs

1–10 MeV protons Displacement damage in solar cells Radiation belts and SEPs accelerated

in shocks

[ 10 MeV protons Ionization and displacement damage,

background counting in sensors

Radiation belts and SEPs and GCRs

J 30 MeV protons Biological damage to humans in

deep space

Same as above

[ 50 Mev protons Single-event effects Same as above

[ 10 MeV/nuc ions Single-event effects SEPs and GCRs

J 150 MeV/nuc ions Biological damage to humans on

Mars

Same as above

Sources which are relevant for health risks of a human mission to Mars are marked in bold
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Fokker–Planck equation that takes into account diffusion, convection, and adiabatic

deceleration of GCR particles propagating inward through the heliosphere. The

GCR flux is more modulated during solar maximum and is significantly lower than

that during solar minimum for particles below about 1 GeV/nuc.

On the other hand, SEPs are energetic particles (mainly protons and electrons)

emitted from the Sun and accelerated by solar eruptions. Therefore, SEP events are

more likely to occur during solar maximum. SEPs generally have energies from

suprathermal of a few keV up to several hundreds of MeV (occasionally even

reaching 1 or 2 GeV or more) and can reach significantly higher fluxes at these

energies compared to GCRs. Figure 1 (right) shows the proton spectra (integrated

over each event duration) of 50 large SEP events reconstructed from measurements

of the Geostationary Operational Environmental Satellite (GOES) and the

Advanced Composition Explorer (ACE) satellite at the deep space environment

near Earth from August 1997 to 2006 (Nymmik 2015; Khaksarighiri et al. 2021).

A SEP event normally lasts between a few hours and a few days. Compared to the

GCR flux (per day) shown in the left panel, the SEP event flux can be orders of

magnitude higher especially at energies below a few hundreds of MeV.

Two different acceleration mechanisms are believed to be most responsible for

accelerating SEPs: magnetic reconnection during solar flares and shock acceleration

at Coronal Mass Ejection (CME)-driven shocks (e.g., Kallenrode 2003). The shock

acceleration can also be differentiated into coronal CME shock or interplanetary

shock-related acceleration.

Solar flares are related to magnetic reconnection processes in the low solar

corona (Aschwanden 2002, and references therein). The majority of the particles

accelerated in these structures remain confined, causing characteristic photon

emissions in the X-ray and ultraviolet range lasting for several minutes to hours as

electrons are decelerated when they run into regions of denser plasma

(a) GCR differential spectra (b) SEP event spectra

Fig. 1 Left: GCR differential flux of protons (Z ¼ 1; azure), helium ions (Z ¼ 2; orange) and heavier
nuclei (Z[ 2; green) as calculated by the Badhwar–O’Neill model (O’Neill 2010). Solidlines and dashed
lines indicate the GCR flux at solar minimum and maximum periods respectively. Right: The proton
spectra of 50 large SEP events, integrated over each event duration, of events detected from August 1997
to 2006 near Earth. More explanation can be found in the text
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(Bremsstrahlung emission). Some flares are associated with gamma rays indicating

accelerated ions (Vilmer et al. 2011). In particular, the neutron-capture line at

2.223 MeV of gamma rays is formed when energetic protons and ions of 10–

100 MeV/nuc collide with the nuclei in the dense chromosphere and produce

neutrons which are further thermalized and captured by an ambient proton to form

deuterium. A fraction of the flare-accelerated particles, however, can escape the

acceleration region along open magnetic field lines, streaming into the interplan-

etary medium, often causing intense radio emissions. The composition of these

particles is typically electron- and iron rich with an enhanced 3He/4He ratio due to

resonant wave–particle interaction in the acceleration region (Roth and Temerin

1997; Paesold et al. 2003). As the flare site generally has a limited extent, the flare-

accelerated SEPs often have a narrow injection into the interplanetary space along

the interplanetary magnetic field (IMF) lines whose large-scale form is that of an

archimedean (Parker) spiral. Therefore, most commonly, an observer needs to be

magnetically connected to the flare site to be affected by flare-accelerated SEPs.

Such events are generally impulsive and of short duration.

In contrast, shock acceleration at CME-driven shocks is more likely responsible

for long-lasting and wide-spread large SEP events (Reames 2013). Besides, as the

shock wave propagates across the solar corona and through the interplanetary

medium, it may continue accelerating particles from the ambient plasma or from

contiguous and/or previous solar events (e.g., Desai and Giacalone 2016;

Gopalswamy et al. 2002). These energetic particles stream out from the shock

front guided by IMF lines as the shock propagates through the heliosphere. The

acceleration at a wide shock structure and the possible continuous acceleration often

result in a gradual and long-lasting time profile of the SEPs. However, the SEP

spectrum and its time evolution also depend on the development of the shock, the

superthermal seed population on its path, as well as the location of the observer and

its connection to the evolving shock. As shown in many studies (e.g., Bain et al.

2016; Battarbee et al. 2018; Desai and Giacalone 2016; Gopalswamy et al. 2004;

Guo et al. 2018a; Lario et al. 2013, 2017; Luhmann et al. 2017), the intensities of

SEP events have different evolution profiles depending on various factors, such as:

(1) the heliolongitude of the source region with respect to the observer location, (2)

the strength of the shock and its efficiency at accelerating particles, (3) the evolution

of the shock (its speed, size, shape and efficiency in particle acceleration), (4) the

presence of a seed particle population to be (re-)accelerated, (5) the energy

considered, (6) the solar wind conditions for the propagating particles, and (7) the

heliospheric structures which may serve as discontinuity boundaries for propagating

particles.

Finally, primary GCRs and SEPs passing through the spacecraft hull or Martian

atmosphere may undergo inelastic interactions with the ambient atomic nuclei,

losing some or all their energy and also creating secondary particles via spallation

and fragmentation processes. These secondary particles may further interact with

the ambient material during their propagation (and in the case of Mars, with the

Martian regolith if they reach the surface), finally resulting in very complex spectra
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including both primary and secondary particle radiation inside the space vehicle or

at the surface of Mars (e.g., Wilson et al. 1999; Kim et al. 2014).

1.2 Biological radiation effects for a human Mars mission

For a potential human mission to Mars which generally requires a long mission

duration (J3 years), risks induced by exposure to space radiation have been

classified as one of the potential ‘‘show stoppers’’ (Walsh et al. 2019; Cucinotta

et al. 2017). Therefore, the assessment of such radiation and the evaluation of its

biological consequences have been given a high priority in the field of space

exploration.

Chronic exposure to the GCR radiation environment does not immediately

endanger the astronauts’ life, but it increases the probability of late-term

consequences (e.g., Cucinotta and Durante 2006; Kennedy 2014), such as

development of cancer and cataracts or damage to the central nervous system

(CNS) and/or cardiovascular system and hereditary effects (Iancu et al. 2018). On

the other hand, intense SEP events, apart from contributing to the above stochastic

effect, can be also associated with deterministic effects. Deterministic effects occur

above a threshold and increase with increasing exposure; whereas for stochastic

effects, the probability of the radiation effect increases with increasing exposure

(Straume 2015).

In NASA’s Human Research Roadmap (A Risk Reduction Strategy for Human

Space Exploration https://humanresearchroadmap.nasa.gov), the integrated research

plan divides the space radiation risks into the following categories: risk of acute and

late CNS effects from radiation exposure, risk of acute radiation syndromes due to

SEP events, risk of degenerative tissue or other health effects from radiation

exposure, and risk of radiation carcinogenesis. The degenerative tissue risks include

the effects of radiation on the heart, circulatory, endocrine, digestive, lens and other

tissue systems (bone, muscle, etc.). Here, we provide an introductory summary of

the biological effects of space radiation, while interested readers can find a detailed

review on the topic by Kennedy (2014).

Most fundamentally, ionizing radiation may induce cancer via particle interaction

with Deoxyribonucleic acid (DNA) molecules, either through direct ionization

process or by generating secondary particles and activating free radicals in the cell

which further interact with the DNA chains. These interactions can lead to cell death

or, worse, DNA misrepair, which may have consequences for cell reproduction

(Cucinotta and Durante 2006; Barcellos-Hoff et al. 2015). In particular, GCR ions

with high (H) atomic number (Z) and energy (E) (HZE ions), despite of their low

abundance, can be extremely damaging because the energy deposited in an

individual cell is proportional to the square of the particle’s charge. Thus, HZE ions

may contribute significantly to the cell damage disproportionately to their relatively

small abundances.

Radiation can also interfere with the CNS. Biological experiments using animal

models have revealed the capability of radiation to significantly decrease the

structural complexity and synaptic integrity of neurons throughout different regions

of the brain, inducing compromised cognitive performance of mice (Parihar et al.
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2016). Sokolova et al. (2015) have studied the potential radiation damage on the

hippocampus of mice, which is an important structure for the formation of long-

term episodic memory and found that 1 Gy (energy deposited by radiation per unit

mass 1 Gy = 1 J/kg) of proton radiation can produce long-term changes to neuronal

electrophysiological states.

Although the human head and brain structure is different from that of a mouse, it

is still expected that some neurological impact can be induced by radiation above a

certain level. The NASA Space-Permissible Exposure Limit (SPEL) for short-term

radiation exposure of CNS is 0.5 Gy in 30 days (Cucinotta et al. 2014).

Khaksarighiri et al. (2021) have modeled the dose distribution inside a realistic

human head structure induced by GCRs and SEP spectra of historical events, and

found that the drastically enhanced dose induced by some SEP events inside the

brain could actually exceed 0.5 Gy, with a potential mission-critical radiation effect.

Radiation can also induce degenerative tissue risks, including cataracts which

occur with an increased rate as has been observed in astronauts (Cucinotta et al.

2001a; Rastegar et al. 2002). This is a long term effect which generally develops at

a delayed stage. However, a mission to Mars would likely last for several years and

astronauts need to spend a considerable amount of time in space where medical

treatment is limited. In this case, radiation induced cataracts may also become a

critical issue. In fact, epidemiological studies among Chernobyl workers, bomb

survivors, astronauts, radiological technicians, and those undergoing diagnostic or

radiotherapeutic procedures resulted in a re-evaluation in International Commission

of Radiation Protection (ICRP) who proposed lowering of the radiation cataract

threshold to 0.5 Gy/year (ICRP 2012). This threshold could be reached in a short

time when exposed to large SEP events without sufficient protection.

Another important degenerative risk is circulatory diseases which are recently

considered as an important risk for a mission to Mars (Cucinotta et al. 2013b).

Space radiation may induce detrimental influences on certain parameters related to

cardiovascular and circulatory diseases, with particularly strong effects leading to

chronic vascular dysfunction (e.g., Soucy et al. 2011) and angiogenesis (e.g.,

Grabham and Sharma 2013). It has been reported that doses of 2–5 Gy 56Fe ion

radiation targeted to specific arterial sites in some mice accelerated the development

of atherosclerosis (Yu et al. 2011). It should be noted that these are very high doses

of heavy ions compared to expected space exposures.

Last but not least, SEP events are capable of significantly increasing the absorbed

dose to astronauts during an interplanetary mission, producing Acute Radiation

Syndrome (ARS, https://www.cdc.gov/nceh/radiation/emergencies/

arsphysicianfactsheet.htm), skin injury, and depletion of the blood forming organs

(BFO), possibly even leading to death (Wu et al. 2009). ARS takes place when large

amount of dose (i.e., greater than 0.7 Gy) is delivered to the entire body within a

short period of time (usually a matter of minutes). Clinically, ARS can be classified

as hematopoietic syndrome (with dose exposure between 0.7 and 10 Gy), gas-

trointestinal syndrome (usually when dose is above 10 Gy), and neurovascular

syndrome (usually when dose is above 10 Gy). Symptoms of the hematopoietic

syndrome are induced due to the high radiation dose (Gy level) damaging
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hematopoietic cells located in the bone marrow, with consequent blood count

changes (Kennedy 2014). The survival rate of patients with this syndrome decreases

with increasing dose. With the occurrence of a full gastrointestinal syndrome, body

infection, dehydration, and electrolyte imbalance often appear and death usually

occurs within 2 weeks. And the last stage of ARS with dose above 10 Gy normally

induce death within 3 days.

Most SEPs have protons with energies below tens of MeV and an extra-vehicular

activity (EVA) spacesuit has a sufficient thickness to stop protons below 30 MeV. It

is generally believed that the likelihood of ARS risk during internal vehicle activity

is extremely small. However, a large SEP event with abundant particles above

hundreds of MeV may induce possible ARS of astronauts during intra-vehicular

activity (IVA), or Lunar- or Mars-EVAs without sufficient shielding protection. For

different SEP events, doses absorbed by different tissues are different due to self-

shielding of the human body. Hu et al. (2009) have calculated the radiation doses

that could have been received by astronauts during previous major SEP events. For

the August 1972 SPE, they estimated that the event could have delivered doses of

2.69 and 0.46 Gy to skin and BFO, respectively for astronauts in a spacecraft (an

aluminum sphere of 5 g/cm2 thickness). During EVA situations (an aluminum

sphere of 0.3 g/cm2 thickness), the absorbed dose would be significantly higher, i.e.,

32 and 1.38 Gy to skin and BFO, respectively. These problematic scenarios can be

avoided or mitigated by operational measures, such as SEP event forecasting and

Fig. 2 Top: The monthly value (gray) and smoothed monthly value (black) of sunspot numbers over
different solar cycles in comparison with Cycle 24. Bottom: The normalized value of monthly sunspot
number and the normalized value of the dose rate measured by RAD (transparent red for the original data
while red line for the monthly data) on the surface of Mars. The normalization is done dividing the data
by their median value of Cycle 24 to illustrate the magnitude of the evolution
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monitoring, and by ready access to shielded locations. More discussions on

radiation mitigation during SEP events can be found in Sect. 8.

1.3 Motivation to understand the Mars radiation environment

Unlike Earth, Mars has no global intrinsic magnetic field and only a thin

atmosphere, with a column depth about 2% that of Earth’s. The thin atmosphere is

not sufficient to stop a significant fraction of GCRs, although it stops a large share of

SEPs in typical events. Primary GCRs and SEPs can interact with the Martian

atmosphere, producing secondaries that make the surface radiation field different

from that in space. This also happens in space as particles can interact with the

spacecraft material. In particular, secondary neutrons are of considerable concern

from the perspective of radiation protection. Unlike charged particles, neutrons do

not undergo ionization energy loss and penetrate through matter easily, particularly

those in the ‘‘fast’’ energy range on the order of MeV, where their biological

weighting factors are large (e.g., ICRP 2012). Therefore, the assessment of the

radiation environment associated with a Mars mission, including the cruise phase in

deep space and the Martian surface stay, is necessary and fundamental to mitigate

radiation risks for near-future robotic and crewed missions to Mars.

To evaluate such radiation risks for deep space and planetary missions, in

particular in preparation for future human exploration of Mars, the Radiation

Assessment Detector (RAD, Hassler et al. 2012) was designed to detect and analyze

energetic particle radiation during the cruise to Mars and on the Martian surface as

part of the Mars Science Laboratory (MSL, Grotzinger et al. 2012). The direct

scientific goals of RAD important for future human Mars exploration are (Hassler

et al. 2012): (1) to measure energetic particle spectra at the surface of Mars, (2) to

measure dose and determine dose equivalent rates for human explorers on Mars, and

(3) to use these measurements to enable validation of Mars atmospheric

transmission models and radiation transport codes.

The MSL spacecraft, containing the Curiosity rover, was launched on November

26, 2011 (during the rising phase of solar cycle 24), and landed on Mars on August

6, 2012 after a 253 day cruise, setting down on the floor of Gale Crater, northwest of

Aeolis Mons (Mount Sharp), and about 4.4 km below Martian zero elevation.

During both the cruise phase and the surface mission period (for more than 8 years

until the time of this writing), MSL/RAD has provided the first assessment of the

radiation environment in such environments (Zeitlin et al. 2013; Hassler et al. 2014)

which is fundamental for evaluating the radiation risks and the consequent

biological effects likely to be encountered during a future Mars mission.

Solar cycle 24 has been widely recognized as one of the weakest ones compared

to historical records of sunspot numbers, as shown in Fig. 2 (top panel). The

monthly sunspot data are downloaded from the World Data Center SILSO, Royal

Observatory of Belgium, Brussels (http://www.sidc.be/silso/monthlyssnplot). As

clearly shown in the bottom panel of Fig. 2, the GCR-induced radiation dose rate as

measured by MSL/RAD on Mars rose by about 50% from the maximum of Solar

cycle 24 until its deep minimum. The anti-correlation between the sunspot number

and the GCR flux is nicely shown in the monthly data, even reflecting some short-
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term activities, e.g., the enhanced solar activity in 2017 September and the Forbush

decrease (more details in Sect. 4.1) caused by the interplanetary counterparts of the

solar eruption arriving at Mars (e.g., Lee et al. 2018; Guo et al. 2018a).

RAD data contain temporal variations at different time scales arising from

different sources. In this paper, we present and study the temporal variation of the

radiation measured by RAD from August 2012 until the end of 2020. Besides the

occasional and prominent enhancement due to SEPs, the background GCR

variations are mainly due to three causes: (a) heliospheric influences which include

both long-term solar cycle evolution and temporal impacts by solar transients, (b)

atmospheric depth variations which can be attributed to the Martian daily thermal

tide and seasonal CO2 cycle, as well as the altitude change of the rover as it

gradually climbs Mount Sharp, and (c) highly localized topographical effects which

may partly shield/change the radiation field as the rover traverses variable Martian

terrain. We present and quantify the temporal changes of the radiation field caused

by different effects and discuss the possible radiation risks associated with future

human exploration of the red planet under different conditions.

The paper is organized as following. We will first give an introduction of the

RAD instrument and its measured quantities in Sect. 2. The following sections will

address the above-mentioned three causes of the GCR variations with the

atmospheric effect shown in Sect. 3, the heliospheric impacts in Sect. 4 and the

topographic influences in Sect. 5. In Sect. 6, we estimate the accumulated GCR-

induced radiation level for a round-trip mission (two cruise phases plus the surface

stay) to Mars under different heliospheric conditions. In Sect. 7, we further address

the characteristics and effects of SEPs, in particular the ones detected by RAD

during its cruise to and on the surface of Mars. In Sect. 8, comparing MSL/RAD

Fig. 3 Schematic view of the RAD sensor head, consisting of three silicon detectors (A, B and C, each
having the thickness of 300 lm), a caesium iodide scintillator (D with a height of 28 mm) and a plastic
scintillator (E with a height of 18 mm). Absorbed dose values are simultaneously recorded in detector B
and E. The D and E scintillators are surrounded by a plastic anticoincidence scintillator (F). For detecting
charged particles, A, B, C, D and E are used as a telescope. Neutral particles (both neutrons and gammas)
are detected in D and E using C and F as anticoincidence. Image reproduced with permission from Guo
et al. (2015a), copyright by ESO; adapted from Hassler et al. (2012)
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measurements with other available measurements, e.g., the Liulin-MO detectors on

board the ExoMars Trace Gas Orbiter, and with the state-of-the-art modeling

results, we discuss about potential reduction of the GCR and SEP radiation during

the cruise phase and the surface stay, respectively. We also provide further

interpretations of the associated risk of a Mars mission in Sect. 9. A brief summary

and conclusion follow in Sect. 10.

2 The Radiation Assessment Detector (RAD)

The design of RAD allows it to detect energetic particles, both charged and neutral,

and to determine radiation dose rates. A sketch of the RAD sensor head design is

shown in Fig. 3. RAD acquires data for a specified period of time (typically

16 min), then packages its data and stores them in non-volatile memory. Each data

acquisition period is referred to as an observation. The observation data, telemetered

to Earth several times per day, are used to characterize the radiation environment.

Important measurement quantities that are derived from the raw data include the

absorbed dose rates in plastic (similar to tissue) and in silicon, histograms of

deposited energy, the average quality factor, the dose equivalent rate, the spectra of

charged particles typically from about 10 to 100 MeV/nuc for the most abundant H

and He ions (heavier ions can be resolved up to hundreds of MeV/nuc with less

spectral resolution) and even the high-energy neutral particle spectra via an

inversion method. In this section, we briefly define and explain these terms, apart

from the particle detection and calibration. The charged and neutral particle

measurement is another important research topic of RAD and provide important

data for benchmarking space radiation transport models. Interested readers can find

more information on the charged particle measurement in several papers already in

Fig. 4 RAD-recorded Martian surface dose rates in silicon detector B and plastic detector E since MSL
landing until 2020 December. The silicon dose rate has been corrected for the background radiation
contributed by the rover RTG. The dose rate measured in ‘‘B’’ is plotted in gray (B dose) and the daily
smoothed values are plotted in orange (smt B dose); the dose rate measured in ‘‘E’’ is plotted in azure (E
dose) and the daily smoothed values are plotted in black (smt E dose). Five SEP events detected on the
surface of Mars are marked with numbers from 1 to 5
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the literature: Ehresmann et al. (2014, 2017), the inverted neutral particle spectra on

Mars in Köhler et al. (2014) and Guo et al. (2017b) as well as the data-model

comparison in e.g., Matthiä et al. (2016, 2017) and Guo et al. (2019a).

In this paper, we mainly focus on and discuss about the assessment of the

radiation dose-related quantities and their time-variation which are fundamental for

evaluating the radiation risks and the consequent biological effects likely to be

encountered during a typical Mars mission. A few important dosimetric measure-

ments are defined and explained in the following subsections.

2.1 Dose rate

Most importantly, the radiation dose rate, defined as the energy deposited by

radiation per unit mass and time (e.g., in the unit of J/kg/day or Gray/day or Gy/d),

is measured continuously. RAD dose measurements are taken using two concurrent

methods in active dosimeters: the silicon detector ‘‘B’’ and the plastic scintillator

‘‘E’’. The latter has a composition similar to that of human tissue, and it is also more

sensitive to neutrons than silicon detectors. Figure 4 shows the time profile of RAD

measured radiation dose rate since the MSL landing until December 2020. The

original measurement shown is taken at a 16-min cadence and smoothed data have a

smoothing window of 1 day. The absorbed dose in the silicon B detector, after

subtracting the background contribution by the rover’s radioisotope thermoelectric

generator (RTG), is smaller than that in the plastic E detector due to the different

ionization potential of the two different detector materials.

The Curiosity rover is dependent on the RTG power which contributes to the

dose rate seen in the B detector, but not effectively to the E detector, as determined

and measured by RAD before the MSL spacecraft was launched to Mars. Based on

that measurement and the further calibration of RAD, we estimated the RTG

contribution to the B dose rate was about 84 lGy/day during the cruise phase of the

spacecraft flying from Earth to Mars, and is 66 lGy/day on the surface of Mars

(Zeitlin et al. 2016). The latter value has been subtracted in the B dose rate shown in

the figure. We note that the ratio of the B dose to the E dose seems to have

decreased slightly over the course of 8 years, from about 0.75 to 0.72. Considering

that the RTG radiation should decrease slowly with time, this indicates that the

constant RTG background subtraction in B might be an over-correction in the later

phase of the data present. If we assume that the E/B dose should be constant like the

initial phase after landing, we estimate that the RTG contribution to the B dose rate

averaged about 58 lGy/day for the last 2 years of data shown. This is roughly

consistent with the 87.7 year half-life of the 238Pu that powers the RTG.

Figure 4 also shows that the E detector has much better statistics, which is mainly

due to its large geometric factor. Since E also is a tissue-equivalent material, its

absorbed dose is rather comparable to that in water, which is commonly used as a

proxy for human tissue. (There is only a difference of � 3% in ionization potential

between plastic and water.) As noted above, it is also the case that the E detector

dose rate appears to be unaffected by the background from Curiosity’s RTG. In this

study, therefore, we generally use the dose recorded in the E detector, unless
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specifically noted otherwise. The E dose rate was around 200 lGy/day from late

2012 until early 2015 and slowly and steadily increased during the declining phase

of the past solar cycle, until it flattened at around 320 lGy/day during the deep solar

minimum of 2019–2020.

Since MSL’s landing on Mars, RAD has recorded only 5 prominent SEP events

as also shown in Fig. 4, with the most significant one taking place on 2017-09-10

during the declining phase of solar cycle 24. This event was also observed as a

ground level event on Earth, making it the first solar energetic particle event seen at

Fig. 5 Top: A comparison of charged-particle LET spectrum measured during the early phase on the
Mars surface from 7 August 2012 to 1 June 2013 (black) with that measured during cruise (red) inside the
MSL spacecraft with variable shielding. Image reproduced with permission from Hassler et al. (2014),
copyright by AAAS. Bottom: The ICRP quality factor (ICRP 1992) as a function of LET in water
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the surface of two planets. Some particles were also transported across magnetic

field lines throughout the heliosphere and were detected at the back side of the Sun

where the eruption was centered (Guo et al. 2018a). RAD observed that the flux of

protons with energies below about 100 MeV was increased by a factor of 30

(Ehresmann et al. 2018; Hassler et al. 2018), and the dose rate doubled over the

course of several hours after the event onset. The dose rate leveled off at sustained

peak rates for about 12 h before declining over the following 36 h. Though in many

ways an impressive event, particularly considering the phase of the solar cycle, the

integrated dose would not have posed any radiation risks to humans (Zeitlin et al.

2018). (More detailed discussion about this event can be found in Sect. 7.3.)

Calculations of particle transport through the Martian atmosphere show that some

historical SEP events with higher intensities could pose even higher radiation levels

for astronauts on the Martian surface (Norman et al. 2014; Townsend et al. 2006;

Guo et al. 2018c, 2019b). More direct measurements of the SEP-induced radiation

field are needed for us to better verify its associated risks for future astronauts on

Mars.

2.2 LET histogram

The B silicon detector is also used to produce a Linear Energy Transfer (LET, i.e.,

dE=dx) histogram for an incoming charged particle that satisfies a telescope

acceptance cone path and penetrates through B. The cone is defined by a

coincidence of hits in the A and B detectors, both of which are 300 lm thick. Two

view cones can be defined for the LET spectrum measurement, one using the inner

ring of the A detector, and the other using the outer ring. The inner cone has an half

angle of 18� and the full cone has an half angle of 32�. With the measured deposited

energy (dE) in the B detector, a dE=dx histogram can be constructed. Then an

approximate silicon-to-water factor (� 1:79; Zeitlin et al. 2019) is applied to

convert the LET measured in silicon to an estimated LET spectrum in water. (The

conversion factor is accurate at the ±5% level.) Figure 5 (top) shows a comparison

between the LET histograms recorded during the cruise phase and early surface

phase. At about 0.2 keV/lm of LET, the minimum ionizing proton peak formed by

relativistic high-energy protons (and other highly relativistic, singly charged

particles such as pions and muons) is clearly seen in both histograms. It is also

apparent that on the surface of Mars, there is a reduction at high LET, where heavy

charged particles ðZ[ 2Þ contribute. This is mostly because the vertical column

depth of the Martian atmosphere averaged about 21 g/cm2 during this period and

heavy ions are likely to fragment when going through this much of atmosphere.

During the cruise phase, the RAD field of view (FOV) was non-uniformly shielded

with half of the FOV only lightly shielded (\ 10 g/cm2, Zeitlin et al. 2013), thus

allowing a larger ratio of heavier ions contributing to the high LET part of the

spectrum.
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2.3 Quality factor and dose equivalent

The conventional method of radiation risk estimation uses a quality factor which is a

function only of LET in water, QðLETÞ according to ICRP (1992). QðLETÞ is a

dimensionless quantity used in radiation biology to relate dose—a physical quantity,

as measured by RAD and other instruments—to dose equivalent, a quantity that is

intended to represent the risk of cancer induction, albeit with large uncertainty. As

shown in Fig. 5 (bottom), Q is equal to 1 for LET less than 10 keV/lm; it then

increases linearly and peaks at LET of 100 keV/lm; finally at even higher LET

values, it decreases inversely to its square root. The average quality factor hQi, is

then defined as the convolution of QðLETÞ with the LET histogram normalized by

the integrated LET histogram. Therefore the LET distribution determines the value

of hQi, which is particularly sensitive to the high LET part of the histogram

populated by heavy ions, as this is the region where QðLETÞ acts as a large

weighting factor. The hQi value calculated based on the data shown in Fig. 5 is

3:05 � 0:3 for the Martian surface case compared to 3:82 � 0:3 for the cruise phase.

Given the similar solar modulation conditions of the two periods, the difference

between their hQi values is mainly due to the more effective Mars atmospheric

shielding against heavy ions in the LET view cone of RAD, i.e., the same reason for

the difference in the LET histograms explained in the previous paragraph. Over the

course of the mission, hQi values have declined compared to this early

measurement, and in more recent data average about 2.3; see Zeitlin et al. (2019)

and Sect. 3.2 for details.

Multiplying the measured dose with the above estimated hQi, we can obtain the

dose equivalent (in sievert or Sv) which can be related to the radiation risk of

lifetime cancer induction via population studies (Cucinotta and Durante 2006).

There are other definitions used in the field of radiation biology (equivalent dose,

effective dose, etc.) which use the same SI unit (Sv); this may be a source of

confusion when these disparate quantities are compared to one another (ICRP 2013,

and also more details in Sect. 9). Although no standard upper limit has been

established for a deep space mission to Mars, some space agencies have adopted 1

sievert as the astronaut career exposure limit for low-Earth orbit (LEO) missions. In

terms of the RAD measurement, we estimate the LET-based dose equivalent as it is

not possible to precisely detect the type and the original energy of each incident

particle in space or on the Martian surface, as would be needed to, for example,

calculate organ doses.

3 Atmospheric effects on the surface radiation environment

3.1 The Martian atmosphere at Gale Crater

Mars has a much thinner atmosphere than Earth. The Martian surface atmospheric

pressure is less than 1% of that of Earth. The dominant composition of the Martian

atmosphere is about 95% CO2 (Owen et al. 1977), of which 25% may condense or

sublimate seasonally onto the winter poles driving a global evolution of the seasonal
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CO2 mass exchange in the air and consequently surface pressure changes (Tillman

1988; Zurek 1988). One Martian year lasts 668 sols, equal to 687 Earth days. Each

Mars year (MY) starts with the Martian solar longitude ðLsÞ being 0�, i.e., spring

equinox, followed by the summer solstice ðLs ¼ 90�Þ; the autumnal equinox ðLs ¼
180�Þ and finally the winter solstice ðLs ¼ 270�Þ: April 11, 1955 ðLs is 0�Þ is defined

as the beginning of MY 1. There are two pressure peaks in each MY, as shown in

Fig. 7 in red, with the higher one corresponding to the southern hemisphere early

summer and the lower peak to the northern hemisphere early summer. This is due to

the high eccentricity of Mars’s orbit with the planet being closer to the Sun during

the southern hemisphere summer.

In addition to seasonal effects, the Martian atmosphere exhibits a strong thermal

tide excited by direct solar heating of the atmosphere on the day side and strong

infrared cooling on the night side. Heating causes an inflation of the atmosphere

with a simultaneous drop in the atmospheric column depth and surface pressure. In

Gale Crater, the thermal tide produces a diurnal variation of column mass of about

�5% relative to the median, as measured by the Rover Environmental Monitoring

Fig. 6 a/c RAD detected dose rate in E detector and REMS measured surface pressure [Pa] in two
different periods (each lasting for 26 sols) under different solar modulation conditions indicated by the

average modulation potential U. b/d Superposed hourly perturbation of dose rate versus that in pressure
during the period of data shown in a/c. The yellow highlighted data in a indicate a SEP event and a
Forbush decrease and are excluded from the superposed fitting on the right (the data during these two
periods are still shown as blue dots in b). The linear fit to the data are shown in yellow in b and d and the
fitted slope j is shown with a unit of lGy/day/Pa
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Station (REMS, Gómez-Elvira et al. 2012). Two periods of the REMS measured

surface pressure and its changes over each Martian day are shown in Fig. 6a, c. The

magnitude of the diurnal pressure cycle at Gale Crater is substantially greater than

previous surface measurements. This is likely due to the topography of the crater

environment, which yields hydrostatic adjustment flows that amplify the daily tides

(Haberle et al. 2014). Here and below, we use ‘‘daily’’ to refer to each Martian day

which lasts for 24 h, 39 min and 35 s.

3.2 The influence of the atmosphere on the surface radiation

It is shown in Fig. 6a, c that daily changes of the RAD recorded dose rate are anti-

correlated with the REMS measured atmospheric pressure, which is a direct

measure of the atmospheric vertical column depth. That is, when the atmospheric

pressure (and thus, column mass) increases, the surface dose rate decreases and vice

versa. This reveals a shielding effect of the atmosphere on the surface radiation

environment (Rafkin et al. 2014). Data and models (Guo et al. 2017a; Zeitlin et al.

2019; Singleterry Jr et al. 2011) suggest that the underlying cause of the observed

diurnal effect is the fragmentation of heavy ions in the predominantly CO2

atmosphere; as atmospheric depth increases, a decreasing share of heavy ions

(which make a disproportionately large contribution to dose) survive transport to the

surface intact.

The RAD dose rate is continuously changing due to other effects such as the

heliospheric influences which complicate the quantification of the diurnal effect. As

marked in Fig. 6a in yellow, the diurnal oscillation of the dose rate is disturbed

during the SEP event and the subsequent Forbush decrease which is caused by the

impact of an interplanetary coronal mass ejection (e.g., Cane et al. 2000, more

details in Sect. 4.1). To isolate and quantify the diurnal atmospheric effect, a

superposed epoch method can be applied: first the hourly variations of the dose rate

from the daily mean value can be extracted as dDhourly ¼ Dhourly � �Ddaily; second,

the hourly variation of the pressure from the daily mean value can be similarly

extracted as dPhourly; finally, dDhourly can be correlated with dPhourly over multiple

days (Rafkin et al. 2014; Guo et al. 2015b, 2017a). The anti-correlation is well fit by

a linear regression with the parameter j (lGy/day/Pa) representing the anti-

correlation dependence, as shown Fig. 6b, d for the data shown in (a) and (c),

respectively. In this procedure, we have also excluded the data periods strongly

influenced by heliospheric disturbances such as the highlighted SEP and Forbush

decrease in (a).

The fitted j in two periods shown in Fig. 6 are significantly different. This is

mainly due to the different phases of the solar cycle in these two periods (Guo et al.

2017a). In the period shown in Fig. 6a, which has a duration of 26 sols

(approximately one Solar rotation as seen from Mars), the average modulation

potential U is about 610 MV. For the 26-sol period shown in (b), the average U is

about 490 MV, corresponding to weaker solar modulation of the primary GCRs. U
represents the heliospheric modulation of GCR flux, based on Earth-based neutron

monitor measurements. There is a network of neutron monitors distributed around
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the Earth, which have provided a decades-long record of solar modulation of GCRs.

Monthly averages values of U based on neutron monitor measurements (Usoskin

et al. 2017) can be found here: http://cosmicrays.oulu.fi/phi/phi.html. A more

detailed discussion of solar modulation can be found in Sect. 4.3.2. Modulation of

the GCRs is energy dependent: lower energy particles are more influenced, and their

flux is more depressed during stronger solar modulations. The atmospheric shielding

effect is also energy dependent, as less energetic particles are more easily slowed

down or stopped by the atmosphere. The effects of atmospheric shielding and solar

modulation are asynchronous, and operate on very different time scales (11 years

vs. � 2–3 years). At times, the effects go in the same direction (e.g., high mod-

ulation potential and high pressure, tending to maximize the suppression of low-

energy ions), or can work in opposite directions (e.g., high modulation with low

pressure, or vice-versa). When solar modulation is weak, the share of lower energy

GCRs incident at the top of the atmosphere is comparatively large, and we would

expect the atmospheric shielding effect to become more evident. The data bear this

out: jjj ¼ 0:21 for U ¼ 490 MV and jjj ¼ 0:14 for U ¼ 610 MV, as shown in

Fig. 6.

Guo et al. (2017a) have simulated this atmospheric effect and its dependence on

solar modulation conditions, combining modeled GCR spectra and particle transport

calculations of the primary GCRs through the Martian atmosphere. The modeled

results agree qualitatively well with the measurement, showing that the atmospheric

Fig. 7 Dose rate, pressure, and modulation potential U collected in the time range from Sol 1 to 2894
(lower x ticks; Sol 1 corresponds to the day of MSL landing) or 2012-08-06 to 2020-09-26 (upper x ticks).
Left y axis: The 26 sol binned RAD plastic dose rate (lGy/d, gray) and derived pressure dose rate
correlation jjj (lGy/day/Pa and scaled up 1000 times, black); right y axis: The 26 sol binned surface
pressure (Pascal, red) measured by REMS and U (MV, magenta) derived from Earth neutron monitor
data. Vertical shaded period (sol 2070 to 2150) corresponds to a global Martian storm in 2018. Odd/even
Martian Years (MY) are marked using gray/white background
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shielding effect is more obvious under weaker solar modulation conditions, and also

predict that the diurnal effect would be depressed or even vanish as solar modulation

becomes stronger. The RAD data reported here begin before the maximum of solar

cycle 24 and continue through the maximum (2014–2015) and into the declining

phase and the associated deep solar minimum (more details in Sect. 4). Modulation

during the solar maximum of Cycle 24 was much weaker compared to the previous

cycles, and the diurnal response of the surface dose rate has been observed to be

always anti-correlated with the atmospheric pressure throughout this period. Data

collected during a much stronger solar maximum are needed to validate the model

prediction.

In Fig. 7, the black dots represent the proportionality factor j (multiplied by

1000) between the dose rate and pressure variations calculated in intervals of 26 sols

using the above-mentioned superposed epoch method. Its evolution over more than

four Martian years of the MSL surface mission, from August 2012 until October

2020, is displayed in the figure. The dose rate, surface pressure and U values over

the same time range are also shown with each value being the 26-sol binned result

and the error bar being the standard deviation. The choice of binning data into each

26 sols is to average out the solar modulation difference at Earth where U is

estimated and at Mars within one solar rotation period which is about 26 sols at

Mars.

Figure 7 clearly shows that the Martian surface dose rate is anti-correlated with

the solar modulation potential U in the long term and this will be studied in more

detail in Sect. 4. It also shows that the atmospheric shielding effect as fitted by jjj is

also evolving in the long term and becomes larger towards the solar minimum for

the reasons explained earlier.

Some exceptions to these trends are visible in the most recent Martian year. For

instance, as highlighted in azure from sol 2080 to 2150 (June–August of 2018),

there was a global Martian dust storm (Guzewich et al. 2019), during which the jjj
values drastically dropped to below 0.1 lGy/day/Pa. A closer look at the daily

surface pressure shows that, during the storm, it evolved in a more complex pattern

than the usual daily thermal tide and had a larger diurnal dynamic range. But the

daily variation range of the dose rate was slightly decreased, resulting in a smaller

value of jjj. This deviation from the larger trend is not fully understood at present. If

the dusty atmosphere contained a significant fraction of heavier elements, as the soil

does, we would expect a modified relation between column depth and surface dose

rate; however, the mass of dust in the atmosphere during the storm is far too small to

explain the observed change in j.

Another example is shown for the period from around Sol 1440 to 1640 when jjj
had a persistent drop. This is most likely due to the high inclination angle (up to

about 30�) of the rover during its climb. As shown in Fig. 17, the rover altitude

increased by about 150 m within this period. The overall atmospheric pressure of

the two most recent Martian years, as observed by Curiosity’s REMS instrument in

Gale Crater, is lower than the previous years at the same season, mainly because the

rover was climbing higher in altitude towards Mount Sharp. Since the beginning of

the mission until late 2020, the rover climbed more than 400 m (more details in

Sect. 5.2). During some periods, the inclination of the rover deck relative to the
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zenith causes the detector to view different portions of the sky. Since the radiation

on the Martian surface is dependent on the zenith angle, this could lead to changes

in j during those periods.

Although jjj has notable variations, its value has been in the range from 0.1 and

0.2 lGy/day/Pa for most of the mission. A maximum value of � 0:21lGy/day/Pa

was seen during the deep solar minimum; this can be considered an upper limit of

the atmospheric influence on the dose rate in Gale crater. Figure 7 also shows the

seasonal evolution of the Martian atmospheric changes over 4 Martian years. The

pressure varies between 690 and 960 Pa throughout a Martian year for the first

3 years and between 660 and 920 in the last year. Since the diurnal atmospheric

changes affect the dose rate, it is sensible to deduce that the seasonal atmospheric

variation, which changes over a larger amplitude compared to the diurnal

oscillations, would also result in dose rate changes at a seasonal time scale.

However, Fig. 7 clearly shows that the heliospheric modulation has a stronger

influence, and the seasonal atmospheric influence is only embedded therein. Using

the upper limit of jjj � 0:21lGy/day/Pa during solar minimum and the dynamic

range of seasonal pressure of about 270 Pa, we can derive that the seasonal

atmosphere-induced dose rate variation is .57lGy/day between minimal and

maximal seasonal pressure values. This is about 19% of the average dose rate of

� 300lGy/day during solar minimum of Cycle 24. Thus, it may be important to

take into account the seasonal atmospheric effect on the surface radiation for future

Martian mission planning, especially during solar minimum conditions.

Another important effect of the atmospheric influence on the surface radiation is

the variation of the quality factor which is used to derive the dose equivalent from

dose, as explained in Sect. 2. Zeitlin et al. (2019) have reported that when the

atmospheric column depth varies in the long term (due to both seasonal changes and

elevation of the rover) which changes between about 20 and 24 g/cm2, the hQi
value also changes between 2.1 and 2.7, with the smaller value obtained for larger

atmospheric depth. This is expected: As the atmosphere thickens, the shielding

against heavy ions—which contributes more to a larger hQi—becomes more

efficient due to nuclear fragmentation. For instance, using measured cross sections

(Zeitlin et al. 1997), the nuclear mean free path of an iron ion is only about 12 g/

cm2, roughly half of the typical vertical column depth at Gale Crater. As a

consequence, the hQi value is anti-correlated with the atmospheric column depth (or

the surface pressure).

4 Modulation of GCR radiation by solar activity

GCRs in the solar system are constantly affected by variations of the heliospheric

magnetic fields, both on short and long time scales. In the long term, the GCR flux

was first observed to vary inversely with sunspot number (Forbush 1954, 1958)

since the transport of GCRs towards the inner heliosphere is modulated by the

intensity of the heliospheric magnetic field (Parker 1965), which evolves with the

22-year Hale cycle. Figure 2 already showed the anti-correlation between GCR

radiation measured on Mars and sunspot number in Cycle 24.
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In the short term, the GCR flux can also be altered temporarily in the form of

Forbush decreases (Forbush 1937; Lockwood 1971) by transient heliospheric

structures with enhanced magnetic fields such as interplanetary coronal mass

ejections (ICMEs, Cane 2000) and stream interaction regions (SIRs, Richardson

2004). Forbush decreases (FDs) can often be identified as a temporary and rapid

depression in the GCR intensity followed by a comparatively slower recovery

phase, and typically last for a few days. CMEs are eruptions of magnetic structures

from the Sun caused by magnetic reconfiguration or reconnection, often launched

with a speed as fast as thousands of kilometers per second. CMEs often drive a

shock ahead of them while propagating outwards in the heliosphere. SIRs are

formed due to high speed streams (HSS) arising from coronal holes running into the

slow solar wind in interplanetary space and SIRs often occur recurrently as

corotating interaction regions (CIRs) since coronal holes may exist stably for

several Carrington rotations and the consequent GCR modulation occurs

periodically.

In this section, we will give an overview and discuss about the ICME-induced

FDs, recurrent FDs related to CIRs, and the long-term solar-cycle modulations of

GCRs as measured by RAD on Mars.

4.1 ICME-induced Forbush decreases on Mars

The observation of a FD event is usually studied at one point in the interplanetary

space, mostly on and near Earth, while the same FD may look different at other

locations in the heliosphere. This is mainly related to the fact that (1) an ICME and

its shock’s intensity, speed, orientation and interaction with the ambient solar wind

are different at different parts of the structure (e.g., nose or flank) and may change

drastically as it propagates outward from the Sun through the heliosphere, and (2)

the GCRs are transported from the outer heliosphere to the inner part and particles

of different types and energies respond differently to the outward propagating and

evolving shocks and magnetic ejecta (Dumbović et al. 2020).

The textbook example of a two-step FD often relates the first step to the

encounter of the shock front and the following sheath region (if existent), which is

the part between the leading shock and the trailing magnetic ejecta. The sheath is

characterized by enhanced solar wind speed and turbulence which affect the

diffusion coefficients of GCRs (Wibberenz et al. 1998). During the propagation of

an ICME, the sheath keeps evolving as it is affected by different processes

(Manchester et al. 2005; Janvier et al. 2019; Freiherr von Forstner et al. 2020) such

as the pileup of solar wind in front, reconnection with the following ejecta,

expansion or contraction due to the variation of the speed of the driving ejecta and

the ambient solar wind, or lateral transport of plasma away from the ICME apex.

The second step occurs as the closed magnetic structure of the ejecta significantly

hinders perpendicular diffusion transport of GCRs across the magnetic field

(Krittinatham and Ruffolo 2009). Due to the evolution of the magnetic flux rope,

there is a concurrent process of flux rope expansion and increased diffusion of

GCRs into the rope as the ICME propagates (Dumbović et al. 2018). Both the
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evolution of the sheath and the following magnetic structure drive the evolution of

the FD profiles.

Therefore, observations of FDs at multiple heliospheric locations are important

for us to understand the propagation of the solar eruptions and the reaction of the

GCRs. The observation of FD events has been carried out extensively at Earth since

decades. Since its landing, MSL/RAD has been providing another chance to observe

FDs and the associated ICMEs at a unique view point in the heliosphere. Such

studies are also helpful for us to understand the space weather context at Mars,

especially when in situ plasma measurements are lacking (e.g., Witasse et al. 2017;

Winslow et al. 2018; Guo et al. 2018a, b; Wang et al. 2018; Dumbović et al. 2019;

Freiherr von Forstner et al. 2018, 2019, 2020; Papaioannou et al. 2019). Here we

focus on RAD-detected FDs on Mars.

Tracking the propagation and evolution of ICMEs FDs can be used to identify the

arrival of ICMEs at an observer’s location, and thus it is possible to track the

propagation of a single ICME when multiple observers detect FDs at different

heliospheric distances along the path of the ICME. Since the interaction of GCRs

Fig. 8 Upper left: Cartoon illustration of the opposition phase constellation ideal for observations of the
same ICME passing both Earth and Mars. Upper right: An example of an ICME event detected first at
Earth and later at Mars as FDs. Lower-left: Histogram of ICME speed changes of 15 events between 1 au
and Mars. �v is the calculated mean speed between 1 au and Mars based on the time delay of the FD onset
at two locations and v1AU is the measured speed at 1 au. Lower-right: Comparison of the ratio �v=v1AU to
vsw � v1AU, where vsw is the ambient solar wind speed measured at ACE. The colors denote the ICME
speed at 1 au. The Pearson correlation coefficient r and the probability p that such a data set was produced
by an uncorrelated system are displayed. Images adapted from Freiherr von Forstner et al. (2018),
copyright by AGU
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and the ICME shock/sheath region, as well as the magnetic structure, occurs

continuously as the ICME propagates, FDs are expected to reflect the evolutionary

properties of the outward propagating ICME, including its speed, size, shock

strength, magnetic field strength in the ejecta, etc. Witasse et al. (2017) have studied

the journey of an ICME, ejected at the Sun on 14 October 2014, throughout the solar

system. The ICME did not pass Earth, but was unambiguously identified using the

associated FDs at Mars (with 1.5 astronomical unit (au) distance from the Sun,

3 days after the CME launch), comet 67P/Churyumov–Gerasimenko (3.1 au, 8 days

after launch), and Saturn (9.9 au, 29 days after launch) in the outer heliosphere. At

observation points closer to the Sun, the associated FD was seen to be steeper ,

deeper and shorter than at points farther from the Sun. Similarly, Winslow et al.

(2018) studied the FD caused by an ICME as it passed Mercury, Moon and Mars

throughout the inner heliosphere and also found that the associated FD is steeper

and deeper closer to the Sun, and the magnitude of the FD becomes smaller with

heliocentric distance. Furthermore, Freiherr von Forstner et al. (2018) have studied

15 ICME events which first passed by an observer at 1 au, i.e., at either Earth or the

STEREO spacecraft at 1 au, and later also reached Mars. Using the delay time of

the FD onset at two locations, they estimated the ICMEs’ transit times between 1

and 1.5 au and found that the deceleration of ICMEs due to their interaction with the

Fig. 9 a, b WSA-Enlil simulation snapshots showing the propagation of the three CMEs associated with
the 10 September 2017 eruption, in Heliocentric Earth Ecliptic (HEE) coordinates, at different times:
a the fast third CME approaches the previously merged two CMEs (CME1 ? 2) from behind; b merged 3
CMEs nearly arrived at Mars. The colors shown are the modeled radial solar wind speeds in the ecliptic
plane. c The modeled propagation and interaction of 3 CMEs and the shock propagation in the direction
of Mars based on the Drag-based model (DBM). d The in situ RAD observation (normalized to
background level before the SEP onset) of the 10 September 2017 SEP event and the FD on 13 September
as well as DBM-modeled ICME arrival time at Mars. Images a and b adapted from Lee et al. (2018);
c and d adapted from Guo et al. (2018a)
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ambient solar wind may continue beyond 1 au, as illustrated in Fig. 8. Another

comparison of a larger set of FDs at Earth and Mars shows a linear correlation

between the total amplitude and the maximum hourly decrease of FDs, but the

relations of these two quantities have different slopes at Earth and Mars

(Freiherr von Forstner et al. 2020). With the help of a theoretical model, this

statistical difference of the FD property suggests that the ICME sheath region may

have broadened by a factor between about 1.5 and 1.9 en route from Earth to Mars,

indicating a continuation of a slight decrease of the expansion factor in comparison

with results obtained from Mercury to Venus and to Earth by Janvier et al. (2019).

Association with complex/interacting events The biggest FD as observed by

MSL/RAD so far is related to the second largest flare (class X8.2) in solar cycle 24,

which took place on 10 September 2017 from the Active Region 12673 at S08W88.

Within one day, the same region launched two CMEs, followed by a third extremely

fast CME accompanied by an intense shock, which triggered an EUV wave

spreading rapidly across the entire solar surface (Veronig et al. 2018; Lee et al.

2018). The flare and shock accelerated SEPs up to about 2 GeV, which were

transported through a wide range of the heliosphere and detected on the surface of

both Earth and Mars (Guo et al. 2018a). The CME-related shock was very wide (at

least 220� in its longitudinal extent) and it impacted Earth about 2 days after the

launch. In the direction of Mars (about 160� away from Earth in heliospheric

longitude), it propagated faster and arrived at Mars only about 9 h later than at

Earth. Using both an analytical drag-based model (DBM, Vršnak et al. 2013) and

the MHD ENLIL model to describe the interplanetary journey of the ICMEs, Guo

et al. (2018a) studied the propagation of the 3 CMEs and associated shocks towards

the two planets and found that the shock propagation was rather different in the two

directions (Fig. 9). Towards Earth, the shock was not driven by a magnetic structure

and experienced more deceleration on its way. Towards Mars, the very fast CME

and the shock driven by it caught up with the previous 2 CMEs, which likely swept

the way for the successive one to experience less drag; all three CMEs had similar

directions and speeds one faster than another and they likely merged as an entity and

propagated further together as shown in Fig. 9. The arrival of the shock and the

merged CME caused the largest FD in the RAD measurements so far (� 23% and

larger than the 18–19% as observed during the 2014 October event reported by

Witasse et al. 2017).

Another FD as large as 15% on July 27, 2017 has been analyzed by Dumbović

et al. (2019) in comparison with the in situ ICME signatures at STEREO-A (46�

from Mars). Combined with DBM and ENLIL modeled results, they found out that

there were two CMEs interacting with each other and also with the ambient solar

wind. This adds to the complexity of the event, resulting in a long, multi-step

interplanetary disturbance at Mars, where different substructures correspond to

different steps of the FD, adding up to a large-amplitude FD. This provides an

alternative interpretation of two-step FDs rather than the classic sheath–ejecta

scenario.

Statistics and energy dependence of FDs on Mars Guo et al. (2018b) have

performed a statistical study of 121 FDs recorded in the RAD dose rate observations

from 2014 until 2016 and found the mean amplitude of FDs observed by RAD at
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Gale crater is about 4–5% and the probability distribution of FD magnitudes can be

well fitted by a power law with the index being �2:08 � 0:32. Similar results were

obtained for terrestrial FDs from 1957 to 2016 with a power-law index of �2:31 �
0:11 (Belov et al. 2015). Papaioannou et al. (2019) have further compiled a catalog

of 424 FDs seen by RAD from 2012 to 2016 and showed that the average amplitude

of FDs at Mars is higher by a factor of 1.5–2 compared to the size of the FDs

detected during the same period at Earth. This difference is mainly due to the

different energy ranges of the GCRs measured in the two data sets. At Earth,

neutron monitor measurements are used to derive the GCR flux at a fixed rigidity of

10 GV (Belov 2008). Rigidity is particle momentum per unit charge and 10 GV

protons have an energy about 9 GeV. The atmospheric cutoff energy for particles

reaching RAD is lower, about 160 MeV (Guo et al. 2018c). Measurements of FDs

at different neutron monitor stations with different geomagnetic cutoff rigidities,

have shown that there is an energy dependence of the FD amplitude (Cane 2000;

Lingri et al. 2016) and recovery time (Usoskin et al. 2008) due to the energy-

dependent modulation of the GCR: The strength of the modulation, the amplitude of

the FDs, and the recovery time are anti-correlated with the kinetic energy of the

GCR particles. Therefore, FDs caused by the same ICME detected with a lower

cutoff energy generally have a larger amplitude than those with a higher cutoff

energy that can be caused by a thicker atmosphere, a stronger magnetosphere or a

higher response-energy range of the detector. Of course, the ICME evolution from

Earth to Mars would also result in a different FD profile (likely shallower and more

gradual) as described earlier. However, the statistical comparison here suggests that

the energy range of the primary GCRs leading to the detected FD may have a larger

impact on the FD amplitude, especially when the corresponding energy ranges of

the original GCRs are very different at each observer. This highlights the

importance of understanding and quantifying the energy-dependent modulation of

the GCR particles by solar transients (e.g., Guo et al. 2020), enabling the use of FDs

to infer the properties of ICMEs.

4.2 Recurrent Forbush decreases on Mars

High-speed solar wind streams from coronal holes may interact with the preceding

slow solar wind, forming a region of compressed plasma at the leading edge of a

stream interaction region (SIR). SIRs are characterized by high solar wind density

and corresponding dynamic pressure as well as high magnetic field strength (Smith

and Wolfe 1976). Since coronal holes may persist over several months, the streams

often recur for more than one solar rotation and lead to so-called corotating

interaction regions (CIRs). Observations have shown that the high-speed streams

that drive the CIRs typically follow the magnetic sector boundaries and the solar

wind rarefaction region forms in the declining speed region of the high-speed stream

(Gosling and Pizzo 1999). They are particularly prominent features of the solar

wind during the declining and minimum phases of the 11-year solar cycle.

The RAD detector has identified many FDs on the surface of Mars, which have

been studied statistically by Guo et al. (2018b) and Papaioannou et al. (2019).

However, using only the FDs identified in the GCR flux, it can be difficult to tell if
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the cause is an ICME or SIR. Arriving two years after the landing of MSL, the Mars

Atmosphere and Volatile EvolutioN (MAVEN) orbiter has also been monitoring

space weather conditions at Mars since September 2014 (Lee et al. 2017). The solar

wind ion analyzer and the magnetometer on board can be used to study the solar

wind plasma parameters and the IMF vector at Mars, which are particularly helpful

to identify solar transients such as SIRs and ICMEs at Mars.

(a) 2016-07-07 (b) 2016-09-27

Fig. 10 Top: The locations of planets in the inner heliosphere in HEE coordinates on 2016-07-07 and
2016-09-27, downloaded from http://stereo-ssc.nascom.nasa.gov/cgi-bin/make_where_gif. The nominal
Parker spiral under a solar wind speed of 400 km/s is over-plotted to show that Mars and Earth are
magnetically connected in a. Bottom: The interplanetary magnetic field, solar wind speed, proton density
and temperature as well as the ground-based GCR measurement at Earth (green) and Mars (orange) from
June 10 until September 26, 2016 for 4 solar rotations. The Pearson correlation coefficient between the
data at Earth and Mars for each solar rotation is marked for each dataset. The topographical shielding of
dose due to the MSL rover parking at Murray Buttes (Sect. 5) is marked as a red shaded area. More
information can be found in the text
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Compared to depressions caused by ICMEs, SIR-related depressions are in

general more symmetrical and of smaller amplitudes as observed at Earth (e.g.,

Melkumyan et al. 2019). As discussed in Sect. 4.1, ICME-related depressions

typically consist of two parts: the first part is associated with an open, compressed

and turbulent shock–sheath region and the second with a closed magnetic structure

which can be successfully modeled via perpendicular diffusion of GCRs into an

expanding flux rope (Dumbović et al. 2020). In contrast, SIRs do not have closed

magnetic field regions and thus, their interaction with particles may include

contributions from all mechanisms of GCR transport, i.e, diffusion, drift, adiabatic

cooling and convection (Parker 1965).

SIR properties at Mars Recently, Huang et al. (2019) have used the MAVEN

measurements during the period from October 2014 to November 2018 and

identified 149 SIRs and their associated shocks at Mars. Geyer et al. (2021) further

analyzed these events comparing in-situ solar wind data at Earth and Mars using as

well the remote sensing image of the Solar coronal holes. Comparing the properties

of SIRs at Mars to those at Earth, these studies found that (1) most SIRs are well

formed at 1 au; (2) the average duration of SIRs at Mars is about 37.0 h, comparable

to that at Earth (36.7 h) indicating that there is no significant expansion as they

move radially outward up to 1.5 au; (3) the crest of the HSS profile broadens by

about 17%, and the magnetic field and total pressure by about 45% around the

stream interface; (4) the maximum magnetic field strength and pressure of SIRs

decrease significantly from 1 to 1.5 au; (5) occurrence rate of fast forward shocks is

about three times as high at Mars than at Earth.

As an example, during the second half of the year 2016, some CIRs and recurrent

FDs were observed at both Earth and Mars. Coincidentally, the opposition phase of

Mars took place on May 30, 2016 when Earth and Mars were aligned on the same

side of the Sun. Geyer et al. (2021) have studied the evolution of the HSS properties

in this period from the Sun to Earth and to Mars. They found that multiple coronal

holes and several CIRs reappeared for at least 5 solar rotations between the end of

May and the end of September. In order to better understand the SIR-associated FD

properties at Mars in comparison to those at 1 AU, a synergistic study of the

MAVEN plasma and IMF observations together with the GCR measurements is

needed. Figure 10 shows the ground-based GCR measurements together with the

plasma and magnetic field observations at both planets during the above-mentioned

period. The Earth solar wind measurements are plotted based on the hourly the

Advanced Composition Explorer (ACE) data included in the OMNI dataset (https://

omniweb.gsfc.nasa.gov) and the ground-based Oulu neutron monitor count rate data

have been downloaded from the Neutron Monitor database (http://www01.nmdb.

eu). The MAVEN data are archived here (https://lasp.colorado.edu/maven/sdc/

public/) and only the measurements taken outside the Mars magnetosphere when the

spacecraft was in the solar wind are plotted.

Similar temporal evolution of a given solar wind parameter between Earth and

Mars can be seen in the figure. The Pearson correlation coefficient (cc) between

Earth and Mars observations has been calculated for each solar rotation. The

correlation between the ground-based GCR measurements is, based on the cc

values, slightly better than that for other parameters, in particular for the first two
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solar rotations in June and July. The relative position of the planets in HEE

coordinates is shown in Fig. 10a for early July and in (b) for late September. The

nominal Parker spiral under a solar wind speed of 400 km/s is over-plotted, showing

that Mars and Earth were connected to the Sun via the same IMF line around July 7,

2016. As the stream interaction regions also form roughly along the IMF lines

(Richardson 2004), Mars and Earth observe the CIR structure at the same time

around these days. We should note that 400 km/s is the typical ambient slow solar

wind while the actual speed may vary up to about 600 km/s which would result in a

Parker spiral with less curvature.

The magnitude of the magnetic field and plasma density at Mars are slightly

smaller than those recorded at Earth due to Mars’ greater distance from the Sun. The

outward propagating solar wind has similar speeds at 1 and 1.5 au. The temporal

variations of GCRs at both locations are very similar except for a short period at

Mars highlighted in red, which is due to extra shielding of the GCR by a surface

butte close to the rover as analyzed in more detail in Sect. 5.4. The modulated GCR

temporal evolution at both planets is similar, yielding a cc value [ 0:7 during the

first two solar rotations shown. The magnitudes of the modulation in Oulu and MSL/

RAD data are also very comparable, despite the very different cutoff energies of the

two ground-based measurements. The cutoff energy for MSL/RAD is about

160 MeV, based on the atmosphere above it, and about 500 MeV for Oulu based on

its geomagnetic latitude. The energy dependence of the CIR-induced GCR

Fig. 11 From top to bottom: Normalized Oulu neutron monitor count rate, normalized EPHIN integral
channel (for ions [ 50 MeV/nuc), and normalized MSL/RAD dose rate. The original data and the daily-
smoothed data are shown in different shades of azure. The normalization is done by scaling the data with
the median value (averaged in the time range of MSL/RAD)

123

Radiation environment for future human exploration… Page 29 of 81     8 



modulation is not fully understood; a better understanding is needed to explain the

magnitude of the GCR evolution. Furthermore, the radial evolution of the CIR needs

to be taken into account. For instance, the occurrence of shocks has been evaluated

to be more frequent at 1.5 au while the shock strength becomes weaker at Mars

(Huang et al. 2019; Geyer et al. 2021), and the SIR structure tends to expand at

larger heliospheric distances (e.g., Gosling and Pizzo 1999). The radial evolution of

the SIR and how this affects the corresponding GCR depression is still an open

question.

4.3 Evolution due to long-term solar modulation

4.3.1 Comparison of GCR variations at Earth ground, in space and on Mars

The long-term evolution of the Martian surface radiation collected during the

second half of Solar cycle 24 through the deep minimum until the beginning of

Cycle 25 can be compared with long-term GCR measurements carried out by

instruments at other locations. In Fig. 11, we compare RAD observations with the

GCR flux measured by the ground-based Oulu neutron monitor count rate at Earth

and the Earth L1 measurement by Solar and Heliospheric Observatory (SOHO)

from August 2012 until December 2020. Neutron monitors collect the count of

secondary particles generated by the primary cosmic ray flux at the top of the Earth

atmosphere and its time evolution reflects that of the primary GCRs. The Electron

Proton Helium Instrument (EPHIN) is part of the Comprehensive Suprathermal and

Energetic Particle Analyzer (COSTEP, Müller-Mellin et al. 1995) on the SOHO

satellite. As a proxy for the measurement of GCRs, we utilize the channel for

particles penetrating through all detectors with minimum ion energies of 53 MeV/

nuc (Kühl and Heber 2019).

To facilitate the comparison of the relative change of the GCR flux from different

measurements, we normalized each data set by dividing the values by the median of

the daily smoothed data (the time range for calculating the median is set to be after

MSL’s landing on Mars so that all three normalized data sets have the same time

reference). As shown, for the given time range, the Oulu neutron monitor count rate

changed by �� 8%; the EPHIN GCR flux changed by �� 40% and the RAD GCR

dose rate changed by �� 25%: The largest variation of the long-term GCR rate

over the full solar cycle is detected in the EPHIN measurement carried out in deep

space. There are also more SEP events seen in this data set, as it has the lowest

energy cutoff. This allows for the detection of lower energy SEP particles which do

not reach the surface of Mars or the top of Earth’s atmosphere due to geomagnetic

shielding. As shown, SEP events are more present during stronger solar activities

when the background GCR flux is lower.

GCRs incident on matter undergo both electromagnetic and nuclear interactions.

At Mars, these interactions occur in the atmosphere, altering the observed spectra as

described in Sect. 3. Incident GCRs and SEPs can generate secondaries via

fragmentation and spallation interactions in the atmosphere, but in terms of

modulation effects, ionization energy loss is the more important process. This is

because low-energy particles with insufficient range to penetrate the atmosphere
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simply stop before reaching the surface. This means that, for example, protons with

incident energies less than 165 MeV (± 25 MeV, depending on the seasonal surface

pressure, Guo et al. 2018c) do not reach the surface of Mars. Higher-energy

primaries that survive traversal of the atmosphere are detected as lower energy

particles on the surface of Mars. (In some cases, the energy loss is negligible—e.g.,

a 1 GeV proton loses \5% of its energy in traversing the atmosphere above RAD.)

Ionization energy loss in the atmosphere produces a species-dependent cutoff

energy (165 MeV/nuc for 1H and 4He, but � 800 MeV/nuc for 56Fe) and a general

shift from the low-energy to higher energy parts of the GCR spectra. Since the high

energy component of the GCRs is less modulated by solar activity, the surface flux

is less sensitive to solar modulation conditions than the primary GCR flux is. Guo

et al. (2020) have modeled this effect using a GEANT4 based model implemented

with the Martian atmospheric and regolith properties (as previously used in Guo

et al. 2018c) and showed that under a given heliospheric modulation potential, the

change of GCR rate on the surface of Mars is smaller than that in deep space.

On the surface of Earth, where the atmosphere is much thicker (about 50 times

greater than in Gale Crater), the atmosphere prevents virtually all primary GCRs

from reaching Earth’s surface. Ground-based neutron monitors measure secondary

neutrons generated in the atmosphere, predominantly by high-energy GCRs. To

enter the atmosphere and potentially interact, incident GCRs must have energies

above the local geomagnetic cutoff; in the case of the Oulu monitor, this

corresponds to proton energies J 500 MeV (Usoskin et al. 2002). The cutoff

Fig. 12 Top: Time profile of the monthly Oulu neutron monitor count rate (left y-axis, azure) and the
monthly Solar modulation potential U (right y-axis, black) over 50? years. Bottom: the correlation
between the two parameters and a fit of this correlation. The function of the fit is given in the legend. The
monthly U derived based on the function is marked as red circles in the top panel
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energy is higher for neutron monitors at lower latitudes, where geomagnetic

shielding is stronger. Since the neutron flux at the surface of Earth is dominated by

neutrons produced by high-energy ions, neutron monitor measurements in essence

give large weight to the less-modulated part of the GCR energy spectrum. The

relative amplitude of the heliospheric modulation is, accordingly, much smaller on

the surface of Earth compared to that seen on Mars or in deep space as shown in

Fig. 11.

4.3.2 The modulation potential U

One commonly used parameter to describe the modulation of GCRs by the

heliospheric activity is the modulation potential U, which corresponds to the mean

electric potential that approximates the energy loss a cosmic ray particle

experiences traversing the solar system into the inner heliosphere (Gleeson and

Axford 1968; Usoskin et al. 2005). Although the physical definition of U appears

imprecise, it has useful practical application—e.g., it is the only parameter in the so-

called force field modulation model (Gleeson and Axford 1968). Usoskin et al.

(2005) calculated the monthly values of the modulation potential U (http://

cosmicrays.oulu.fi/phi/phi.html), reconstructed using the data from the worldwide

neutron monitor network and calibrated with direct balloon and space-borne mea-

surements of the cosmic ray energy spectrum, including that obtained by the

PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astro-

physics) data (Usoskin et al. 2017).

Fig. 13 Top: Time profile of the monthly solar modulation potential U (left y-axis, black) and the
radiation dose rate on Mars seen by RAD (right y-axis, red for daily values, black for monthly binned
data, azure-shaded area for 2-r atmosphere-related variations) from 2012 August until 2020 June.
Bottom: The correlation between the two parameters and a fit of this correlation together with the 95%
prediction interval (azure-shaded) and the confidence interval (orange-shaded)
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We plot the monthly U value together with the monthly Oulu neutron monitor

count rate in the top panel of Fig. 12, and we also correlate these two parameters in

the bottom panel. The correlation coefficient between the two data sets is as good as

0.99 and a non-linear fit to the data is applied. The fitted function is then used to

derive the monthly U values based on the monthly Oulu count rate and the resulting

U is over-plotted in the top panel, which agrees well with the original U values.

Based on this correlation, we can derive the U values measured at Earth directly

from the Oulu data, which can be daily or binned into each solar-rotation period as

shown in Fig. 7.

We expect the U value at Mars to be different from that at Earth at a given time

due to the different heliospheric locations of the two planets: First, there exists a

radial gradient of the modulation as the GCRs are propagating inward through the

heliosphere. Using multiple spacecraft observations, Honig et al. (2019) found the

GCR fluxes increase by about 2.96% per au between 1 and 4.5 au. Roussos et al.

(2020) found the radial gradient to be about 2–3.5% depending on the phase of the

solar cycle using data at 1 and 9.5 au. In any case, the GCR gradient between Earth

and Mars is very small and in the order of 1–2%. Second, there is a longitudinal

difference of the modulation due to not only the drift effect of the global GCR

propagation but also possibly the varying distance of the observer form the

heliospheric current sheet. More importantly, short-term solar transients (CMEs and

SIRs) may significantly affect the local modulation condition within a constrained

longitudinal cone. Generally short-term longitudinal effects can be minimized by

averaging data over a solar rotation period. In this study, to derive the Martian

surface radiation based on a parameter that is readily known, we always refer to U
values derived at Earth and we use the monthly derived value or the per-Carrington-

rotation binned value to account for the longitudinal effect.

4.3.3 The correlation between U and Martian surface radiation

In the top panel of Fig. 13, we plot the monthly U value as discussed in the last

section together with the dose rate measured by MSL/RAD plastic detector on the

surface of Mars from August 2012 until June 2020. The monthly binned RAD data

are also plotted over the daily data and the 2-r atmospheric-related variations are

marked in the shaded area. The atmospheric influence is constrained by the

maximum dependence of the dose rate on pressure jjj ¼ 0:21lGy/day/Pa, and the

standard deviation of the seasonal pressure variation is � 60 Pa, so that the

uncertainty of the atmosphere-induced dose variation can be estimated to be about

r ¼ 12:6 lGy/day.

The two parameters are seen to be strongly anti-correlated and the correlation

coefficient between the two data sets is as good as �0:97. In a previous study (Guo

et al. 2015b), we subtracted the seasonal atmospheric influence to obtain the dose

rate assuming a fixed pressure. Here we take the pressure-induced variation as an

uncertainty in the long-term data which can then be propagated as an error through

the fitting of the two data sets.

Guo et al. (2015b) studied the U-dose correlation with a smaller range of data

collected from 2012 to 2014 and used both linear and non-linear functions for fitting
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the data. The correlation model then had the combined uncertainty of both fitting

results. Using data recorded for about 8 years, with larger variations, we are now

able to discern that the non-linear correlation would better represent the dose

dependence on the solar modulation potential U. The fitted non-linear function is

shown in the bottom panel of Fig. 13 and written as:

Dmars ¼ Aþ B

U
; ð1Þ

where Dmars is the Martian surface dose rate, A and B are fitted parameters which

are 19:8 � 4:9lGy/day and 118:6 � 2:5 mGy MV/day.

This empirical function can be used to estimate the Martian surface radiation

dose rate based on the solar modulation potential U measured at Earth. Note that the

estimation would be more sensible for the monthly averaged data rather than daily

values. This is because Earth and Mars, as they orbit around the Sun, are located at

different locations in the heliosphere which may have different short-term

modulations as explained in Sect. 4.3.2.

It is also important to note that the empirical function is based on data collected

from the pre-maximum of Cycle 24 through its declining phase over the deep solar

minimum. As shown, the U ranges between about 370 and 710 MV and the value at

the solar maximum is much smaller than that measured in some previous solar

cycles. For instance, the U value was slightly higher than 1200 MV during the peak

of Cycle 22 (Fig. 12 top panel). Therefore, the fitted function has much larger

uncertainties at large U values as shown by the 95% confidence interval in Fig. 13.

More RAD data collected over a stronger solar maximum would be needed to better

Fig. 14 Top: Monthly solar modulation potential U estimated at Earth for the last 5 solar cycles since
1964 until 2020 (left y-axis, black) as well as the RAD-measured dose rate on Mars from 2012 August to
2020 June (right y-axis, red). Bottom: Measured (in red) and modeled monthly dose rate (azure, left y-
axis) as well as dose equivalent rate (blue, right y-axis) based on the monthly U in the top panel. The
shaded areas of the modeled dose rate and dose equivalent rate indicate their respective uncertainties
propagated through the model
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define the function parameters. It should also be kept in mind that the RAD data

were acquired under considerably more atmospheric shielding than would be

present for a mission operating at the median elevation on Mars (� 22 g/cm2 vs.

16 g/cm2, with higher doses under a smaller atmospheric depth as a consequence

(See Sect. 3.2).

4.3.4 Empirical modeling of the Martian surface radiation

This empirical function obtained above (in Sect. 4.3.3) can be used to estimate the

Martian surface radiation environment, at Gale Crater or similar altitudes on Mars,

under different solar modulation conditions. This is shown in terms of the dose rate

and the consequent dose equivalent rate in Fig. 14. Based on monthly mean solar

modulation U values collected from solar cycle 20 to 24, as shown in the top panel

of the figure, we apply the empirical function to model the dose rate evolution

throughout these 5 solar cycles. It is shown that the Martian surface dose rate ranges

between � 100 and 390 lGy/day between solar maximum and minimum.

As described in Sect. 2, the dose equivalent can be estimated as the product of

the absorbed dose and the LET-derived average quality factor hQi. Taking into

account the variation of hQi ¼ 2:4 � 0:3, as mainly driven by the atmospheric

variations (Zeitlin et al. 2019, also explained in Sect. 3.2), we also estimate the

time-evolving dose equivalent rate and its corresponding uncertainty as plotted in

the bottom panel of Fig. 14. The dose equivalent rates under different solar

activities are within the range of about 0.25 and 0.95 mSv/day. The previous

estimation of the dose equivalent rate, as modeled in Guo et al. (2015b) based on a

smaller range of RAD measurement from 2012 to 2014, was between 0.35 and

1.15 mSv/day. The new result based on more statistics is mostly consistent with, but

Fig. 15 Dose rates recorded in a silicon detector and in a plastic scintillator (tissue equivalent) during the
MSL’s cruise to Mars. There are five observed SEP events marked with numerals. Image reproduced with
permission from Zeitlin et al. (2013), copyright by AAAS
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slightly lower than the previous one. This is also because the previous estimation

had taken into account an extra linear fit which is shown to be unlikely based on the

larger dataset.

4.3.5 The radiation environment during the cruise phase to Mars

Prior to making measurements on the Martian surface, MSL/RAD collected data

during its transit to Mars. It was switched on December 6, 2011 and, with few

interruptions, measured through July 14, 2012 when it was temporarily switched off

in preparation for the landing. Figure 15 (Zeitlin et al. 2013) shows the RAD dose

rate data collected during more than seven months of cruise phase. This was the first

measurement of the GCR radiation environment inside the shielding of the

spacecraft traveling from Earth to Mars. In principle, MSL spacecraft has an

environment similar to future missions to the planet, and thus the RAD

measurement provides insight into the potential radiation hazard for astronauts

going to Mars. Discussions of comparison with other cruise phase radiation

measurement can be found in Sect. 8.1.1.

During solar quiet times, the dose rate in free space is mostly due to primary

GCR ions and their secondaries generated through interaction with the spacecraft

materials. The GCR dose rate measured by the plastic scintillator ‘‘E’’ was about

461 � 92lGy/day and the dose equivalent rate is about 1:58 � 0:22 mSv/day

(Zeitlin et al. 2019). (This revised value, about 15% smaller than our original

estimate in Zeitlin et al. (2013), was based on a reanalysis of the cruise data using

an improved method to remove RTG background from the measured LET spectrum,

as well as a revised silicon to water conversion factor.) For a given incident flux, the

dose rate in silicon is generally less than the dose rate in plastic because of the

comparatively large ionization potential of silicon.

A close look at the GCR radiation reveals that there are many variations related

to solar modulation as shown in Figure 2 of Guo et al. (2015a). The variation of the

GCR-induced dose rate at MSL occurs nearly simultaneously with the variation of

the neutron monitor count rate at Earth, indicating that both reflect similar

heliospheric conditions. This is reasonable as the longitudinal separation between

MSL and Earth was rather small during the cruise phase. Also, during most of the

cruise phase, the spacecraft was more or less located on the same Parker spiral as

Earth, i.e., MSL was magnetically well connected to Earth, known as the Hohmann–

Parker effect (Hohmann 1994; Posner et al. 2013, Sect. 7.2.1).

Using a similar methodology as that for quantifying the radiation on the surface

of Mars as discussed above in Sects. 4.3.3 and 4.3.4, one can also obtain the

correlation between U and the cruise phase radiation measurement (Guo et al.

2015a). The correlation can be also extrapolated to a wider range including more

extreme solar modulation conditions for estimating the dose rate and dose

equivalent rate for different levels of solar activity. The modeled dose equivalent

rate during solar maximum of Cycle 22 (U 	 1200 MV) has been found to be as

low as 1 � 0:5 mSv/day (the large error bar results from the extrapolation of the

model uncertainty), which is considerably lower than the RAD cruise measurement

of 1:58 � 0:22 mSv/day during the maximum of Cycle 24. The modeled dose
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equivalent rate during solar minimum periods (U 	 350 MV) is about

2:9 � 0:8 mSv/day.

Fig. 16 Top: The zenith tilt angle (azure stars) and the elevation (black line) of the Curiosity rover in
MOLA coordinates through the first 2800 sols (until June 22, 2020). Bottom: The route map through the
first 2800 Martian sols, which adds to 22.65 km in total. The sol number of each drive is marked along the
line. The scale bar is 1 km. Image credit: NASA/JPL-Caltech/Univ. of Arizona. The high-resolution
image can be found here http://mars.nasa.gov/resources/25077/curiositys-traverse-map-through-sol-2800/
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5 Topographical factors influencing the surface radiation

5.1 Overview of the rover route

The Curiosity rover landed in Gale Crater on Mars at a smooth region called

‘‘Yellowknife Bay’’ (4.35� S 137.27� E) as marked in yellow text at the top right

corner of bottom map in Fig. 16. The base image of the map is from the High

Resolution Imaging Science Experiment (HiRISE) camera on NASA’s Mars

Reconnaissance Orbiter. Mount Sharp forms the central peak within Gale Crater and

is dry and sandy today, but it may have had surface liquid water such as rivers and

lakes more than 3.5 billion years ago (e.g., Williams et al. 2013; Horvath and

Andrews-Hanna 2017). While climbing up Mount Sharp, the Curiosity rover has

been following the path where ground water may have existed, such as the Clay

Unit area (May 2019).

The rover path over the first 2800 sols (from August 6, 2012 until June 22, 2020)

is shown in a yellow curve in Fig. 16 (bottom): It headed from the northeast towards

the southwest and slowly turned towards southeast. Important geological features

along the drive are shown in white text. The rover climbed about 400 m in the

course of 2800 sols as shown in the top panel of Fig. 16. During the first 1400 sols,

the altitude only rose less than 100 m while in the following 600 sols the rover

climbed about 250 m. This can also be seen in the topographic map at the bottom

where the sol number of each drive is marked along the line.

Fig. 17 Atmospheric pressure measured by MSL/REMS (red curve) and the elevation (azure curve) of
the Curiosity rover in MOLA coordinates. A Martian year lasts for 687 Earth days. Each odd/even Mars
year (MY) is marked using gray/white background. Vertical dashed lines divide each Martian year into 4
seasons following the sequence of Spring equinox (Ls = 0�), Summer solstice (Ls = 90�), Autumnal
equinox (Ls = 180�) and Winter solstice (Ls = 270�)
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Figure 16 also shows the zenith tilt angle of the rover body after each drive (the

inclination can vary slightly during each drive). RAD is mounted so that its central

axis is perpendicular to the rover deck, that is, RAD’s field of views are centered on

the vertical when the rover is on flat ground. Along the traverse of Curiosity, the

rover body was generally not exactly horizontal, as it would be on level ground;

rather, it was tilted at angles up to about 30� from the zenith, with an average value

of 7.3�. When the rover is tilted, RAD’s viewing cone is not centered on the zenith.

Based on the center of mass, the vehicle can withstand a tilt of at least 50� in any

direction without overturning, but automatic sensors limit the rover from exceeding

30� tilts (Makovsky et al. 2009).

5.2 The effect of the increased altitude on the radiation variation

The Curiosity rover gained altitude as it traversed the lower slopes of Mt. Sharp,

the atmospheric column mass above RAD has (for a given time in the seasonal

cycle) decreased over time. In the course of 2800 sols, the rover climbed about

400 m, resulting in a noticeable decrease of the average surface pressure

(proportional to the atmospheric column depth) above RAD.

Figure 17 plots the MSL/REMS measured pressure since the rover landing on

August 6, 2012 until October 2020, over Mars year (MY) 31 until MY 35. Curiosity

landed in the late summer of the northern hemisphere (or late winter of the southern

hemisphere) when most of the CO2 had condensed at the south pole. This effect

makes northern summer the season with lowest annual pressure. Pressure data from

Mars Years 32, 33, 34, and parts of 31 and 35 are shown in the figure. For the Mars

years for which the data are complete, the annual average pressures are 835 Pa for

MY32, 832 Pa for MY33, and 808 Pa for MY34. The annual pressure of MY34 is

about 3% lower than the previous year by about 30 Pascal, clearly in correspon-

dence with the difference in average elevation between the 2 years.

Employing the pressure–dose anti-correlation obtained in Guo et al. (2017a) or

the updated analysis in Sect. 3.2, we assume jjj � 0:21lGy/day/Pa when the solar

modulation is weak, as is the case in the time period considered here. We can infer

that the elevation change resulted in an increase of up to 6 lGy/day of the measured

dose rate. However, this small effect coincided with increased GCR flux as solar

modulation declined during this time period, which is a much larger effect—the

reduced solar modulation caused an increase of the dose rate by about 100 lGy/day

(see e.g., Fig. 13).

For a given GCR spectrum, hQi should increase as the rover elevation increases

and the atmospheric shielding decreases. However, the GCR spectrum was not

constant in this time period due to the weakening modulation, which preferentially

allows more protons into the inner heliosphere. This effect appears to have

compensated for any increase in hQi that might have arisen from the thinner

atmosphere above RAD. The result is that hQi remained in a narrow range, between

2.1 and 2.5, since the middle of MY33 (Zeitlin et al. 2019).
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5.3 The zenith angle dependence of the dose

The GCR flux in the heliosphere can be considered as an isotropic field. In the

absence of a global magnetosphere, these particles mainly interact with the Martian

atmosphere as they propagate through it and may cause a change of the particle

directionality on the surface of Mars. On Earth’s surface, there is a larger directional

flux of particles from the zenith than from the horizon. Wimmer-Schweingruber

et al. (2015) have studied the zenith angle dependence of the particle fluxes on the

surface of Mars and found that within the narrow range of tilt angles ð
 15�Þ; there

is a dependence of the flux / coscðhÞ with c ¼ 1:18 � 0:07. This value is close to

the value of 1.0 that describes an isotropic field, and quite different from that at sea

level on Earth where c 	 2. The study used data collected throughout the first 806

sols, during which the rover tilt angle was within a maximum value of 15�. An

updated study to understand the flux directionality over a wider range of zenith

angles is possible with more recent data.

Intuitively, the total dose should not depend on the tilt angle of the detector,

considering that a perfect detector equally accepts and records particles coming in

from all directions to contribute to the dose measurement. If the detection efficiency

is independent of the incident angle, then the total dose integrated over all directions

is constant independent of rotation or inclination in an isotropic field. However, two

effects cause deviations from this ideal scenario. First, the radiation field on the

surface of Mars is not perfectly isotropic due to the 1= cos h dependence of the

column depth particles traverse to reach the surface. Second, there is inhomoge-

neous shielding internal to RAD in the vicinity of the two detectors used for dose

rate measurements. The B detector field of view is, to a good approximation,

shielded only by the atmosphere in its upper hemisphere, but is heavily shielded in

the lower hemisphere. As a result, fewer albedo particles reach it than reach E. On

the other hand, for a downward-traveling particle to reach E, it must first traverse

the A, B, C, and D detectors. Particles traversing D may encounter as much as 13 g/

cm2 of mass, which in some cases exceeds their range, or—in the case of energetic

heavy ions—may cause them to undergo nuclear fragmentation. Alternatively,

particles arriving at E from the side or bottom must first pass through the anti-

coincidence detector F, which presents about 1.2 g/cm2 of shielding. The

combination of an anisotropic field and angle-dependent detection efficiency

Fig. 18 The component images of this mosaic were taken by the right-eye camera of the rover’s Mast
Camera on Aug. 18, 2016 (Sol 1434) in the area called Murray Buttes. The left edge of this view is
northeast from the rover; the right edge is southeast. More details are in the text. Image credit: NASA/
JPL-Caltech/MSSS. High-resolution original image can be downloaded here: https://mars.nasa.gov/
resources/8059/martian-mesas-in-murray-buttes-area-sol-1434/?site=msl
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suggests there could be an influence of the tilt angle of the rover on the measured

dose rate. However, this dependence, if it exists, is embedded as a minor effect

among stronger influences—the heliospheric variation, daily and seasonal atmo-

spheric modulation, and decrease of pressure due the increase of the rover’s

elevation. A direct comparison of the dose rate versus the rover tilt angle does not

show any evidence of a correlation. For general considerations, then, we assume

that the dose collected from all directions is, to a good approximation, independent

of the inclination angle of the rover.

Despite the preceding conclusion, we note that it may be possible to further probe

differences in the dose contributed by particles arriving from different zenith angles.

The B and E dosimetry triggers record particles coming in from all directions and do

not differentiate the directionality of particles when recording their contributions to

dose. A subset of particles arrives within the AB view cone and are recorded in the

LET histograms (Sect. 2), separated into a narrow inner view cone and a larger

outer one. The inner cone spans about 36� while the outer one has a full acceptance

angle up to 64� (Zeitlin et al. 2016). At least in principle, we can use these differing

fields of view to obtain the dose in each: within the inner LET cone, within the outer

LET cone, and outside the LET cone (when considering the difference between total

Fig. 19 a The RAD E dose rate measurement from May 2016 until January 2017. Original data are in
gray and smoothed daily values are in black. Each solar rotation period of about 26 sols is separated by
vertical azure lines. b Superposition of the normalized daily dose rates for the five rotations which are
marked from I to V in a. The time of each solar rotational period ranges from sol 1 to 26. The period,
when Curiosity was parked, is shaded in red in a and marked between dashed vertical lines in b. Data for
each period are normalized by the data outside the dashed-line-delimited window. The average
normalized value for the parked period is 0.953 with a standard deviation of 0.006 as indicated by the
horizontal red solid line. The average normalized values during this window of the superposed time are
shown in different horizontal lines for previous 4 solar rotational cycles and their average value is about
1.0. Adapted from Guo et al. (2021)
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dose and the LET dose). Combined with the tilt angle of the rover, which ranges

between 0 and 30�, future work can be done to investigate the dependence of dose

on the zenith angle, taking into consideration that the surface pressure variation

should also have a concurrent effect in the data.

5.4 Regolith shielding at Murray Buttes

Figure 18 shows one of the photos of the Murray Buttes taken by the rovers Mast

Camera on Aug. 18, 2016 (Sol 1434). The two prominent mesas in this view are

about 80 m apart. The one on the left reaches about 8 meters above the surrounding

plane and is about 100 m from Curiosity’s position. The mesa on the right is about

10 m high. Its top is about 82 m from the rover. Upper Mount Sharp is the large

mound dominating the horizon behind the two mesas. A few weeks later, on sol

1455, as Curiosity continued heading south, it drove close to a butte (not shown in

this figure) where it was subsequently parked for nearly 13 sols. The dose rate

measured by the RAD E detector in this period is shown in Fig. 19.

As previously shown and discussed in Sect. 4.2 and Fig. 10, the RAD dose rate

variation during this period is modulated by the CIRs which appear periodically

following the solar rotation. As shown again in Fig. 19a, the RAD measured dose

rate repeats very similar evolution patterns throughout the first 4 solar rotation

periods followed by a period which includes the 13 sols during which the rover was

parked near a butte, as marked in a red shaded area. The regularity of GCR variation

in the following solar rotation cycles started deteriorating as the CIR structures

became unstable due to the evolution of the coronal holes at the solar surface—these

often experience growing and decaying phases (Heinemann et al. 2018).

The parked period clearly shows a sudden drop and a quick recovery of the dose

rate at its beginning and end, respectively. The obvious explanation is that a

significant part of the sky was blocked by the butte where cosmic ray ions were

stopped before reaching RAD. As the dose rate is varying in time, one can not

quantify the reduction by simply calculating the dose rate difference before and

during the parking. The modulation of the GCR radiation during this period (in

which there were no major solar eruptions) is mainly driven by recurrent CIRs that

follow the periodic rotation of the Sun (Geyer et al. 2021), we expect that the

measured dose rate would have been equal to the dose rate during the same phase of

the previous cycles, if no extra butte shielding had been present. To illustrate this

idea, we superpose the RAD measurements during each of the first five solar

rotation cycles, which are marked from I to V in Fig. 19a. The normalized dose rate

during each solar rotation are plotted with a time window of 26 sols in the bottom

panel of the figure. The normalization is done as dividing the daily dose rate by the

mean value of the daily dose rate outside the dashed-line-delimited window. The

� 13 sols of the parked period is marked between dashed vertical red lines, and the

dose rate during the parking is clearly lower than the dose rate recorded at the same

point in the previous 4 cycles. The average dose rate for the parked period is

238 � 2lGy/day, or 0:953 � 0:006 in the normalized data frame. The average dose

rate for previous 4 solar rotational cycles during this 13 sol range of the superposed

time is 253 ± 1 lGy/day, or 0:999 � 0:009 in the normalized data frame. We
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conclude that the dose rate dropped by 15 ± 2 lGy/day of dose rate, or 5%� 1%;
during the parked period.

It is also important to note that the reduction of the dose seen by RAD at the butte

is the difference between the shielded radiation from the sky direction and the

secondary albedo radiation coming from the butte itself (Guo et al. 2021). The

resulting � 5% of reduction in dose rate is not significant enough to efficiently

protect the future astronauts from cosmic radiation on Mars, but it is suggestive of

an operational approach that would exploit features of the local terrain to shield

habitats and other frequently occupied structures. This is the first direct illustration

that an existing geological structure such as a simple butte may serve as a potential

radiation shelter for future habitats on Mars (Ehresmann et al. 2021; Guo et al.

2021).

As the Martian surface contains various natural geological shelters, such as cave

skylights (Cushing et al. 2007) and lava tubes (Léveillé and Datta 2010), it is of

great interest to assess the feasibility and practicality to use such natural structures

for radiation sheltering. Since no radiation measurement has been taken within such

shelters, modeling work is essential to help evaluate the effectiveness and required

depth of potential natural shields. More discussion of the potential benefits of using

Martian surface materials to reduce the radiation during astronauts’ stay on Mars

can be found in Sect. 8.2.

Fig. 20 The route of a typical Mars mission (Mars 2020 in this case) takes to the Red Planet via the
Hohmann transfer, including planned trajectory correction maneuvers (TCMs) to adjust the flight path.
TCMs can be differently planned depending on the time of the mission. The travel time is about 210 days
in this case. Image credit NASA/JPL-Caltech
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6 GCR-induced radiation for a return trip to Mars

Considering the variations of the GCR radiation as analyzed and discussed earlier,

we now estimate the accumulated GCR-induced radiation level for a round-trip

mission (two cruise phases plus the surface stay) to Mars under different conditions.

6.1 Transfer orbits to Mars

For a potential human mission to Mars, we consider two different types of Mars

transfer orbit: the Hohmann transfer (Hohmann 1994) and a fast transfer through

advanced propulsion (Durante 2014) and on-orbit staging (Folta et al. 2012). The

Hohmann transfer orbit generally uses the lowest possible amount of energy in

traveling between two planets orbiting the Sun in circular orbits of different radii in

the same plane, and so is used to deliver the maximum mission payload mass with

the fixed amount of energy that can be imparted by a particular rocket. For a space

mission between Earth and Mars, a Hohmann transfer window occurs every

26 months and requires a travel time (one way) of about 7–8 months. The most

recent route of a Hohmann transfer for the Mars 2020 mission is shown in Fig. 20.

A typical round-trip mission scenario to Mars using a Hohmann transfer trajectory

both ways thus includes about 400–500 days of transit time and 500 days of surface

stay.

In the future, a much faster transfer to Mars may be realized (Durante 2014)

through the implementation of on-orbit staging combined with a network of pre-

positioned fuel supplies (at low Earth orbit in advance of mission hardware or

Table 2 Empirical estimation of the approximate GCR-induced dose equivalent (H) for various round-

trip scenarios (under similar spacecraft shielding like MSL and similar surface pressure as in Gale crater)

GCR-induced dose equivalent (H) Cruise phase Mars surface Total return mission

Solar minimum U ¼ 350 MV

H rate (mSv/day) 2:32 � 0:22 0:86 � 0:11

H via Hohmann Transfer (Sv) 1:16 � 0:11 0:43 � 0:06 1:59 � 0:12

H via Mars Fast Transfer (Sv) 0:45 � 0:04 0:012 � 0:002 0:46 � 0:04

Solar medium U ¼ 650 MV

H rate (mSv/day) 1:55 � 0:25 0:49 � 0:08

H via Hohmann Transfer (Sv) 0:78 � 0:13 0:25 � 0:04 1:02 � 0:13

H via Mars Fast Transfer (Sv) 0:30 � 0:05 0:007 � 0:001 0:31 � 0:05

Solar maximum U ¼ 1000 MV

H rate (mSv/day) 0:97 � 0:47 0:33 � 0:10

H via Hohmann Transfer (Sv) 0:49 � 0:24 0:17 � 0:05 0:65 � 0:24

H via Mars Fast Transfer (Sv) 0:189 � 0:092 0:005 � 0:001 0:19 � 0:09

The Hohmann transfer includes approximately 500 days of two-way cruise phase and 500 days of surface

stay. The Fast Transfer contains about 195 days of cruise phase and 14 days of surface mission. The SEP-

induced radiation should be considered additionally. See text for more detailed explanations
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crew). For the required energy power nuclear thrusters are under consideration such

as nuclear thermal rockets (NTR), nuclear electric propulsion (NEP) or nuclear

thermal-electric rockets (NTER) which is a hybrid NTP/NEP system (Bruno et al.

2013; Dujarric et al. 2013). During an Earth-Mars conjunction phase (when both

planets are in line on the same side of the Sun, i.e., with the nearest distance), a

return trip to Mars can be reduced to about 120 days from Earth to Mars, a 14 day

stay and a 75 day return.

6.2 Accumulated GCR exposure for a return mission to Mars’s surface

Based on the above two different transfer scenarios, we can assess the accumulated

GCR-induced exposure level for a round-trip mission to Mars using the empirical

modeling of the cruise and surface radiation environments under various conditions,

especially during different phases of solar activity. The time-varying atmospheric

influence on the dose rate as derived from the observations has been included as an

uncertainty in the empirical modeling of the Martian surface environment

(Sect. 4.3.4, Figs. 13 and 14). The topographical effect as reported in Sect. 5 has

a small effect � 5% on the dose as observed by RAD so far and is not considered as

a factor in the current estimation here.

The dose equivalent derived based on the empirical model as discussed in

Sects. 4.3.4 and 4.3.5 can be estimated for a round-trip mission to Mars. The results

are given for two different transfer orbits under various solar minimum and

maximum periods as shown in Table 2. The table suggests that the shielding of

GCRs by heliospheric magnetic fields during solar maximum periods is efficient in

reducing the GCR-induced exposure for a Mars mission, reducing the mission dose

equivalent by more than 50%.

In the case of a Hohmann transfer with up to 500 days of transit time and about

500 days of surface stay, the mission dose equivalent (H) is about 1:59 � 0:12 Sv

during solar minimum ðU ¼ 350 MV), and about 0:65 � 0:24 Sv during solar

maximum ðU ¼ 1000 MV). For solar activity in between these two conditions, we

chose U ¼ 650 MV, and find the accumulated dose equivalent is about

1:02 � 0:13 Sv. This is quite consistent with the value obtained by Hassler et al.

(2014), who estimated a value about 1.01 Sv based on RAD’s cruise measurement

and the first 300 sols of surface measurement under similar solar modulation

conditions. The shorter missions enabled by advanced propulsion would obviously

provide major benefits in reducing crew exposure, particularly in deep space where

the only available shielding comes from the vehicle. Discussion of the feasibility of

such technological advances is beyond the scope of this paper.

We should note that these values are estimated based on a fixed U value for the

total mission duration to highlight the different scenario of missions performed

during different solar cycles. Considering a Hohmann return trip lasting for about

3 years, the solar modulation would of course evolve during this period. Therefore,

the actual total dose equivalent during solar maximum is likely to be larger than the

given value, and the actual dose equivalent during solar minimum is likely to be

smaller than the predicted value. In other words, the values given in the table for

solar max and min can be considered as lower and upper bounds, respectively.
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Of course, additional contribution to the radiation by SEPs could also play an

important role, especially during solar maximum when accumulated GCR

contribution is minimum. However, exposure from SEPs is more uncertain than

exposure to GCRs. Currently, there is no reliable way of predicting their occurrence

rate and cumulative fluence or dose for the duration of a round-trip mission to Mars.

The RAD-observed few SEP events and their radiation dose, during MSL’s cruise

and surface phases will be discussed in the Sect. 7.

7 Solar particle events

In contrast to the continuous flux of GCRs which are modulated by the heliospheric

magnetic fields following the solar cycle, SEP events are sporadic, often impulsive

(meaning they have a fast rise time), and could be extremely hazardous without

adequate shielding. There have been numerous studies of SEP events arriving at

Earth detected by different instruments and at the STEREO spacecraft orbiting

around the Sun at 1 au. These observations are important to improve our

understanding of the physics and properties of SEP events as will be briefly

reviewed in Sect. 7.1.

Concerning the radiation environment encountered during a potential Mars trip,

we will review the SEP events detected by MSL/RAD during its cruise phase to

Mars and on Mars’s surface since its launch in 2012 in Sects. 7.2 and 7.3.

7.1 SEP acceleration, transport and interaction with shielding

Above, we briefly described the characteristics of SEPs in terms of the acceleration

and transport mechanisms in Sect. 1.1. To date, the accurate prediction of the

occurrence, property and effects of solar particle events is not yet possible due to the

complex acceleration and transport processes involved.

First, the acceleration of SEPs by magnetic reconnection, wave–particle

interaction and shocks associated with solar flares and CMEs is a complicated

phenomenon. The relative importance of different acceleration mechanisms depends

on many parameters of the magnetic and plasma conditions of the solar eruptions,

which are neither precisely observed nor fully understood (Cliver 2016). In addition,

theories of particle acceleration by shocks require the presence of a ‘‘seed

population’’, i.e., suprathermal particles, at the Sun and/or in the interplanetary

medium, that are difficult to quantify. The study of solar eruptions and acceleration

of SEPs is a very challenging and active research topic involving many solar

physicists and heliospheric scientists. A detailed discussion of this topic is beyond

the scope of this paper and can be found in several review articles (e.g., Kallenrode

2003; Reames 2013).

Second, accelerated particles need to be transported through the interplanetary

space to reach observers at Earth, Mars, or in interplanetary space. Normally, SEPs,

being charged, are most efficiently transported when the observer is magnetically

connected to the open field close to the acceleration region. Therefore the earliest

onset and highest particle fluxes as seen at Earth tend to be related to flares and
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CMEs on the western flank of the Sun where the observer’s magnetic footpoint

locates. However, as shown by numerous observations—especially using multi-

spacecraft observations from different viewpoints (e.g., Richardson et al. 2014;

Battarbee et al. 2018; Lario et al. 2013, 2017; Dresing et al. 2014; Guo et al. 2018a;

Palmerio et al. 2021, etc.)—SEPs can be distributed more widely in the heliosphere

than the acceleration source. This is because additional cross-field transport

processes take place near the Sun and/or in the solar wind. These processes include

particle drift motion (e.g., Marsh et al. 2013), pitch-angle scattering (e.g.,

Effenberger and Litvinenko 2014), cross-field diffusion (e.g., Dröge et al. 2010),

meandering effects due to turbulent field (e.g., Laitinen et al. 2016), and influence

of the propagation due to non-nominal IMF caused by pre-existing CMEs (e.g.,

Rouillard et al. 2016) or co-rotating interaction regions (e.g., Guo et al. 2018a). The

relative role of the above processes that transport and spread particles in the

interplanetary space depends on the solar wind turbulence, the particle type and

energy etc., and thus differs from event to event (e.g., Li 2017).

Finally, after propagating through the interplanetary space, SEPs may further

interact with the local shielding such as planetary atmospheres or the spacecraft

structures, which may significantly modify the radiation field. Particles may lose all

or part of their energy while interacting with the material, and can also generate

secondaries via nuclear interactions (such as neutrons, electrons, gammas, muons,

etc.) which contribute to the radiation hazard. The interaction of the primary cosmic

particles with the Martian atmosphere has been described in detail in Sect. 3.

Compared to GCRs, SEPs normally have a lower energy range and are more easily

Fig. 21 Spacecraft position and dose rates for three of the five SEP events seen by RAD during the cruise
phase. Top: The heliospheric location of MSL in respect to other spacecraft (in HEE coordinates) and
their nominal magnetic connections to the Sun under 400 km/s of solar wind speed (black for MSL and
blue for Earth). Bottom: RAD dose rates (black lines) and GOES-11 165–500 MeV proton count rate
(blue lines, arbitrary units). Image adapted from Zeitlin et al. (2013)
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stopped by the material that they transverse through. For instance, Mars’s

atmosphere can stop protons below energy of about 160 MeV from reaching the

surface at Gale Crater (Guo et al. 2018c). A spacesuit can generally stop protons

below about 30 MeV (Wu et al. 2009). Depending on the in situ shielding

conditions, a large SEP event with abundant protons with energy larger than tens or

hundreds of MeV may result in a whole-body dose above the threshold ð� 0:7 Gy)

required to trigger acute radiation syndrome, ARS (Sect. 1.2).

In summary, a better understanding of the underlying physics in the processes of

the acceleration, injection and interplanetary transport of SEPs is the key to

advancing our space weather applications and to forecasting potential transient

radiation hazards for space missions. The dynamic, sporadic and complex nature of

eruptive solar events make this one of the most challenging research topics in

heliospheric physics. Studies of SEPs must take into account the characteristics of

flares, CMEs, shocks, seed particle populations, and the conditions for particle

acceleration and propagation combining high-resolution multi-point observations.

New data from Parker Solar Probe (Fox et al. 2016) and Solar Orbiter (Müller et al.

2013) may fill some of the existing knowledge gaps, and eventually enable accurate,

physics-based forecasting of SEP events and their properties.

7.2 SEP events detected during MSL’s cruise to Mars

The MSL/RAD measurement during the 8 months of cruise phase was the first

radiation measurement within a spacecraft in transit to Mars. The measured dose

rate is shown in Fig. 15. Five SEP events were observed during the cruise phase,

providing an opportunity to better understand potential SEP-induced radiation

hazards for deep space missions. We will address their properties in two aspects:

their time evolution and their effects on the radiation environment inside the

spacecraft, which depend on the SEP intensity and energy spectrum.

7.2.1 SEP time evolution and the Hohmann–Parker effect

Figure 21 shows a comparison between RAD SEP event data (black) to data from

the Geostationary Operational Environmental Satellite (GOES-11) 165–500 MeV

proton count rate (blue) during MSL’s cruise phase (Zeitlin et al. 2013). The

location of MSL is marked in HEE coordinates in the upper panels, which show that

during most of the cruise phase, MSL was magnetically connected with Earth via

the nominal magnetic field (the Parker spiral) under a solar wind speed of 400 km/s.

This is also known as the Hohmann–Parker effect (Hohmann 1994; Posner et al.

2013): spacecraft on outbound and inbound minimum-energy transfer orbits stay

magnetically connected within a small angular distance with its origin planet

(during the early cruise phase) or its destination planet (at a later stage).

In general, the dose rate onsets and peaks in the RAD data occur at later times

than those in the GOES data. The SEP events in January and May 2012 show

similar impulsive-onset time profiles at both MSL and Earth. This is expected when

there is a good connection to the injection site, which allows energetic particles—at

least in the early onset phase of the event—to arrive along the field lines. This
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suggests that near-Earth real-time SEP measurements can be used to forecast SEP

events for the cruise from Earth to Mars, at least when the perturbation of the Parker

spiral is small (Posner and Strauss 2020, and more discussions in Sect. 8.1.3).

In contrast to the January and May SEP events, the 7–10 March event shows

strikingly different features in the GOES and MSL profiles. In addition to the fact

that GOES and RAD (partly because it was under shielding) measured different

energy ranges of the initial SEP spectrum, this event was also very complex, with

eruptions of 2 X-class flares and 2 fast halo CMEs launched within 2 h on 7 March

2012 (Ding et al. 2016). Solar activity on 7 March 2012 started with an X5.4 flare

(onset: 00:02UT, peak: 00:24UT, end: 00:40UT) at E27� on the solar disk (seen

from Earth) accompanied by a CME first observed above the occluding disk in the

Large Angle and Spectrometric Coronagraph (LASCO) on board SOHO at

00:24UT, with a speed of 2684 km/s. The second flare of class X1.3 (onset:

01:05UT, peak: 01:14UT, end: 01:23UT) was at E17�, accompanied by a halo CME

appearing at 01:36UT with a speed of 1825 km/s. The SEPs were also widespread

and were observed at multiple vantage points including Earth, MSL, STEREO-A,

STEREO-B, and Mercury. Analysis of the March event combining Earth, STEREO-

A and STEREO-B data concludes that particles released during this event were

more likely associated with the first eruption (Richardson et al. 2014; Ding et al.

2016). The release time of the protons and electrons detected by STEREO-B which

was best-connected to the eruption at the Sun agreed well with the start time of the

type II radio bursts associated with the first CME shock. However, the second CME

as a magnetic obstacle propagating towards the direction of Earth and MSL may

have changed the nominal Parker spiral of the observers, causing different time

profiles observed at two locations. The Hohmann–Parker effect was not valid in this

case. Therefore, complex events as such involving flares, CMEs and shocks pose

challenges in predicting their onset using the observation near Earth. SEPs

associated with these types of events often reach high energy and intensity, so that

such events are potentially hazardous, and real-time data acquired near Earth may

not be particularly useful in predicting the conditions in interplanetary space.

7.2.2 SEP-induced radiation

The MSL/RAD cruise data were obtained under the pre-maximum phase of an

unusually weak solar cycle. The SEP fluxes observed by RAD are dominantly

protons, for which the quality factor is approximately 1 (Sect. 2). Dose and dose

equivalent rates are therefore approximately equal. The two events from 23 to 29

January had a dose equivalent of 4.0 mSv as measured inside the MSL spacecraft;

two from 7 to 15 March had a combined dose equivalent of 19.5 mSv, and one on

17 May of 2012 had a dose equivalent of 1.2 mSv (Zeitlin et al. 2013). The summed

dose equivalent of the five observed SEPs is 24.7 mSv, roughly 5% of the

contribution to the total cruise dose equivalent (	 466 mSv), or approximately

equal to 15 days of GCR dose equivalent during low solar activity. During the peak

of a more-active solar maximum one would generally expect a bigger contribution

of SEP-related radiation risk.
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The radiation environment inside a spacecraft is highly dependent on the

spacecraft shielding distribution and on the spectrum of incoming SEPs (Wilson

et al. 1999). Low-energy particles are easily shielded, while higher energy ones may

only be slowed down by shielding, and are more likely to generate secondary

particles. Production of fast neutrons by high-energy SEPs is potentially a concern,

but in typical events, the proton spectrum is ‘‘soft’’ (i.e., strongly peaked at low

energy) and the induced fast neutron flux is small.

Shielding conditions may vary significantly depending on the spacecraft’s design,

the materials used to construct the craft, and the location within the spacecraft. In

the case of MSL, the shielding around RAD was highly non-uniform (Zeitlin et al.

2013). A ray-tracing analysis showed that nearly 30% of the solid angle above RAD

was only lightly shielded (\5 g/cm2), while the 50% of the solid angle in the lower

hemisphere was shielded by 8–10 g/cm2. The remaining 20% of the solid angle was

heavily shielded (� 20 g/cm2). The shielding depth averaged over all incident

directions was roughly 16 g/cm2. The less-shielded paths to RAD were easily

penetrated by SEPs; it is likely that a crewed vehicle would have a more uniform

shielding distribution and a smaller share of lightly shielded rays.

7.3 SEP radiation detected by MSL on Mars

During the 8 years of measurement on Mars, RAD has detected only a few solar

particle events (distinguished as five peaks in the dose rate) as shown previously in

Fig. 4, all of which are small apart from the 2017 September 10th event (Zeitlin

et al. 2018; Ehresmann et al. 2018; Guo et al. 2018a; Hassler et al. 2018).

7.3.1 The 2017 September SEP event

For the 10 September 2017 event, Guo et al. (2018a) have analyzed this event

concerning the eruption and propagation of CMEs and SEPs from the Sun into the

heliosphere. The arrival of CMEs and the resulted Forbush decrease at Mars have

Fig. 22 Dose rates as measured on Mars using the B silicon detector (after conversion from silicon to
water with a factor of 1.3) and E plastic scintillator. a Dose rates include contributions from GCRs.
b Dose rates with GCR contributions subtracted. Image reproduced with permission from Zeitlin et al.
(2018), copyright by AGU
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been discussed in Sect. 4.1 (Fig. 9). The SEP onset as seen in the dose rate data is

about 19:50UT on 10 September. The event peaked on 11 September, from about

4:00 to 14:00 UT and fell gradually until the Forbush decrease due to the arrival of

the shock front of the interplanetary coronal mass ejection at Mars. GCR rates

dropped by 23% instantaneously or by about 20% below the rates prior to the event.

Figure 22a shows the dose rates as recorded in the silicon B and plastic E

detectors for this event. Prior to the onset, the background GCR dose rate in the B

detector averaged to be � 244 lGy/day after converting from silicon dose to water

dose, and the E dose rate averaged 268 lGy/day in plastic (Zeitlin et al. 2018). The

10% difference in GCR response is probably a combination of three factors: (1) the

E detector is more sensitive to neutrons than the B detector; (2) the E detector is far

thicker than B (18 mm of plastic vs 0.3 mm of silicon) so that nuclear interactions

in the detector itself are much more probable in E—these can cause large energy

depositions; (3) low-energy albedo particles traveling upward from the Martian

surface are likely to deposit energy in E but to stop in the RAD stack before

reaching B.

Figure 22b shows the same dose rate data with the average pre-event GCR

background subtracted. During the SEP event, the B dose rate exceeded the E dose

(a) SEP Event 1 (b) SEP Event 2

(c) SEP Event 3 (d) SEP Event 4

Fig. 23 Dose rates as measured on Mars during the first four SEP events detected by MSL/RAD in the B
silicon detector (after conversion from silicon to water with a factor of 1.3, gray lines) and E plastic
scintillator (black lines). The pre-event background value is marked for each event with the azure dotted
line for B and the orange dotted line for E. The duration of each SEP event is highlighted in the red area.
The SEP event integrated E or B dose subtracting the background GCR contribution is summarized in the
title for each event
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rate because E is embedded further down in the stack and is, therefore, more

shielded from low-energy solar particles that reach B but stop before reaching E.

(Many such particles stop in the D detector, directly above E.) Integrating the B or E

dose rates for the period from the start of the SEP event until the arrival of the shock

front at Mars, we find that the SEP contributed 445 lGy of dose as measured by the

shallow B detector (converted to water dose), and 298 lGy of dose as measured by

the deeper E detector. Both values are about 20% less than those reported in Zeitlin

et al. (2018), which were affected by an error in the averaging methodology.

As described in Sect. 2, based on particles entering the A � B coincidence cone,

RAD measures the LET histogram which can be used to estimate the average

quality factor, hQi, for converting the measured dose to dose equivalent. For the

most intense portion of the SEP event, hQi was 1.17, much lower than the value of

2.3 found for GCR-only periods before and after the event (Zeitlin et al. 2018).

Therefore, despite the significant dose rate increase (2–3 times) during the event, the

peak dose equivalent rate in the B detector, which can be considered to be

approximating a skin exposure, was only about 50% greater than the GCR dose

equivalent rates. In terms of deterministic acute radiation effects (critical when

absorbed dose above the level of cGy) as introduced in Sect. 1.2, this event was far

below the threshold at which acute health issues appear.

To better assess the radiation contribution by this event, Zeitlin et al. (2018)

calculated the integrated dose and dose equivalent comparing (I) a 30 day GCR

background period prior to the start of the event, and for (II) the SEP and FD period

which is the 30 day window starting with the onset of the event as seen on Mars. For

the B detector, integrated dose (converted to water) during period (I) is about 7.3

and 7.7 mGy during period (II); for the E detector, the integrated dose is about 8.1

and 8.2 mGy during two periods respectively; the total dose equivalent during two

periods are 16.5 and 16.6 mSv, respectively. Due to the effect of the Forbush

decrease, the total dose and dose equivalent during two periods are almost identical.

Note that Mars was not magnetically connected to the acceleration site at the

beginning of the event (Lee et al. 2018; Guo et al. 2018a) and the ICME was

propagating towards Mars. If there had been a better magnetic connection for SEP

arrivals and a less significant impact of the ICME, the dose rate and integrated dose

increases would likely have been much larger during the event.

7.3.2 The other four SEP events

Figure 23 shows the dose rate data of the first four SEP events RAD detected on

Mars before the 2017 September event. The average pre-event GCR background is

calculated as the average dose rate in the course of 2 days since 3 days before the

event onset. The background level is marked for B and E in azure and orange dotted

lines, respectively. The duration of each SEP event is highlighted in the red area.

The integrated B dose (after conversion from silicon dose to water dose that is more

comparable to tissue dose as measured in E) and E dose for each SEP event are

calculated with the background contribution subtracted. They are 42 lGy in B and

26 lGy in E for event 1 starting on 2013-04-11, 77 lGy in B and 61 lGy in E for
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event 2 starting on 2013-10-11, 25 lGy in B and 17 lGy in E for event 3 starting on

2014-01-07, and finally 214 lGy in B and 168 lGy in E for event 4 on 2014-09-01.

During the SEP event, the B dose rate exceeded the E dose rate for every event

because E is embedded further down and more shielded from low-energy solar

particles. Protons arriving RAD within the telescope view cone need about

100 MeV to penetrate D and reach E. The ratio of total event dose in E to that in B

is 0.62, 0.79, 0.68 and 0.79 for each of the four events respectively. Similarly, this

ratio is 0.67 for the 2017-09-10 event. Considering the instrument self-shielding of

B and E respectively, this suggests that radiation induced by SEP events on the

Martian surface for internal human organs should be smaller than the skin exposure

and also highlights in the importance of shielding protection especially during SEP

events, such as via extra shielding provided by the habitat and the spacecraft.

In summary, the RAD measurement so far suggests that the SEP-induced

radiation is smaller than expected due to (a) the efficient shielding of the Martian

atmosphere against typical low-energy SEPs, particularly on or near the floor of a

deep crater such as Gale, and (b) the extremely weak nature of Solar Cycle 24 which

makes it difficult to generalize the current assessment to other solar cycles. More

measurements collected during a much stronger solar maximum are essential for

assessing the SEP contribution to the radiation for a mission to Mars.

8 Reduction of radiation exposure for a round-trip mission to Mars’s
surface

Hitherto, there has not been any officially defined upper limit of the radiation an

astronaut may accumulate during missions beyond the LEO (NCRP 2000).

However, space agencies and private sector companies who are planning for

crewed missions to Mars are obliged to minimize, where and when possible, the

radiation exposures received by astronauts. In this section, based on our analysis of

the RAD cruise and surface measurements conducted so far, we try to compare the

results to other available measurements as well as the state-of-the-art modeling

results of the deep space and Martian radiation environments. We then discuss the

possible approaches to mitigate exposures during both solar quiet and eruption

periods.

In addition to MSL/RAD, three other radiation detectors have operated during a

cruise to Mars: (1) the Martian Radiation Environment Experiment (MARIE,

Badhwar 2004) on board the 2001 Mars Odyssey spacecraft which was launched in

April 2001 and injected into orbit around Mars in October 2001, i.e., during the

maximum of Solar cycle 23. (2) the Liulin-MO detectors (Semkova et al. 2018) on

board the Exomars Trace Gas Orbiter (TGO) launched on March 14, 2016 and

injected into orbit around Mars on October 19 and thus measuring the cruise

radiation during the declining phase of Solar cycle 24. (3) the Mars Energetic

Particle Analyzer (MEPA, Tang et al. 2020) on board the first Chinese Mars

exploration mission (Tianwen-1) which, at the time of writing, is cruising towards

Mars since its launch on 2020 July 23 and will start orbiting Mars in February 2021

(deep solar minimum at the beginning of Cycle 25). A synergistic analysis of these
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measurements throughout different solar cycle and shielding conditions would be

extremely valuable. However, MARIE was only turned on three times during its

cruise phase and there were SEPs occurring during the first two times, and it

temporarily stopped communicating during the third and final turn-on during cruise.

As a result, no usable GCR dosimetry data was obtained by MARIE during Mars

Odyssey’s cruise. Data from MEPA during its cruise to Mars are still unavailable at

the time of writing, leaving only the TGO Liulin-MO measurement available for

comparison with the RAD measurements (Sect. 8.1.1).

On the surface of Mars, RAD has made the only radiation environment

measurements to date. MARIE, Liulin-MO and MEPA are all mounted on Mars

orbiters and measure (or measured) a radiation environment more akin to free space

(albeit with � 2p shielding due to the body of the planet). Cross-comparison of

RAD with other measurements must take into account the shielding effect of the

atmosphere and the effects of albedo particles that escape the Martian surface. This

could be a research topic for future studies.

In the last decades, much effort has been devoted to calculating the Martian

surface radiation using GCR models and particle transport codes (e.g., Simonsen

et al. 1990; Saganti et al. 2004; Keating et al. 2005; De Angelis et al. 2006;

Dartnell et al. 2007; Ehresmann et al. 2011; McKenna-Lawlor et al. 2012; Kim

et al. 2014; Gronoff et al. 2015; Guo et al. 2018c). There are various particle

transport codes such as HZETRN (Slaba et al. 2016; Wilson et al. 2016), PHITS

(Sato et al. 2013), MCNP6 (Werner et al. 2017), GEANT4/PLANETOCOSMICS

(Desorgher 2005) and the most recent GEANT4/AtRIS (Banjac et al. 2018; Guo

et al. 2019a) which can be employed for studying particle interactions with the

Martian atmosphere. With the successful operation of RAD on the surface,

benchmarking models against real data has become possible. In particular, two

workshops concerning model-vs-data comparisons have been organized (https://

www.boulder.swri.edu/rad_modeling_workshop2/). The focus of the workshops

was comparing predictions from different models of the Martian surface quiet time

environment to the in situ RAD measurements. After optimizing the models for

input parameters and physics lists, HZETRN, PHITs and GEANT4 all seem to

match reasonably well with the measurements of the RAD dose rate and surface

spectra of charged particles as summarized by Matthiä et al. (2017). Detailed dis-

cussions of different models, their features, limitations, etc., are beyond the scope of

the current article. Interested readers can find relevant results collected in a special

issue of Life Sciences in Space Research (Hassler et al. 2017).

The particle transport models, once validated against data, can provide valuable

insight into the subsurface radiation environment which is an important factor to

understand the possible mitigation of the radiation exposure for future habitats on

Mars. This will be discussed in Sect. 8.2.1.

8.1 Reduction of the radiation exposure in transit

We estimated the accumulated GCR radiation in Sect. 6 under three representative

solar modulation conditions and two orbit trajectories as shown in Table 2. For each

scenario, most of the contribution to the radiation for a return trip to Mars results
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from the cruise phases. The estimation of the cruise phase radiation environment is

based on the shielding configuration of the MSL spacecraft carried out during a very

weak solar maximum. The shielding effect could differ depending on (a) the

spacecraft material and design and (b) the type and energy of the incoming particles,

which vary following the solar activity evolution. In the case of the MSL spacecraft,

the shielding conditions around RAD were highly non-uniform as described in

Sect. 7.2.2 (and also in Zeitlin et al. 2013).

8.1.1 Cruise phase radiation assessment by TGO Liulin-MO

As a comparison, another estimation of dose equivalent rate in interplanetary space

during the cruise to Mars has been obtained based on the Liulin-MO detectors on

board the TGO of the ExoMars program (Semkova et al. 2018). The averaged

spacecraft shielding around the Liulin-MO detectors is about 10 g/cm2 which is

smaller than the mean depth within RAD’s FOV, but close to the median depth. The

measured dose equivalent rate from GCRs is about 2:0 � 0:3 mSv/day for the cruise

period from April 22 until September 15, 2016, somewhat higher than the rate of

1:58 � 0:22 mSv/day measured by MSL/RAD in 2012. The difference is mainly

driven by the difference in solar modulation in the two time periods. Modulation

during MSL’s cruise to Mars in 2012 was characterized by an average U of

� 565 MV, while for TGO’s cruise in 2016, the average U was � 444 MV.

Empirical modeling (Guo et al. 2015a) shows that the TGO-measured dose

equivalent rate is in excellent agreement with that found by MSL/RAD when this

difference is taken into account. This seems to suggest that the different shielding

conditions of TGO and MSL did not significantly influence the GCR radiation

environment therein. More measurements carried out under different shielding and

solar modulation conditions during cruises to Mars would be highly valuable.

Fig. 24 Comparison of selected GCR particle energy spectra in free space (left pane) and behind 5 g/cm2

of aluminum and 30 g/cm2 of water (right pane) during solar minimum. Image reproduced with
permission from Slaba et al. (2015)
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8.1.2 Challenges in shielding of GCRs in deep space

It has long been known that shielding against GCRs is problematic, since a large

share of them are highly energetic and therefore have ranges in matter that exceed

any practical bulk shielding depth. Calculations show that it is non-trivial to

incorporate vehicular design and shielding parameters in assessing the possible

reduction of GCR radiation within spacecraft in the interplanetary space. Cucinotta

et al. (2006) argued that, because of their higher energies, the cancer risk from

GCRs cannot be eliminated using operational approaches and practical amounts of

shielding. An important consideration in any shielding design is the production of

secondary neutrons, which have a high biological relevance. Interactions of high-

energy ions with the spacecraft hull may also produce high-multiplicity showers of

secondaries.

It is well known that moderate depths of bulk shielding provide effective

shielding against the SEPs produced in typical events. But when high-energy

particles are more abundant as in GCRs, increased shielding may produce a more

intense environment inside the vehicle. As shown in Fig. 24, for protons, neutrons

and helium ions, the GCR spectral intensities behind 5 g/cm2 of aluminum and

30 g/cm2 of water shielding are higher than those in free space, especially below a

few hundreds of MeV/nuc, as modeled by Slaba et al. (2015). A uniform shielding

of the entire space habitat to reach at least � 20–30 g/cm2 is estimated to reduce

the GCR effective dose by only about 25% (Cucinotta et al. 2005). Attaining even

this modest improvement is impractical for deep space exploration missions due to

the limited takeoff mass and volume restrictions of existing space launch systems.

As a reference, the Apollo module, which is the only vehicle to date that has

transported humans outside of LEO, had an average shielding of 6.15 g/cm2, which

can only effectively shield protons with energies up to 75 MeV (Clowdsley et al.

2005).

Superconducting shield The idea of using a large superconducting magnet to

generate an active shield against deep space charged particles around the spacecraft

dates back to the 1960s (von Braun 1969), and was subsequently evaluated in

several configurations (e.g., Wilson et al. 1997; Townsend et al. 1990; Hoffman

et al. 2005). Recently, under the European Space Radiation Superconducting Shield

project, Vuolo et al. (2016) carried out detailed Monte Carlo simulations in which

spacecraft and magnets were modeled together with a simplified mechanical

structure supporting the superconducting magnet coils. Radiation transport through

magnetic fields and materials and the generation of secondaries were simulated for a

deep-space mission scenario. They found that when modeling the production of

secondaries considering structures supporting the active shielding systems and the

habitat, the radiation protection efficiency of the magnetic field is severely limited

compared to previous studies, when only the magnetic field was modeled around the

crew and primary charged particles were simply deflected. It is clear that active

shielding using toroidal magnetic configurations is far from sufficiently mature

enough to be seriously considered for spaceflight.
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To summarize, state-of-the-art measurements and modeling results suggest that

to most efficiently reduce the accumulated radiation during the cruise to Mars,

which is mostly contributed by GCRs, the preferred time window of the mission is

during solar maximum periods when GCRs are significantly depressed. As shown in

Table 2, during solar maximum, the cruise GCR dose equivalent can be less than

half of that during solar maximum periods. Like all operational choices, this one

comes with a tradeoff: while a mission at solar maximum is beneficial in terms of

GCR exposure, it is also more likely to experience one or more intense SEP events,

a contingency that must be carefully planned for.

8.1.3 Warning and shielding of SEPs

However, as SEP events occur more frequently during solar maximum, timely

warnings/alarms against SEP radiation and optimized shielding design are necessary

for mitigating SEP-associated risks. Wilson et al. (1999) estimated that the risk of

early health effects following a SEP event can be effectively reduced to an

acceptable level by the proper use of operational warning and dosimetry systems

along with an adequate storm shelter for crew protection.

SEP alerts Since Apollo missions, radiation dosimeters have been available to

astronauts for self-alert of SEP events (NCRP 1988). This would provide a reliable

operational nowcast for the crew. Reliable physics-based models of short- or long-

term prediction of SEP events have not yet been developed, as discussed in

Sect. 7.1. Nevertheless, some real time data-based warning systems have been

developed in the past years. In a statistical analysis of SEP events observed between

1998 and 2002 by the COSTEP instrument on the SOHO satellite, Posner (2007)

found that SEP events often start in situ with the arrival of relativistic electrons,

followed by exponential increases of proton intensities. Therefore, using real-time

electron measurements, it is possible to enable up to about 1 h of warning for

energetic protons, which have larger biological radiation effects. This is the so-

called Relativistic Electron Alert System for Exploration (REleASE) warning

system. Furthermore, following the Hohmann transfer orbit (Hohmann 1994), the

spacecraft remains close to the interplanetary magnetic field lines that connect Earth

and/or Mars with the Sun (Hohmann–Parker effect, see Sect. 7.2.1), provided the

field lines remain more or less unperturbed. This would enable a SEP warning

system for the spacecraft during the cruise phase using data based on a two-tier

warning system at Earth and Mars (Posner and Strauss 2020). For astronauts on the

way from Earth to Mars, the REleASE system would provide advance warning time

with a minimum of about 22 min at 1 au and a maximum near 42 min at Mars’

distance from the Sun. The protons used for the time-delay analysis in respect to

relativistic electrons have energies below 50 MeV, which stop in about 3 g/cm2 of

aluminum-equivalent shielding. More energetic relativistic protons arrive faster,

leaving little forewarning time. The vehicle material will also modify the radiation

behind the shielding. Therefore, an effective SEP warning or alert system, tailored

for various local shielding conditions, is essential for alarming astronauts with

quantitative estimations of the risk level. For instance, the Earth–Moon–Mars
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Radiation Environment Module (EMMREM, Schwadron et al. 2010) has been

developed to provide the SEP dose rates under various aluminum-equivalent

shielding thicknesses in deep space. Measurements of energetic particles near 1 au

can be ingested into the module and projected to various locations throughout the

inner heliosphere. Future potential particle detection near Mars, such as being part

of an in situ space weather monitor at Mars–Sun L1 point (Sánchez-Cano et al.

2019), would also be of great benefit for such modeling and forecasting systems.

PREDICCS Based on the aforementioned modules and various near real-time

data, PREDICCS (Predictions of radiation from REleASE, EMMREM, and Data

Incorporating the CRaTER, COSTEP, and other SEP measurements) is an online

tool (https://prediccs.sr.unh.edu/) to model the interplanetary radiation environment

(Schwadron et al. 2012). It first uses near real-time particle measurements from

various instruments near Earth (depending on the years of operation). Then the time

series of SEP proton measurements are used as input for further simulating the

particle transport across interplanetary space, giving proton spectra outputs. Finally,

the dose rate induced by these the SEP protons absorbed in a water slab target

behind an aluminum shielding is given. To test the model, Quinn et al. (2017)

calculated the accumulated event dose predicted by PREDICCS for the 5 SEP

events encounter by RAD during its cruise to Mars (Sect. 7.2.1) when the spacecraft

was magnetically connected with Earth. The comparison of the event dose with

actual RAD data reveals some discrepancies, but the tool shows potential to be used

as a real-time warning system.

Storm shelters and shielding garment It has been well studied that hydrogenous

materials and light elements are expected to be more effective radiation shields than

aluminum, which is used in current spacecraft hulls. Particle transport calculations

suggested that the use of polymers as shielding material in place of an equal mass of

aluminum would reduce crew exposures without increasing the vehicle mass

(Wilson et al. 1995; Guetersloh et al. 2006), although structural issues present a

major challenge for this approach. If the vehicle shielding is insufficient, upon the

onset of SEP events as alerted by active dosimeters or forecasting systems,

additional shielding can be applied such as within a ‘‘storm shelter’’ polyethylene

shielding (Wilson et al. 1999) and/or the adoption of wearable shielding spacesuits

(Wilson et al. 2006; Vuolo et al. 2017). The shelter could serve for astronauts to be

protected during the most intense phase of the event, typically lasting for hours. On

the other hand, the garment would work better for smaller SEP events or for a later

phase of an event when the SEP is less intense with a softer energy spectrum. This

would also allow astronauts to move around more freely to perform necessary

operations for the mission. Vuolo et al. (2017) have carried out simulations of an

anthropomorphic phantom in an average SEP environment and estimated the

shielding performance based on different materials. Water-filled spacesuits have

been selected to be the first choice material after a trade-off analysis between

shielding effectiveness and availability of resources in the space habitat. In case of

extraordinary events, the combination of shelter and garments might be a necessary

mitigation strategy.

In summary, the cruise phase GCR radiation can be most efficiently reduced by

choosing a mission window around solar maximum when the interplanetary GCR
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flux is lower. Material shielding against GCRs is challenging and impractical for

deep space cruises. However, during solar maximum years, more SEP events may

impose acute radiation hazards and this requires extra operational planning to alert

for and additionally shield these events. Physics-based forecasting approaches a few

days before the onset of a SEP event have not yet achieved success, with a large

number of false alarms and many events not being predicted at all. Some real-time

measurement-based nowcasting tools (using data acquired near Earth where particle

fluxes are well measured) have been recently developed, which show a promising

potential to predict the cruise radiation at locations magnetically connected to Earth.

8.2 Reduction of exposures during a stay on Mars

The data-based estimation of the radiation variation on the surface of Mars is

relying on the RAD measurement at Gale Crater where the average atmospheric

depth is about 21.5 g/cm2 with a seasonal pressure variation up to about 25%. Mars

has many valleys, craters and also the highest mountain in the solar system, hence

atmospheric column depth varies drastically from place to place. Exposures must

therefore be re-evaluated when the atmospheric thickness differs significantly.

Calculation of the Martian radiation environment with different atmospheric depth

shows that the dose and dose equivalent rate may change between 10 and 20%

(depending on the solar modulation), when the atmospheric column mass is between

15 and 25 g/cm2 (Guo et al. 2017a). The continuation of the current RAD operation

as the Curiosity rover climbs up Mt. Sharp is critical for us to better assess the

atmospheric influence of the surface radiation environment over a larger range.

Landing in a region with a relatively thick atmosphere provides several

advantages to the landing system (longer descent time, less rapid deceleration, more

drag). It seems likely that such a location will be chosen for a future human mission.

Fig. 25 Required subsurface shielding for peak (U ¼ 1000MV), average (U ¼ 580MV) and weak solar
modulation (U ¼ 400MV) scenarios. Gray and Red bars show the required shielding depths for achieving
an equivalent dose reduction to 200 and 100 mSv/year, respectively. From left to right, different regolith
rock types are presented including basaltic andesite rock (AR), iron-rich sandstone (SS), Sulfur concrete
(SC), an inhomogeneous scenario for Arabia Terra (AT), where a soil mixture of 10% water by weight

underlies 30 g/cm2 of dry rock, a homogeneous mixture of 10% water and 90% basaltic andesite rock by
weight (W10), and finally a homogeneous mixture of 50% water and 50% basaltic andesite rock by
weight (W50) as an extreme case. The left three cases represent a dry scenario while the right three are
‘‘wet’’ surface with high content of hydrogen. Image reproduced with permission from Röstel et al.
(2020), copyright by the authors
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Therefore, the radiation environment at Gale Crater is not expected to be

substantially different from the radiation fields at other craters where future

missions may land.

8.2.1 Regolith shielding

To reduce the radiation dose during a human stay on Mars, astronauts may make use

of natural geological structures as radiation shelters. This would be part of a larger

strategy of in situ resource utilization (Starr and Muscatello 2020). Observations

from the orbit of Mars revealed that possible cave skylights (Cushing et al. 2007) or

lava tubes (Léveillé and Datta 2010) are not uncommon on the Martian surface. The

regolith shielding can be particularly helpful during highly intense SEP events, and

also serve to achieve a steady reduction of long-term exposure to continuous GCR-

induced radiation (Simonsen et al. 1990; Kim et al. 1998; Dartnell et al. 2007;

Röstel et al. 2020).

Recently, Röstel et al. (2020) have modeled the GCR radiation environment on

the surface and at the subsurface of Mars and suggested that sufficient shielding

depth may limit the annual equivalent dose to be under 100 mSv. Equivalent dose

was used in these calculations; this is derived from legal concerns related to

radiation protection standards. It is not directly comparable to the dose equivalent

obtained from RAD data, which is a ‘‘point estimate’’ based on the measured energy

deposition spectrum weighted by the ICRP60 quality factor (ICRP 1992). (See

further discussion in Sect. 9). As shown in Fig. 25, this required shielding depth is

between 80 cm and 2.5 m depending on the solar modulation and soil composition,

with hydrated soil requiring less shielding. Materials with significant hydrogen

content can efficiently reduce the equivalent dose due to hydrogen’s superior

performance as a shield against energetic charged particles, and due to its

moderation of biologically effective fast neutrons.

When planning for field excursions away from such habitats, sheltering at the

vicinity of a butte can also be useful, as suggested by the RAD observations during

the time Curiosity was parked in the Murray buttes region (Ehresmann et al. 2021;

Guo et al. 2021, and see Sect. 5). This could be mission saving during emergency

situations when intense SEPs arrive at Mars.

8.2.2 SEP radiation modeling

As measurements of SEP-induced radiation enhancements are scarce on the surface

of Mars (Sect. 7.3), modeling the potential surface SEP radiation becomes essential

to understand the potential risk induced by large SEP events. Townsend et al.

(2011) considered the transport of possible historical Carrington-type SEP events

through the Martian atmosphere and also through various hemispherical configu-

rations of aluminum shielding to estimate the resulting organ doses and effective

doses of such extreme events. In nearly all scenarios, only thinly shielded crews on

the summit of Olympus Mons (21 km above mean elevation) appear to exceed

exposure limits induced by the largest SEP considered.
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As the chance of encountering a Carrington-type event is extremely small, Guo

et al. (2018c) have calculated the induced Martian surface dose and dose equivalent

rates of more than 30 significant solar events (measured in situ by SOHO from

between 1995 December and 2015 December), to provide insights into the possible

variety of Martian surface radiation enhancement throughout a normal solar cycle.

In the worst case, integrated dose equivalent resulting from a 2 h exposure to the

SEPs reaches approximately 8 mSv (comparable to a chest CT scan). Furthermore,

by analyzing and correlating the parameterized properties of the SEP spectra and the

resulting surface dose rate, Guo et al. (2019b) found that the SEP intensity at the

pivot energy of about 300 MeV alone can determine the surface dose rate. This is

because of the effective atmospheric shielding of particles below about 150 MeV

from reaching the surface and the nature of the SEP spectra where the high-energy

component has significantly less flux. The results suggest that to mitigate radiation

risks for future Mars missions, detecting or predicting the particle flux at 300 MeV

during large SEP events may provide an instantaneous alert for a potential

hazardous radiation environment on Mars. In conjunction with the aforementioned

SEP event forecasting tools (Sect. 8.1.3) and active dosimeter alarms (NASA 2014),

astronauts performing EVA on the surface can plan on returning to base or seeking

for shelters or rock formations as a temporary shield.

Another potential possibility to reduce the surface radiation is to use Martian

magnetic anomalies provided by crustal magnetic fields (Acuna et al. 1999).

However, GCRs with energies above a few GeVs are unlikely to be shielded due to

their large Larmor radii. (A proton of 10 GV rigidity or 9 GeV energy crossing a

magnetic field of about 1500 nT (see Figure 2 of Acuna et al. 1999) has a

gyroradius � 21,000 km which is larger than the scale of Mars.) For lower-energy

particles during SEP events, Emoto et al. (2018) simulated particle trajectories

entering a two-dimensional magnetic fields (while ignoring their interaction with the

atmosphere) and found that the radiation shielding depends on the incident particle

angle, energy and the geometry of the magnetic field. With the configuration of an

idealized magnetic anomaly, protons below about 1 GeV can be efficiently shielded

when they enter from one side, but unaffected when they arrive from the opposite

side. Therefore, in practice, the potential application of radiation shielding using

crustal magnetic fields needs careful consideration of the realistic configuration of

the magnetic fields, the incident particle directionality and its dependence on the

altitude (taking into account the particle interaction with the atmosphere), as well as

the mass, charge and energy of incident particles.

9 A comment on further interpretation of the health risk

In general, the study of radiation impact on humans is challenging and often has

large uncertainties in the quantification of the biological effect. There are very

limited data for human beings in space under exposure to SEP/GCR HZE ions. The

biological effects and health risk estimation primarily depends on biophysical

calculations and animal experiments, as briefly described in Sect. 1.2.
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So far, we have thoroughly assessed the MSL/RAD measured quantities such as

dose, LET and dose equivalent and their time variations expected for a potential

Mars mission. These measurements have directly answered a few of the critical

questions gathered from previous NASA Radiation Health Program’s Annual

Investigator Meetings and Workshops (Cucinotta et al. 2001b), such as: ‘‘What is

the Martian radiation environment?’’ and ‘‘What is the solar cycle dependence of

space radiation?’’. However, since the biological effects associated with these

quantities remain incompletely understood (e.g., Cucinotta et al. 2013a), it is

difficult to directly relate our assessments to potential health risks of astronauts.

Some of the limitations in predicting the space radiation health risk based on

physical measurements and the current state of radiobiology knowledge are

discussed below.

The dose rate in the RAD E detector includes a small contribution from neutral

particles (mostly neutrons), typically on the order of 10 lGy/day, or about 5% of the

total E dose rate. This contribution is measured using the C and F detectors as

anticoincidence to obtain neutral particle energy deposition spectra in the D and E

detectors (Fig. 3). Both D and E are sensitive to neutrons and gamma-rays, each

with a different response function to the two kinds of neutral-particle radiation. An

inversion method was developed to transform the measured spectra into gamma-ray

and neutron energy spectra (Köhler et al. 2011). Dose and dose equivalent rates can

be determined by convolution of the neutron energy spectrum with standard energy-

dependent conversion coefficients such as those given by the US Nuclear

Regulatory Commission (NRC 2018), ICRP (ICRP 1996), etc. Neutron spectra

for two different periods in the Mars surface mission have been obtained (Köhler

et al. 2014; Guo et al. 2017b); we consider the latter to be more accurate than the

earlier one, in which counting rates were overestimated due to an error in one of the

correction factors that was applied to the raw data.

Compared to charged particle dosimetry, the uncertainties inherent in neutron

dosimetry are considerably larger. The primary reason for this is that the detector

response functions, on which the inversion method is based, rely on Monte Carlo

calculations, which in turn depend on nuclear cross section databases with

significant associated uncertainties. The uncertainties are particularly significant for

neutron energies above 20 MeV, which is an important part of the neutron energy

spectrum RAD measures. It is also the case that the detection thresholds for neutral

particles are, of necessity, set much higher in RAD than the inherent noise levels of

the D and E detectors. This is because of the constant, high-rate bombardment of

these detectors by relatively low-energy neutrons and gamma-rays that originate

from the RTG. As a consequence of the high thresholds, the measurement of

neutrons is limited to the energy range above about 8 MeV. Model calculations

(e.g., Röstel et al. 2020) suggest that a considerable share of the neutron dose

equivalent on the Martian surface (� 40%) comes from neutrons with energies less

than this, which RAD cannot measure. At the other end of the energy range, RAD

becomes inefficient for neutron detection above a few hundred MeV, because as

neutron energy increases, so does the probability that a recoil proton created in the E

detector plastic will have sufficient range to escape and trigger the F veto detector.

Calculations show that another � 10% of the dose equivalent may be lost from this
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effect. The dose equivalent obtained from inversion and convolution with

conversion coefficients can therefore be interpreted as a lower bound on the true

neutron dose equivalent, which is likely to be on the order of double the measured

value.

As noted earlier, the RAD dose equivalent is not the so-called equivalent dose or

effective dose. The equivalent dose is established for legal concerns in terrestrial

applications when the incident particle types are known as well as their energy

ranges. Space radiation cannot be so easily characterized (Sect. 1.1), and may

change drastically in time and location as discussed. The equivalent dose is the

weighted dose generally used in radiation protection and gives a safe bound of the

biological effectiveness, as, for instance, the radiation weighting factor of all

particles heavier than protons is set to be 20 independent of their energy ICRP

(2010). The effective dose is yet another quantity used in radiation protection; it is

calculated as the sum of the tissue weighted equivalent dose as
P

T wTHT , where T
stands for a certain tissue with wT being the tissue weighting factor and HT being the

equivalent dose induced by particles transported to the surface of an organ/tissue.

The tissue weighting factor wT is specific for each organ or tissue of the body (ICRP

2007). The factors vary considerably; bone marrow as 0.12, compared to about 0.01

for the brain. These weighting factors are estimates and have large uncertainties, as

they do not account for gender, age or other health conditions of the individual.

Previous models have predicted effective doses of approximately 1–2 mSv/day in

interplanetary space and approximately 0.5–1 mSv/day on the Martian surface (e.g.,

Cucinotta and Durante 2006). Although dose equivalent and effective dose are

derived differently, these values are similar to the RAD measured dose equivalent

rate as well as to our extrapolations to different solar modulation conditions, which

are 1–2 mSv/day in deep space and 0.3–0.9 mSv/day on the surface of Mars

(Table 2).

Furthermore, there are large uncertainties in extrapolating from radiation effects

on terrestrial populations or medical studies to effects on astronauts (Cucinotta et al.

2001b). Epidemiological data, mainly from survivors of the atomic bombs in Japan

(Pierce et al. 1996; Preston et al. 2003), have been used to make cancer risk

estimations of sparsely ionising particles such as c-rays and X-rays. The bomb

survivor cohort includes a small share of high-LET exposures from neutrons, but the

exposures were dominantly to low-LET radiation that was essentially instantaneous.

Radiation exposure in space is a drastically different scenario, and extrapolation of

bomb survivor data to the astronaut cohort is highly problematic. The US National

Council on Radiation Protection is currently engaged in the ‘‘Million Worker

Study’’ (Boice Jr et al. 2018) which is focused on occupational exposures and

which may ultimately prove more relevant to the study of chronic radiation

exposures in healthy populations.

Besides, the low dose and dose rate radiation exposure derived for long-term

exploration missions can not be easily realized in ground-based experiments which

are often performed using rodent models exposed to mono-energetic single-ion

beams (e.g., Sokolova et al. 2015; Parihar et al. 2015). Due to constraints in the

accelerator environment, doses are generally delivered over very short periods of
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time, typically over a few minutes (e.g., Loucas and Cornforth 2013). Because many

radiobiology studies are designed to elucidate mechanisms of cancer induction, and

because it is necessary to observe a statistically significant signal above the non-

negligible natural background, doses historically were much higher than human

crews would be exposed to during interplanetary space travel (e.g., Durante et al.

2002, 2005). Recognizing these issues, steps have recently been taken at the NASA

Space Radiation Laboratory to better align the exposures given to model systems

with crew exposures, including the provision of mixed radiation fields, lower dose

rates, and protracted exposures (Simonsen et al. 2020).

Using animal models poses difficult questions regarding the extrapolation of

measured effects to humans. Differences in anatomy, metabolism, and lifespan

complicate interpretation (Williams et al. 2010). As an example, LD50 defines the

required dose necessary to cause fatality in 50% of those exposed. The LD50 for

mice is at least two times higher than that for humans, as shown in Morris and Jones

(1988).

Additionally, studies of the synergistic effects of radiation combined with the

unusual set of stressors experienced in spaceflight—microgravity, isolation and

emotional stress—indicate an increased susceptibility to infection and delayed

wound healing (Sanzari et al. 2011). Yatagai et al. (2019) proposed that the

combined effects between microgravity and space radiation might occur through the

window of cellular responses, including damaging and signaling by reactive oxygen

species, damage responses on DNA (repair, replication, transcription, etc.), and

expression of genes and proteins (regulation by chromatin, epigenetic control, etc.).

This is an unsettled field of research at present, and no firm conclusions about

synergistic effects can yet be drawn (Moreno-Villanueva et al. 2017).

In conclusion, health risk projections for space radiation exposures are based on

many factors that are, at best, incompletely understood, for the reasons discussed

above. Risk predictions such as REIC and REID (radiation exposure-induced cancer

and death, respectively) are therefore highly uncertain. Different agencies such as

NCRP, NASA, and the US nuclear industry have adopted different career dose

limits or different approaches to evaluate the risk (Cucinotta et al. 2013a). NASA’s

radiation standard limits astronaut exposures to a 3% risk of exposure induced death

at the upper 95% confidence interval of the risk estimate. Central estimates of

exposure limits for 30- to 60-year-old never-smokers range from 600 to 1000 mSv

and 800 to 1200 mSv for females and males, respectively. Exposure limits at the

95% confidence levels are about one third of the central values (Cucinotta and

Chappell 2011). These limits are applicable for LEO missions; deep-space limits are

not yet defined. As described above, the accumulated GCR dose for a round-trip

mission via a Hohmann transfer under solar minimum and medium conditions

(1–1.5 Sv in Table 2) so that would be problematic in the NASA framework for

LEO. Reduction of the mission dose from GCRs during solar maximum is

promising, but the additional contribution by SEPs could be highly hazardous

during solar maximum. In recent years, much effort has been devoted to developing

biological countermeasures as reviewed by Kennedy (2014). But their mechanisms

and effects are not fully understood and their application in space flight is not yet

mature. As suggested by Durante (2014), the best solution to the space radiation
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problem, and also to other health risks related to microgravity and isolation, could

be reduction of the transit time. This can only be achieved using nuclear propulsion,

possibly a mixed system combining thermal and electric nuclear power, but this

field also needs major developments for practical applications.

10 Summary and conclusion

One of the most significant risks for human health in space is the exposure to

energetic particles, which are mostly GCRs during solar quiet time and occasionally

SEPs during solar storms. This becomes especially challenging for future planetary

missions such as to Mars, which, with current propulsion methods, require a return-

trip duration of about 3 years following the most energy-efficient Hohmann transfer.

To evaluate the relevant radiation environments for future human exploration, the

RAD was designed to detect and analyze the most biologically hazardous energetic

particle radiation on the Martian surface as part of the MSL mission. Since the

landing of MSL on Mars on August 6, 2012, RAD has been operating continuously

and providing the first-ever and unique measurements of the energetic particle

radiation environment on the Martian surface.

In this review article, we have analyzed and discussed the radiation dose

measured by RAD during its cruise phase and on Mars’s surface, and the factors that

give rise to temporal variations. The RAD data obtained to date span the time from

the pre-max of Solar Cycle 24 throughout its solar minimum, into the initial year of

Cycle 25. Over the long time scale, the Martian surface GCR radiation was observed

to increase by about 50% due to the weakened solar activity and heliospheric

magnetic fields. On shorter time scales, RAD has also detected dynamic variations

in the radiation field on Mars, reflecting the pass-by of solar magnetic eruptions, the

atmospheric diurnal and seasonal evolution, as well as small effects from local

topography as the rover traverses the lower slopes of Mount Sharp. RAD detected 5

prominent SEP events during the cruise to Mars and has observed another 5 events

while operating on the Martian surface. The largest and most recent event at the

time of this writing took place on September 10, 2017 and was also observed as a

ground level event on Earth.

We have presented and quantified the variations of the surface GCR radiation

field which are caused by three factors as summarized below.

• The atmospheric column mass varies for three reasons (Sect. 3): the Martian

daily thermal tide, the seasonal CO2 condensation cycle, and the altitude change

of the rover. The latter is also a topographical factor as presented in Sect. 5.2.

The diurnal pressure variations measured by MSL/REMS reach �5% relative to

the median, or up to around 80 Pa between daily minimum and maximum

pressures. The seasonal CO2 cycle induced pressure ranges up to about 270 Pa

between minimum and maximum values. The pressure has been observed to

decrease by roughly 30 Pa as the rover has climbed up Mt. Sharp, as seen by

comparing the annual mean values of MY 34 to the previous two Martian years.

Analyzing the diurnal pressure–dose correlation using a superposed method, we

have isolated and quantified the diurnal pressure oscillation induced dose rate
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changes (Rafkin et al. 2014; Guo et al. 2015b, and Sect. 3.2). The anti-

correlation between the pressure and dose changes reveals that the Martian

atmosphere is providing modest shielding against GCRs at Gale Crater.

However, this effect is not constant and it mostly depends on the primary

particle spectra on top of the atmosphere. During solar minimum, when the low-

energy component of the primary GCR flux is relatively high, this effect is more

prominent as lower energy particles are more easily stopped by the atmosphere.

During solar maximum, the atmospheric modulation is weaker or may even

vanish (in terms of its effect on dose rate) as suggested by model results (Guo

et al. 2017a). Throughout the weak solar cycle 24, the atmospheric shielding

effect has been well observed and the quantified correlation has been used to

derive the seasonal pressure change-induced dose variation which is up to

57 lGy/day, about 19% of the average dose rate � 300 during the past solar

minimum. Despite its modest effect on dose rates, atmospheric shielding plays a

significant role in reducing the radiation quality factor hQi via the process of

nuclear fragmentation of GCR heavy ions. In free space, hQi is expected to be in

the range from 6 to 7, whereas RAD has measured values in the range from 2 to

2.5 in Gale Crater. Consequently, the dose equivalent, which is the multipli-

cation of hQi and the dose, always decreases as the atmosphere thickness

increases. Moreover, the atmosphere also stops a large share of SEPs in typical

events.

• The heliospheric impact includes both short-term influences by solar transients

and the long-term solar cycle evolution (Sect. 4). On short time scales, the GCR

flux can be altered temporarily in the form of Forbush decreases (FDs) by

transient heliospheric magnetic structures such as interplanetary coronal mass

ejections and stream interaction regions. FDs have been observed since decades

at Earth by ground neutron monitors; now RAD has also provided a new dataset

of the FDs observed at Mars since 2012 August (Guo et al. 2018b; Papaioannou

et al. 2019). These FDs have been analyzed in various works for identifying the

shock, CME and SIR arrival at Mars and for studying the propagation and

evolution of such solar transients and their space weather effect at Mars in

synergy with in situ plasma and magnetic field measurements or even when such

measurements are missing (Witasse et al. 2017; Winslow et al. 2018; Guo et al.

2018a; Wang et al. 2018; Dumbović et al. 2019; Freiherr von Forstner et al.

2018, 2019, 2020). Over the time period from August 2012 until June 2020, the

RAD GCR dose rate increased by � 50%. In comparison, the Earth Oulu

neutron monitor (with a much larger atmospheric cutoff at Earth) count rate rose

by � 15%, and the EPHIN GCR (with a low energy cutoff of about 50 MeV)

flux changed by ’ 200%. The different GCR variation at detectors with different

energy responses reveals the energy-dependent modulation of the GCR particles

by the heliospheric magnetic fields. Using the modulation potential U, which is a

practical parameter to successfully describe the heliospheric modulation, we

have formulated a quantitative description of the radiation on Mars based on

existing correlation of the monthly U and RAD data (Eq. 1), through which the

atmospheric influence is included as an uncertainty of the quantification. The
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resulting non-linear function can be used to extrapolate the Martian surface

radiation under other extreme solar modulation conditions.

• Last but not least, as the rover explores along its pathway, topographical features

also influence the radiation detected by RAD (Sect. 5). A particularly interesting

feature is that when the rover was parked close to a butte, which partly obscured

the sky view, the dose rate dropped by about 15 ± 2 lGy/day or nearly 5%. This

provides the first in situ illustration that the existing surface structures may serve

as a potential radiation shelter for future habitats on Mars.

The quantification of the variation of the radiation field not only helps us to

understand the potential radiation risks for future human exploration of the red

planet under different conditions, but also highlights the advantage of using RAD as

a space weather monitor on Mars. Together with other measurements in Mars orbit

by, e.g., MAVEN and Mars Express, RAD has been used to analyze the arrival of

solar storms at Mars (e.g., Lee et al. 2018; Guo et al. 2018a) and to help understand

the dynamic space weather condition at Mars.

We also compared the RAD cruise-phase measurement to that of Liulin-MO on

TGO results (Semkova et al. 2018) of the cruise journey in 2016, which are in

agreement considering the different levels of solar modulation in 2012 and 2016. At

the time of writing, another instrument MEPA (Tang et al. 2020) on board the

Chinese Mars Tianwen-1 mission is cruising towards Mars. Both Liulin-MO and

MEPA monitor the orbiter radiation environment of Mars and can be used

synergistically with RAD to assess the global radiation at Mars at different spatial

and temporal scales. In particular, the concurrent measurement of the radiation on

top of the atmosphere versus that at Gale Crater can be used to better quantify the

atmospheric effect, validate particle transport models and more precisely constrain

the incoming GCR/SEP spectra at Mars.

Based on the above assessment of the radiation during the cruise to Mars and on

the surface, we estimated the accumulated GCR radiation level for a round-trip

mission to Mars using the empirical modeling of the radiation environment under

various conditions, especially under different solar modulation conditions (Sect. 6).

The cruise-phase dose or dose equivalent contributes more than the surface phase

for a round-trip mission. Overall, the shielding of the GCR radiation by heliospheric

magnetic fields during solar maximum periods reduces the total GCR-induced

radiation for a Mars mission by more than 50% (Table 2). As shown in Table 2, the

accumulated GCR dose equivalent, via a Hohmann transfer, is about 0:65 � 0:24

and 1:59 � 0:12 during solar maximum and minimum periods respectively. With

future nuclear thrusters via a fast transfer, the total GCR dose equivalent would be

about 0.2 and 0.5 during maximum and minimum periods respectively. Contribu-

tions by SEPs must be taken into account; these cannot be easily assessed due to

their high variability from cycle to cycle and from event to event. We discussed SEP

properties and reviewed the RAD-observed SEP events during the extreme weak

solar cycle 24 in Sect. 7.

We then examined parameters related to mitigation considerations for further

reducing radiation exposures in space and on Mars in Sect. 8, such as spacecraft
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material, the possibility (not yet feasible) of shielding using superconducting

magnets, SEP alert and storm shelters, as well as Martian subsurface habitats.

Finally, we also commented on the many uncertainties in the quantification of

health risks in Sect. 9. The GCR exposure for a return mission via a Hohmann

transfer under solar minimum and medium conditions is, in terms of dose

equivalent, about 1–1.5 Sv, which would be problematic for the cancer risk

considerations of NASA in the current framework, which is presently only

applicable to LEO missions. (Limits for deep-space missions are not yet defined.)

The reduction of GCR exposure that can be achieved by planning a mission for a

solar maximum timeframe is promising, but adds the potentially high risk of large,

unpredictable contributions by SEP events. Substantial technological development

allowing for a fast Mars transfer might be the best solution to the space radiation

risk, and also to other health issues such as microgravity and isolation for such a

revolutionary endeavor of humanity.

Abbreviatons

See Tables 3 and 4.

Table 3 Acronyms list I

ACE Advanced Composition Explorer ARS Acute Radiation Syndrome

BFO Blood Forming Organs cc Correlation coefficient

CIR Corotating interaction region CME Coronal Mass Ejection

CNS Central Nervous System DBM Drag-based model

DNA Deoxyribonucleic Acid EUV Extreme ultraviolet

EVA Extra-Vehicular Activity FD Forbush decrease

GEANT GEometry ANd Tracking GCR Galactic Cosmic Ray

HEE Heliocentric Earth Ecliptic HSS High-speed stream

HZETRN High-charge(Z) and energy transport ICME Interplanetary CME

IMF Interplanetary magnetic field IVA Intra-Vehicular activity

LEO Low Earth Orbit LET Linear Energy Transfer

MSL Mars Science Laboratory MCNP Monte Carlo N-Particle

MEPA Mars Energetic Particle Analyzer MOLA Mars Orbiter Laser Altimeter

NEP Nuclear electric propulsion NTR Nuclear thermal rocket

NTER Nuclear thermal-electric rocket RAD Radiation Assessment Detector

REMS Rover Environmental Monitoring

Station

RTG Radioisotope thermoelectric generator

SEP Solar Energetic Particle SIR Stream interaction regions

SOHO Solar and Heliospheric Observatory SPE Solar Particle Event

SPEL Space-Permissible Exposure Limit STEREO Solar Terrestrial Relations

Observatory

TCM Trajectory correction maneuvers TGO Trace Gas Orbiter
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Table 4 Acronyms list II

COSTEP Comprehensive Suprathermal and Energetic Particle Analyzer

EPHIN Electron Proton Helium Instrument

GOES Geostationary Operational Environmental Satellite

HiRISE High Resolution Imaging Science Experiment

HZE High (H) atomic number (Z) and energy (E)

ICRP International Commission of Radiation Protection

LASCO Large Angle and Spectrometric Coronagraph

MARIE Martian Radiation Environment Experiment

MAVEN Mars Atmosphere and Volatile EvolutioN

NASA National Aeronautics and Space Administration

NSRP National Council on Radiation Protection and Measurements

REleASE Relativistic Electron Alert System for Exploration

PAMELA Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics

PHITS Particle and Heavy Ion Transport code System

PREDICCS Predictions of radiation from REleASE, EMMREM, and Data Incorporating the CRaTER,

COSTEP, and other SEP measurements
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PA, Xie H, Bain H et al (2017) The solar energetic particle event of 2010 August 14: connectivity

with the solar source inferred from multiple spacecraft observations and modeling. Astrophys J

838(1):51. https://doi.org/10.3847/1538-4357/aa63e4

Lee C, Hara T, Halekas J, Thiemann E, Chamberlin P, Eparvier F, Lillis R, Larson D, Dunn P, Espley J

et al (2017) MAVEN observations of the solar cycle 24 space weather conditions at Mars. J Geophys

Res 122(3):2768–2794. https://doi.org/10.1002/2016JA023495

Lee CO, Jakosky BM, Luhmann JG, Brain DA, Mays ML, Hassler DM, Holmström M, Larson DE,

Mitchell DL, Mazelle C, Halekas JS (2018) Observations and impacts of the 10 September 2017

solar events at Mars: an overview and synthesis of the initial results. Geophys Res Lett

45(17):8871–8885. https://doi.org/10.1029/2018GL079162

123

Radiation environment for future human exploration… Page 75 of 81     8 

https://doi.org/10.1016/j.icrp.2011.10.001
https://doi.org/10.1016/j.icrp.2012.02.001
https://doi.org/10.1016/j.icrp.2013.05.004
https://doi.org/10.1029/2018JA025949
http://arxiv.org/abs/1901.09921
https://doi.org/10.1088/0954-3899/29/5/316
https://doi.org/10.1109/TNS.2005.860748
https://doi.org/10.1016/j.lssr.2014.02.004
https://doi.org/10.1038/s41598-021-90695-5
https://doi.org/10.1038/s41598-021-90695-5
https://ntrs.nasa.gov/citations/19980237030
https://doi.org/10.1002/2013JE004549
https://doi.org/10.1016/j.nimb.2011.07.021
https://doi.org/10.1002/2013JE004539
https://doi.org/10.1088/0004-637X/704/1/831
https://doi.org/10.1029/2018SW002114
https://doi.org/10.1051/0004-6361/201527801
https://doi.org/10.1051/0004-6361/201527801
https://doi.org/10.1088/0004-637X/767/1/41
https://doi.org/10.1088/0004-637X/767/1/41
https://doi.org/10.3847/1538-4357/aa63e4
https://doi.org/10.1002/2016JA023495
https://doi.org/10.1029/2018GL079162
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