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Abstract Since 2012 August, the Radiation Assessment Detector (RAD) on the Curiosity rover has
been characterizing the Martian surface radiation field which is essential in preparation for future crewed
Mars missions. RAD observed radiation dose is influenced by variable topographical features as the rover
traverses through the terrain. In particular, while Curiosity was parked near a butte in the Murray Buttes
area, we find a decrease of the dose rate by (5 + 1)% as 19% of the sky was obstructed, versus 10% in an
average reference period. Combining a zenith-angle-dependent radiation model and the rover panoramic
visibility map leads to a predicted reduction of the downward dose by ~12% due to the obstruction, larger
than the observed decrease. With the hypothesis that this difference is attributable to albedo radiation
coming from the butte, we estimate the (flat-terrain) albedo radiation to be about 19% of the total surface
dose.

Plain Language Summary Interplanetary space is filled with energetic particles that

can affect the health of astronauts, for example, by causing late-arising cancer and possibly hereditary
diseases. Mars lacks a global magnetic field and its atmosphere is very thin compared to Earth's. Thus

its surface is exposed to such space radiation which presents risks to future humans on Mars. Mitigation
strategies could include using natural geological structures on Mars, for example, cave skylights and

lava tubes and even simple buttes, for protection. The Radiation Assessment Detector (RAD) on the
Curiosity rover has observed a decrease of the radiation absorbed dose rate by (5 + 1)% while Curiosity
was parked near a butte. This provides the first direct illustration that Mars's surface features may serve as
potential radiation shelters for future missions. However, when exploiting such shielding possibilities, the
secondary radiation generated in the terrain of Mars that is, emitted backwards must also be considered.
Combining the RAD observation with a radiation transport model, we derive such “reflected” radiation
dose on a flat terrain to be about 19% of the total surface dose.

1. Introduction

Health risks induced by exposure to space radiation have been classified as one of the potential “show
stoppers” for future human missions to Mars (e.g., Cucinotta et al., 2017; Walsh et al., 2019). To evaluate
such radiation risks, the Radiation Assessment Detector (RAD, Hassler et al., 2012; Zeitlin et al., 2016) was
designed to measure energetic particle radiation on the Martian surface (Hassler et al., 2014) as part of the
Mars Science Laboratory (MSL, Grotzinger et al., 2012) mission, which landed the Curiosity rover in Gale
crater in August 2012.

Space radiation near Mars is contributed by the continuous background Galactic Cosmic Ray (GCR) parti-
cles and, occasionally, Solar Energetic Particles (SEPs) resulting from solar eruptions. Mars lacks a global
intrinsic magnetosphere but has a thin atmosphere. The primary space radiation can directly propagate
through the atmosphere with no interactions or lose part of its energy and generate secondaries via ioni-
zation, fragmentation, spallation, etc. Secondary particles can also be generated in the terrain and escape
the surface to be detected as upward-directed “albedo” particles. The Martian radiation environment can be
studied via particle transport modeling through the Martian atmosphere and surface (De Angelis et al., 2006;
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Ehresmann et al., 2011; Gronoff et al., 2015; Keating et al., 2005; Kim et al., 2014; Saganti et al., 2004; etc).
The successful operation of RAD on Mars also made it possible to benchmark these models against in-situ
measurements (e.g., Matthid et al., 2016, 2017; Guo et al., 2019).

The Radiation Assessment Detector consists of three silicon detectors (A, B, and C, each having a thickness
of 300 um), a thallium-doped cesium iodide scintillator (D with a thickness of 28 mm), and a plastic scin-
tillator (Bicron BC432 m, E with a thickness of 18 mm and mass of 34.9 gram). In particular, the absorbed
dose rate, defined as the energy deposited by radiation per unit mass (Gray = J/kg) and time, is measured
concurrently in two active dosimeters, that is, detectors B and E. The latter has much better statistics due
to a large geometric factor. It has a composition similar to that of human tissue and is more sensitive to
neutrons. Additionally, low-energy albedo particles traveling upward from the surface are likely to deposit
energy in E but may stop in the detector stack (or scatter out of the stack) before reaching B. Therefore, we
use the absorbed dose in the plastic detector “E” in this study.

The Martian topographic structures may serve for radiation shielding for future human missions on Mars.
They can be particularly helpful to provide shielding during highly intense SEP events and can also serve
to achieve a steady reduction of exposure to the long-term GCR-induced radiation (Dartnell et al., 2007;
Kim et al., 1998; Rostel et al., 2020). Locations with higher iron and/or hydrogen content can also be ben-
eficial especially via moderating the neutron contribution to radiation as suggested by models (Da Pieve
et al., 2021; Keating & Goncalves, 2012; Masarik & Reedy, 1996; Rostel et al., 2020). In order to evaluate
potential regolith shielding strategies, it is essential to correctly model particle interactions with the Martian
surface material. The assessment of surface albedo radiation is therefore important as it is a direct result of
radiation interaction in the Martian terrain.

Particles coming into RAD from all directions can contribute to the recorded dose. However, the direction-
ality of the incoming particle is not registered in the dose-rate data, and it is not possible to directly assess
the observed albedo radiation. In this study, we estimate the contribution of albedo dose using a Martian
atmosphere radiation model anchored to the RAD measurements. The model provides the angular depend-
ence of the downward-directed dose as it would be measured by RAD if it had this capability (Section 2).
The measurements are taken before and during a period when the rover was parked close to a butte with a
portion of the downward-directed dose blocked by the butte structure (Section 3). We then derive the first
observation-based assessment of the Martian surface albedo dose (Section 4) and find that it is about 19% of
the total surface dose on a flat terrain without obstructions.

2. The Zenith Angle Dependence of the Dose

Wimmer-Schweingruber et al. (2015) have studied the zenith angle (0, the angle from the surface normal)
dependence of the particle fluxes reaching RAD and found that the radiation field is nearly, but not entirely
isotropic for & < ~15° In order to better understand the directionality of the dose on the surface of Mars
over a wide range of zenith angles (0° < 8 < 90°), we construct a Monte Carlo model of GCRs propagating
through the Martian atmosphere, which allows to derive the dose dependence on 4.

The input primary GCRs are obtained using the Badhwar-O'Neill (BON) 2014 prescription of solar modu-
lation, which solves the Fokker-Planck equations to transport the local interstellar GCR spectrum to 1 AU
(O'Neill et al., 2015). The intensity of GCRs is modulated by solar activity and heliospheric magnetic field,
which evolve with the 22-year solar Hale cycle (Potgieter, 2013). The strength of the modulation is quanti-
fied by the so-called “modulation potential ®” in the BON model, which is normally determined monthly.
We assume the monthly averaged GCR spectra to be the same at Mars since the radial gradient of GCR flux
in the heliosphere is only about 1%-2% between 1 AU and 1.5 AU (within 10 AU) according to multi-space-
craft observations (Honig et al., 2019; Roussos et al., 2020).

We calculate the interaction of primary GCRs with the Martian atmosphere represented by a spherical shell
of CO, gas using the GEANT4 particle transport code (Agostinelli et al., 2003). The vertical atmospheric
mass (6 = 0°) is set as 21 g/cm?, which approximately corresponds to an average surface pressure of ~800 Pa
as measured by MSL's Rover Environmental Monitoring Station (REMS, Gémez-Elvira et al., 2012). The
thickness of the atmosphere increases with  to account for a realistic 3D atmospheric structure. Only
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Figure 1. Simulation results for the dependence of dose rate on zenith angle, 9, of (a) incoming primary GCR protons and (b) helium ions. Different primary
GCR spectra are considered under different solar modulation potentials ®, as inputs to the BON model, as explained in Section 2. The total dose rates [uGy/day]
integrated over @ are also given in each case.

protons and helium ions are modeled as they make up about 99% of the GCR atomic nuclei (Simpson, 1983).
Heavier ion contributions to the surface dose will be additionally considered in Section 4. All primary and
secondary particles tracked in the model that reach RAD can also interact with the RAD detectors and con-
tribute to absorbed dose. As the simulated particle direction is known, we can track the dose, as would be
measured by the RAD E detector, contributed by particles arriving from specific zenith angles. The physics
list QGSP_BERT has been used in the current model setup. Although the model selection in GEANT4 may
affect the calculated secondary particle spectra, the surface absorbed dose agrees within ~5% for different
physics lists (Matthid et al., 2016).

The modeled zenith-angle dependence of the dose rate in RAD E detector is shown in Figure 1 for primary
protons and helium ions under different solar modulation potential ®. As shown, the surface dose rate de-
pends on solar modulation, with a smaller ® (weaker modulation) resulting in a larger dose rate for each 6.
The dose rate summed over # from 0 to 90° represents the total downward-directed dose rate on the surface
for each ® value. The dose induced by primary protons is 4.2-5.4 times (depending on @) larger than that
induced by primary helium ions.

The modeled results show that radiation on Mars is dependent on 4. For example, protons coming in at
0~80° make the greatest contribution to the surface dose per angular bin. For helium ions, this angle is at
around 55°. Two factors drive this result: (1) transport through larger depths of atmosphere at larger zenith
angle @ and (2) simple geometry, since the solid angle subtended at large zenith angles is greater for each
degree of @ than at smaller angles. The transport effects can be qualitatively understood by considering that
the atmospheric column depth increases from about 21 g/cm? at @ = 0° to more than 300 g/cm? at angles
above 85°. These longer paths slow primaries substantially which become more ionizing or more easily
stopped; meanwhile, the probability of the initial ion undergoing a nuclear interaction and fragmenting into
lighter ions is higher with a thicker path.

One can scale the dose rate in Figure 1 by the geometric factor of each 8 to remove the area effect (so that
the y-axis has units of pLGy/day/cmz/ sr). The scaled proton functions (not plotted here) have a more gradual
increase before the major peak at & ~ 80° (with a column depth of 110 g/cm?) followed by a secondary peak
at @ ~ 86°. As described above, the primary peak arises from the combination of primary protons slowing
down and the efficient generation of secondary particles. The secondary peak is due to the fact that particles
arriving from near-horizontal directions have longer paths in the hexagonal prism-shaped RAD E detector
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Figure 2. (a) The rover traverse map through the Murray Buttes area (North is up.). Each drive is marked as the path
between the yellow dots where the rover stopped. The locations before, after, and during the 13-sol parking are marked.
The base image is adapted from here https://mars.nasa.gov/resources/38045/curiosity-rovers-location-for-sol-1468/.

(b) The panoramic sky visibility of RAD as a function of the 360° of azimuth angle (0° for North). The zenith angle

of obstructed view during the 13-sol parking is shown in orange shaded area. Surface particles can directly reach

RAD from the non-shaded area. The red dashed curve shows the sky view averaged for periods before the parking as
described in Section 4. (c): The ratio of blocked sky as a function of the zenith angle for the two periods. The integrated
value is shown for each period.

compared to those arriving from smaller zenith angles. On the other hand, the scaled helium dose (not plot-
ted here) decreases monotonically with increased € (so as column depth) since helium ions have smaller
mean free paths and are more likely to fragment in a thicker atmosphere.

Figure 1a also shows some bumpy features from ~30° to 60°, which are due to a combination of uncer-
tainties in the transport calculations and statistical variations. (Using smoothed functions without such
features, we performed the analysis throughout this work and found the exact same result with a precision

of 1 uGy/day.)

3. The Reduction of Radiation Due to Topographical Shielding at Murray
Buttes

The Curiosity rover has been exploring Gale crater while gradually climbing up Mount Sharp, which
forms the central peak within the crater. In September 2016, Curiosity traversed through a geological for-
mation called “Murray Buttes” (MB), which contains mesas and buttes consisting of eroded sandstone
(Byrne, 2020). The relevant rover traverse path is shown in Figure 2a. [A Martian day (sol) lasts 24 h and
39 min. Mission progress is measured in sols since landing.] On Sol 1455 (2016-09-08), the rover drove close
to a butte as pointed out by the cyan arrow and was subsequently parked there for nearly 13 sols to perform
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Figure 3. (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 cycle of about 26 sols is separated by dashed lines. (b):
Superposed daily dose rates for the five rotations which are marked from I to V in (a). The time of each rotation ranges
from sol 1 until 26. The period, when Curiosity was parked, is shaded in red in (a) and marked between dashed vertical
lines in (b). The average dose rate during the parking and the average dose rate for cycles I to IV between the dashed
lines are marked. (c): The same as (b), but with the normalized dose rate. See Section 3 for more details.

drilling and contact science operations and drove away from the butte on Sol 1468. Figures 2b and 2c shows
the obstructed fraction of the sky during the course and will be discussed in Section 4.

GCR flux in the heliosphere can be modulated by the recurrent heliospheric structures, called corotating
interaction regions (CIRs), which often appear during the declining phase of a solar cycle (e.g.., Crooker
et al., 1999; Richardson, 2004). CIRs are formed when high speed solar wind streams arising from coro-
nal holes (CHs) run into preceding slow solar wind in the interplanetary space. As CHs may exist stably
for several solar rotations, the consequent GCR modulation occurs periodically. Geyer et al. (2021) have
studied the evolution of CIRs at Mars and Earth using in situ solar wind and magnetic field data as well as
remote-sensing solar images of the CHs. They found that there are multiple CHs and corresponding CIRs
reappearing for at least five solar rotations from the end of May until the end of September 2016.

As shown in Figure 3a, the RAD measured dose rate repeats very similar evolutionary patterns throughout
this period including four solar rotational cycles (marked as I-IV) followed by a cycle “V,” which contains
the MB parking (shaded in red). The regularity of GCR variation in the subsequent cycles started to deterio-
rate as the CIRs became unstable due to the evolution of the solar CHs, which often experience growing and
decaying phases (Heinemann et al., 2018). Therefore, if no topographical influence were present, dose rate
throughout cycles I-V should repeat similar temporal evaluations. However, as shown, there is a sudden
drop and a quick recovery of the RAD dose rate at the start and end of the parking period. The fundamental
reason is that a portion of the sky is blocked by the butte where downward particles are stopped from reach-
ing RAD directly. Nevertheless, because the dose rate varies with time, we need to derive this reduction
excluding the background variation due to the above-discussed heliospheric influences.
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We then superpose and analyze the RAD dose rate measured throughout solar rotational cycles I-V. The
daily dose rate of each cycle is re-plotted with a time span of 26 sols in Figure 3b. The dose rate during ~13
sols of MB parking as marked between dashed vertical lines is substantially lower than that recorded in the
same window of the previous four cycles. The average dose rate of the MB parking period is 238 + 2 uGy/d
and is 253 =1 uGy/d for cycles I-IV in this window with a difference of 15 + 2 uGy/d due to the butte's
obstruction.

Considering that there is a slight variation of the long-term GCR flux throughout the five cycles, for each
cycle, we also normalized the data by the mean value of the data outside the dashed-line-delimited window
and repeat the superpose analysis (see Figure 3c). The normalized data are averaged as (99.9 + 0.9)% during
this window for cycles I-IV and are (95.3 + 0.6)% during the parking, resulting in a drop ratio of 5% + 1%
between the two.

4. The Derivation of Regolith-Generated Albedo Radiation

The panoramic angle of obstructed view (AOV, angle from the horizon) of the sky seen by RAD during the
MB parking of the rover is shown in Figure 2b. The AOV ranges from ~3° from the horizon (¢ = 87°) upto
about 30° (¢ = 60°). The butte obstruction of the sky is mainly found at azimuth angle ¢ < 40°and ¢ > 265°.
Before the parking, the rover was driving through the MB area and did not have a full view of the sky either.
Therefore, for this period, we approximate the AOV at ¢ < 40° and ¢ > 265° using the median value of
AOV at other azimuth angles, which is 4.13°. Such derived AOV, averaged for months before the parking,
is shown as the red-dashed curve. Considering that each zenith angle corresponds to a 1°-wide ring area of
the 27 full-sky sphere, we calculate the ratio of the obstructed area (ROA) as shown in Figure 2c, for the two
periods. At @ > 85°, the ROA is above 80% in both periods. The total blocked ratio of the sky integrated over
0 is about 0.19 for the period of MB parking and about 0.10 averaged before the parking.

Previously, the model of zenith-angle dependence of the dose (Section 2 and Figure 1) gives the dose func-
tions dy(0) and dy, (0) for proton and helium ions, respectively. Combining the dose-@ functions and the
RAD sky view, we can calculate the expected dose rate contributed by particles arriving from the sky direc-
tion as:

90°

Dgeryy = 2. (1-ROA(9)) - dy(6) )]
0=0°
90°

Dgery, = 92) (1-ROA(9)) - dy(0). @)
—-0°

The term 1 — ROA(0) is the unblocked ratio of the sky as also plotted in Figure 4a under three different
topographical arrangements (as explained later). Additionally, primary GCRs heavier than protons and he-
lium ions contribute nearly 10% to the total absorbed dose on the surface of Mars as suggested by results of
simulations using the atmospheric condition at Gale crater (Rdstel et al., 2020). Therefore, we approximate
the total dose rate contributed by all GCRs arriving from the sky direction as:

Dy =1.10 - (Dgeryy + Docryy,) 3)

Now, we consider three topographical scenarios and the corresponding dose rate derived from the combina-
tion of the dose-zenith model (Figure 1) and ROA observation (Figure 2b) as following.

(a) For a completely flat terrain without any surface obstruction, 1 - ROA() is constantly unity as ROA(9)
is simply zero, shown as “a full sky-view” in Figure 4a. The solar modulation potential ® during
2016 September is about 484 MV used for the BON model (the orange curves in Figure 1). Follow-
ing Equation 1, we derive DgCRH = 165 uGy/d induced by primary protons and their secondaries and

=218 uGy/d

DGcryy, = 33 4Gy/d from primary helium ions and their secondaries, which result in D

(Equation 3). The corresponding calculations are also shown as azure curves in Figure 4b.
(b) Before the parking, folding the sky-view function b) in Figure 4a with the modeled dy;(6) and dy. (0)
under the average modulation ® of 500 MV from May-August 2016 (the green curves in Figure 1), we
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Figure 4. (a) The unblocked ratio of the sky as a function of the zenith angle @ for three geospatial scenarios: (a) full
sky view, (b) before the MB parking, and (c) during the MB parking. (b): The dose rate resulting from particles arriving
from the sky as a function of g for primary GCR protons (filled circles) and helium ions (stars) under the three different
scenarios. In each case, the dose rate integrated over @ is marked in the legend.

obtain Dicg,, = 147 uGy/d and D¢y, = 31 uGy/d, which lead to Df, = 196 uGy/d, shown as black
curves in Figure 4b. Note that ® of 484 MV (for September 2016) would result in 201 uGy/d, which is
about 92% of the full-sky dose D§, under the same ®.

(c) During the parking, with the sky-view function c) in Figure 4a, we obtain Dgcg,, = 132 uGy/d and
Dgcryy, = 29 WGy/d, which result in DG, = 177 uGy/d, shown as red lines in Figure 4b. This is about

sky
81% of the full sky-view dose Dg, and 90% of the dose rate Dg(y before the parking or 88% of the dose
rate in scenario (b) if the exact same solar modulation is present. In other words, radiation from the
atmosphere reaching RAD decreased by about 12% during the parking caused by sky obstruction of the

nearby butte.

Such estimated decrease is much larger than the observed 4%-6% (Section 3) because the butte blocked the
radiation from the sky but meanwhile contributing to the albedo radiation. The interaction of particles with
the Martian regolith happens mostly within the uppermost 2 m of the subsurface as modeled by Rostel et al.
(2020, Figure 2). The model also suggests that the albedo radiation detected as dose changes little as the soil
composition varies (Figure 4 of the article). We then assume that albedo radiation generated by the butte is
similar to that from the ground regolith, and the total albedo dose only depends on the effective geometric
area of the regolith source.

Defining the dose rate contributed by a completely flat terrain to be D, ., that is, when the sky or terrain
contributes an exact half of the full 4 solid angle, we formulate the total dose rate on a terrain with ob-
structions as below:

90°
(1 + Z ROA(Q)]DaIbedo + Dsky = Dtotal’ (4)
6=0°
where Zz(io ROA(®) is the total blocked ratio of the sky that contributes alternatively to the albedo radi-

ation and is about 0.19 during the MB parking and 0.10 averaged before the parking (Figure 2). Dy, is the
remaining dose of particles propagating from the atmosphere and has been derived for above different
scenarios. Scenario (a) is however unrealistic for the Curiosity rover inside Gale crater which almost always
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provides some viewing obstructions. Applying scenario (b) with Dy, = 196 uGy/d and the estimated dose
rate Dy, =~ 253 uGy/d before the parking (Figure 3), we obtain D, .., ~ 52 uGy/d. Similarly, for scenar-
io (c) during the parking, that is, Dy, = Dg, = 177 pGy/d and D,y ~ 238 uGy/d, we obtain D.4, ~ 51
uGy/d. It is remarkable how well the two estimates agree.

This gives the first estimation of the Martian surface albedo radiation dose based on synergistic assessments
of modeled results and in situ observations. The ratio of such estimated albedo radiation, 51-52 uGy/d, to
the downward radiation on a flat terrain, D:ky, is about 23% and is about 19% to the total surface dose. The al-
bedo contribution is slightly higher when there are surface obstructions as expected, for example, about 21%
with 10% blockage of the sky. It is in good agreement with the 18%-20% upward dose ratio obtained from
GEANT4 particle transport models (Guo et al., 2018; Matthid & Berger, 2017) but larger than that modeled
by Kim et al. (2014), which is only about 10%. More topographic information collected at other locations
in combination with RAD measurements can further verify and improve our assessment and may also be
able to provide a “radiation map” along the path of the Curiosity rover. Moreover, different solar activities,
surface elevations or Martian seasons may also affect the albedo contribution and surface radiation. A low
elevation and consequently a thicker atmosphere can also enhance the shielding effect as observed by RAD
(Guo et al., 2017; Rafkin et al., 2014).

5. Discussion and Conclusion

The Martian surface radiation is influenced by surface topographical features. While Curiosity was parked
near a butte in the Murray Butte area, we found the butte structure, blocking out about 19% of the sky (vs.
10% in the preceding period), induced a decrease of the background GCR dose by (5 £ 1)%. Although this
reduction is not significant enough to fully protect future astronauts from cosmic radiation on Mars, it il-
lustrates that existing natural structures such as buttes, cave skylights (Cushing et al., 2007), or lava tubes
(Léveill¢ & Datta, 2010) may serve as a potential radiation shelter for future habitats on Mars, benefiting
from the grander strategy of in situ resource utilization (Starr & Muscatello, 2020). For instance, the mod-
eled radiation environment on and under the surface of Mars suggests that ~1 m of shielding depth may
limit the annual absorbed dose in water within 20 mGy (Rdstel et al., 2020).

Due to the varying atmospheric column depth for particles arriving from different zenith angles 6, the
surface downward radiation dose of particles is & dependent. We have modeled this process and provided
the dose-@ functions for different solar modulation conditions and particle types. This model is then used
in combination with the RAD panoramic visibility map to derive the obstructed and remaining radiation
coming from the sky direction. The ratio of the radiation from the sky during the parking compared to
that before the parking is estimated to be about 88% assuming the same solar modulation condition. This
reduction of 12% is significantly higher than the observed (5 + 1)% of dose decrease. This is because the
obstructing butte contributes to additional albedo radiation.

Accounting for the expected dose reduction due to the sky blockage and observed dose changes, we de-
rive the flat-terrain (i.e., zero obstruction) albedo dose to be about 19% of total surface dose based on two
independent scenarios. This result is consistent with previous modeled results (Guo et al., 2018; Matthid
et al., 2017). Appel et al. (2018) have studied the charged protons detected in RAD's vertical telescope cone
(with a half angle of 18°) and found a 10% ratio of the upward to downward flux of 100-200 MeV protons.
This ratio is different from what we obtain here mainly for two reasons: (1) dose is contributed by all par-
ticles over a wide energy range and cannot be represented solely by protons in this energy range and (2)
downward particles within the semi-vertical cone used in Appel et al. (2018) traverse through a much thin-
ner atmosphere than those coming from more horizontal directions so that the downward flux/dose ratio in
this cone is different from the averaged downward value.

In summary, the Martian surface radiation is influenced by local topographical features which change
as the rover traverses through Gale crater. Detailed comparison of dose rates measured under different
sky-obstruction conditions combined with zenith-angle dependence of the radiation allow us to estimate
the contribution of the albedo radiation on Mars, which is an important assessment for better understand-
ing the Martian radiation environment and developing radiation mitigation strategies.
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