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ABSTRACT

BepiColombo is the fifth cornerstone mission of the European Space Agency (ESA) dedicated
to study the Mercury planet. The BepiColombo spacecraft comprises two science modules:
the Mercury Planetary Orbiter (MPO) realized by ESA and the Mercury Magnetospheric
Orbiter provided by the Japan Aerospace Exploration Agency. The MPO is composed by
11 instruments, including the ‘Spectrometer and Imagers for MPO BepiColombo Integrated
Observatory System’ (SIMBIOSYS). The SIMBIOSYS suite includes three optical channels:
a Stereoscopic Imaging Channel, a High Resolution Imaging Channel, and a Visible and near
Infrared Hyperspectral Imager. SIMBIOSYS will characterize the hermean surface in terms of
surface morphology, volcanism, global tectonics, and chemical composition. The aim of this
work is to describe a tool for the radiometric response prediction of the three SIMBIOSYS
channels. Given the spectral properties of the surface, the instrument characteristics, and the
geometrical conditions of the observation, the realized SIMBIOSYS simulator is capable of
estimating the expected signal and integration times for the entire mission lifetime. In the
simulator the spectral radiance entering the instrument optical apertures has been modelled
using a Hapke reflectance model implementing the parameters expected for the hermean
surface. The instrument performances are simulated by means of calibrated optical and
detectors responses. The simulator employs the SPICE (Spacecraft, Planet, Instrument, C-
matrix, Environment) toolkit software, which allows us to know for each epoch the exact
position of the MPO with respect to the planet surface and the Sun.

Key words: methods: numerical —techniques: high angular resolution —techniques: image
processing —techniques: imaging spectroscopy — planets and satellites: surfaces.

the surface—atmosphere interaction. To investigate these topics,

1 INTRODUCTION high-resolution data are required. The first images acquired by

Given the low number of space mission that visited Mercury
(Blewett et al. 2009), many open questions concerning the geolog-
ical evolution of the planet, the anomalous ratio between metal and
silicate, the magnetic field generation and the evolution of exosphere
remain to be addressed (Benkhoff et al. 2010; Cremonese et al., in
preparation). The investigation of surface characteristics is crucial to
study the geological history of Mercury, which includes the crustal
differentiation and resurfacing, the volcanism, the tectonics, and
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Mariner 10 cover 45 percent of the entire hermean surface at the
average resolution of about 1kmpx~' and few images at about
100mpx~! (Murray 1975; Flamini et al. 2010). A more extended
coverage of the hermean surface has been achieved by the Mercury
Dual Imaging System (MDIS), on board NASA MESSENGER
spacecraft, which provided higher resolution images of the hermean
surface features (Hawkins et al. 2007). The next challenging mission
towards Mercury is the ESA cornerstone mission BepiColombo,
launched on 2018 October 20, which will reach Mercury in 2025,
improving the planet characterization.
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BepiColombo is an interdisciplinary mission through a partner-
ship between the European Space Agency (ESA) and the Japan
Aecrospace Exploration Agency (JAXA) (Schulz & Benkhoft 2006).
The BepiColombo spacecraft includes two modules: the Mercury
Planetary Orbiter (MPO) and the Mercury Magnetospheric Orbiter
(MMO), which will study the planet and its environment.

Spectrometer and Imagers for MPO BepiColombo Integrated
Observatory SYStem (SIMBIOSYS) is one of the 11 instruments
on-board of the MPO. It will give a crucial contribution to the
analysis of geological and mineralogical features that characterize
the hermean surface.

The SIMBIOSYS instrument includes three channels: a High
Resolution Imaging Channel (HRIC), an imaging system with
stereo capabilities, which is the Stereoscopic imaging Channel
(STC) and a hyperspectral imager in the visible and near-IR range,
named Visible and near Infrared Hyperspectral Imager (VIHI).
HRIC is a camera for high-resolution imaging (6-12mpx~!)
in panchromatic and broad-band filters; STC will perform 60-
120 m px~! of spatial resolution global mapping in stereo mode and
colour imaging in selected areas, and VIHI will perform imaging
spectroscopy in the 400-2000 nm spectral range with a max spatial
resolution of 100mpx~'. A highly integrated configuration is
adopted to maximize the scientific return and minimize the resource
requirements, primarily mass and power.

The main scientific goals of SIMBIOSYS are: (i) to map the
whole hermean surface in the visible and near-IR, (ii) to give
the 3D surface reconstruction, (iii) to image selected regions at
high spatial resolution in order to investigate the morphology and
chemical composition of surface features. To fulfill these goals, it
is necessary to predict the channels performance and to plan the
observation strategy during the different phases of the mission. For
these purposes, an instrument simulator has been developed.

To calculate the expected signal detected by each SIMBIOSYS
channel, the simulator takes into account: the SPICE (Spacecraft,
Planet, Instrument, C-matrix, Environment) toolkit software (Acton
et al. 2005) to simulate the orbital configuration during the entire
mission, the Hapke reflectance model to derive the hermean ex-
pected radiance (Hapke 2012; Hapke et al. 2012), and the instrument
optical response. For each point along the orbit during the mission
lifetime, the simulator produces a series of outputs that can be
divided into three groups:

(i) the output values related to the geometrical properties of the
spacecraft and the SIMBIOSYS channels;

(ii) the radiometric outputs that include the reflectance of the
planet, the incoming radiance, and the signal expected on the
detector;

(iii) the output values that measure the performance of each
SIMBIOSYS channel.

Each group will be described in detail in Section 4.

The paper is structured as follows. First, the BepiColombo
mission profile (Section 2) and the SIMBIOSYS channels char-
acteristics (Section 3) will be introduced. Then, Sections 4 and 5
will describe the SIMBIOSY'S simulator and the radiometric model.
Finally, Section 6 is devoted to the application of the simulator to
each SIMBIOSYS channel.

2 BEPICOLOMBO MISSION PROFILE,
MERCURY, AND MPO ORBITAL DATA

The BepiColombo Mercury Composite Spacecraft has been
launched on 2018 October 20 on an Ariane 5 from Kourou.
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Table 1. Some Mercury orbit parameters.

Perihelion Aphelion
Mercury-Sun dist. (km) 4.6 x 107 6.892 x 107
Mercury vel (kms™!) 58.98 38.86
Mercury rotation period (h) 1407.6 1407.6

The spacecraft will take 7 yr to reach the planet Mercury. Nine
flybys are needed to redirect the Mercury Composite Spacecraft
towards Mercury: one of Earth, two of Venus, and six around
Mercury to decelerate the spacecraft and stabilize it on the nominal
orbit.

For the interplanetary cruise the solar-electric propulsion will be
used, while chemical propulsion engines will allow MPO to get
captured and inserted in the Mercury orbit, starting the operational
phase in 2026 March. The nominal mission is expected to last 1 yr,
with the possibility of another 1 yr of extended mission.

The Mercury orbit is elliptic and characterized by low eccentricity
(0.205632) and short semimajor axis (0.387098 AU). The Mercury
velocity and distance with respect to the Sun vary during the
revolution. The details on the Mercury orbit around the Sun are
reported in Table 1.

The HRIC and VIHI channels could observe all over the hermean
year, i.e. for all the true anomaly (v) values, while STC planned ob-
servations are foreseen only in the true anomaly interval 90°—270°,
which includes both the calibration phases (for true anomaly 90° < v
< 138° and 222° < v < 270°) and the scientific acquisitions (for
true anomaly in the interval 138°—222°).

Fig. 1 shows a schematic representation of the Mercury orbit
around the Sun where the arc in bold refers to the part of the orbit
during which STC will be operative.

The three axis stabilized MPO spacecraft orbits around Mercury
on a polar and elliptic orbit. At the beginning of the science mission
(first orbit), its eccentricity is 0.1486, the semimajor axis is 3430 km,
the altitudes at periherm and apoherm are respectively 480 and
1500 km.

During the mission, the argument of the periherm decreases,
from 16° at the beginning of the mission to —45° at the end of the
extended mission. Also the minimum altitude of the spacecraft with
respect to the planet surface changes, from 480 km at the beginning
to 250 km at the end of the mission (Jehn 2015).

3 THE SIMBIOSYS INSTRUMENT

SIMBIOSYS is composed by three different channels sharing a
common Main Electronics and power supply. Each channel has its
own optical head, detector, thermal hardware, proximity electronics
and electrical interface for power supply, data, and telemetry links
(Flamini et al. 2010). The measurement strategy is based on the
coordinated operations of the three channels forming SIMBIOSYS.
In this section, we briefly describe the main characteristics of each
channel.

3.1 The STC channel

STC is a double wide angle camera designed to image specific
portions of the hermean surface from two different perspectives
with the push-frame acquisition technique, providing panchromatic
(PAN) stereo image pairs necessary for the global Digital Terrain
Model reconstruction (Flamini et al. 2010). The design of the camera
consists of two sub-channels which acquire the sun-light refracted
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Figure 1. Top panel: A simplified 2D scheme of the hermean orbit around
the Sun. The arc in bold style shows the part of the orbit where STC will
acquire data. Bottom panel: a 3D Scheme of the plane of the hermean orbit
around sun (light blue) and the plane of the MPO orbit around Mercury
(green). The objects are not in real scale.

by hermean surface and focus it on one common detector. Each sub-
channel line of sight forms an angle of 20° and —20° with respect
to the nadir direction. The optical characteristics of STC and the
scientific requirements are shown in Table 2 (Da Deppo et al. 2016).

For each sub-channel, STC can acquire simultaneously three
quasi-contiguous areas of the hermean surface in different colours
in order to investigate its mineralogical composition (Slemer et al.
2018). The nominal Field of View (FoV) of each sub-channel is
5.38° x 4.8°, including gaps, while the scientific dimension of the
FoV is 5.38° x 3.2°. The latter FoV is divided in three portions that
correspond to each filter of the sub-channel considered (5.38° x
2.31° for panchromatic filter, and 5.38° x 0.38° for colour filters).
A schematic representation of the FoV of the filters of STC has been
shown is Fig. 2.

The STC detector is a 2048 x 2048 hybrid Si-PIN based on
CMOS technology, which combines low read-out-noise, compact-
ness, low parasitic light, capability of image acquisition with short
ms-exposure times (Simioni et al. 2017). It is back illuminated with
pixel size of 10 pm (Mills, Drab & Gin 2009). A detector based
on CMOS technology has been chosen instead of a CCD thanks
to rad-hard characteristics and the possibility to acquire different
detector windows at the same time.

The detector acquisition strategy is the so-called ‘integrate then
read’ mode, which allows us to avoid a mechanical shutter (Simioni
et al. 2017; Slemer et al. 2019b). Furthermore, the CMOS detector
allows us to reach millisecond exposure times needed to avoid the
image smearing due to the motion of the spacecraft with respect to
hermean surface (Slemer et al. 2019a).

SIMBIO-SYS simulator 1675

3.2 The HRIC channel

The main feature of SIMBIOSYS HRIC is a spatial resolution of
6mpx~' at 480km from the planet surface. The HRIC’s primary
task is to provide high-resolution images of selected hermean
surface features (Zusi et al. 2019).

The HRIC optical design is based on a catadioptric Ritchey—
Chretien telescope with a focal length of 800 mm, modified with
a dedicated refractive field corrector. This configuration gives
resolution of 2.6 arcmin for a pixel size of 10 um. The focal ratio
of the instrument is f/8.9. The optical design has been conceived to
be diffraction limited at 400 nm (Zusi et al. 2019).

HRIC detector is of the same type adopted for STC. The use of a
2kx2k detector guarantees a coverage of a squared FoV of 1.47°.

To investigate the geo-mineralogical properties of the hermean
surface, four filters are deposited over the detector window:
a panchromatic filter (with central wavelength of 650 nm and
bandwidth 500nm), and three broad-band filters (with central
wavelength of 550, 750, and 880 nm respectively and bandwidth
of 40 nm), as shown in Fig. 3.

3.3 The VIHI channel

The third SIMBIOSYS channel is the VIHI, which has been
realized to investigate the hermean surface composition. The
VIHI channel has been conceived as a Schmidt telescope coupled
with a diffraction grating Littrow spectrometer, which has been
designed by Leonardo S.p.A. The spectrometer operates in the
wavelength range from 0.4 to 2.0 um. The optical design includes
also two dioptric doublets that correct the aberrations both in the
telescope and in the spectrograph optical path (Capaccioni et al.
2010).

The diffraction grating disperses the image of the slit on a
2D 256 x 256 pixel HgCdTe disperses the image of the slit. The
instrument is equipped with an electromechanical shutter to measure
the internal background and dark current. The pixel pitch of VIHI
detector is 40 x 40 um and the full-well capacity is 2Me~. The
nominal detector operative temperature value is 220 K.

The image acquisition is through a pushbroom mode (Altieri et al.
2017). The field of view (FoV) width is 3.7°, with 256 spatial pixels
each having a 250 prad of instantaneous FoV (IFoV) (Capaccioni
et al. 2010). The main optical parameters of VIHI are summarized
in Table 4.

4 SIMBIOSYS SIMULATOR

The aim of the SIMBIOSYS simulator is to predict the instrument
performance to assist in the definition of the observation strategy
all over the mission. The pipeline of this simulator is represented in
Fig. 4.

The simulator, computed with the Interactive Data Language
(IDL, provided by Harris), receives in input the time of the simu-
lation and the name of the SIMBIOSYS channel to be considered.
The simulator uses the SPICE toolkit software (Acton et al. 2005)
with the kernels of BepiColombo mission to derive the geometrical
information needed to retrieve the output data.

The outputs of the SIMBIOSYS simulator can be divided in three
groups:

(1) the geometrical values related to the spacecraft and the
channels, which include both the general information about the
spacecraft (altitude with respect to the ground, velocity, etc.) and
the information for each filter (FoV, footprints, and their position

MNRAS 491, 1673-1689 (2020)
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Table 2. Optical characteristics and scientific requirements of STC. Scientific requirements are defined considering panchromatic filter at periherm of the first

orbit (480 km) (Slemer et al. 2018).

Optical characteristics

Scientific requirements (Global Mapping)

Optical concept
Stereo solution

Effective focal length

Entrance pupil

f/mumber

IFoV (Instantaneous Field of View)

Distortion

FoV (cross track)

FoV (along track)

Fraction of diffraction ensquared energy (EE)
Diffraction modulation transfer function (MTF)
Wavelength coverage

Catadioptric: off-axis portion of a modified Schmidt telescope with folding
mirror fore-optics
Two optical channels tilted of £20° with respect to the nadir direction, with
a common detector and most of the optical elements
95.2mm
15 mm (diameter)
6.3
105 prad
< 0.3 percent Simioni et al. (2019)
5.38°
2.4° for panchromatic and 0.38° for colour filters
> 70 percent inside 1 pixel
> 60 percent at Nyquist Frequency
410-930 nm (6 filters)

Filters PAN (700 % 100 nm) 2 filters one for each sub-channel
F420 (420 £+ 10 nm) (sub-channel H)
F550 (550 £ 10 nm) (sub-channel L)
F750 (750 & 10 nm) (sub-channel H)
F920 (920 £ 10 nm) (sub-channel L)
Parameter Scientific requirements (Global Mapping)
Scale factor (along-track x cross track) 61.2 x55. 1 mpx~!
Swath (along track x cross track) 23.5 x 4.9km
Stereoscopic properties +21.375° bore-sight angle versus nadir
Vertical accuracy 80m
Table 3. HRIC optical parameters (Zusi et al. 2019). 896 px
Parameters Values 64'px 2t s
Entrance pupil 90 mm (diameter) 64 px 0.38°
Effective focal length 800 mm
f/mumber 8.9 .,
central obscuration 10 percent diameter S8ERK il 231
FoV 1.47°
IFoV 12.5 prad
Scale 6mpx~! from 480 km
Wavelength coverage 400-900 nm 384 px PANH 2.31°
Filters PAN (650 £ 250 nm)
F550 (550 £ 20 nm)
F750 (750 =+ 20 nm) 64 px 058"
F880 (880 £ 20 nm)
64 px 0.38°

in latitude and longitude, on-ground pixel dimension, boresight
velocity);

(ii) the radiometric outputs, which include the reflectance of
the planet, the radiance, and the expected signal measured by the
detector;

(iii) the quantities related to the channel performance, such as the
integration time, whose definition is needed to avoid the detector
saturation, the expected dark current, and the smearing time. The
value considered for SIMBIOSYS smearing is equivalent to the
time in which the observed scene moves of 1/4 px.

The output values can be obtained for the entire mission in form
of table, xmls files, or output graph. In this work, different reference
values of true anomaly have been considered: the values v = 140°,
180°, and 220° for STC, and v = 140°, 180°, and 0° for VIHI
and HRIC. The output values on one entire orbit of MPO around
Mercury will be then presented.

MNRAS 491, 1673-1689 (2020)

_#}- 5.38°

Figure 2. Schematic representation of the FoV of the filters of STC channel
and their position on the CMOS detector.

While the first category of outputs has been obtained only with
the SPICE kernel based reduction, the last two groups of output
values have been calculated by developing a radiometric model.
The radiometric model developed in this work is described in the
following section.

5 SIMBIOSYS RADIOMETRIC MODEL

The radiometric model gives a mathematical description of the
radiance-signal conversion process. In order to determine the
radiance incoming to the instrument, the radiance of the surface
has to be estimated knowing the illumination condition and the
viewing geometry (observational parameters). A reflectance model
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_#_ 2048 px
384 px 0.28°
384 px 0.28°
640 px FPAN 0.46°
384 px F550 0.28°

1.47°

Figure 3. Schematic representation of the FoV of the filters of HRIC
channel and their position on the CMOS detector.

Table 4. VIHI optical parameters (Capaccioni et al. 2010).

Parameters Values

Entrance pupil 25 mm (diameter)

Effective focal length 160 mm
f/mumber 6.4

FoV 64.0 x 0.25 mrad
IFoV 0.25x0.25 mrad
Scale 120mpx~! from 480 km
Wavelength coverage 0.4-2.0 um
Spatial samples 256

Spectral bands 256

Spectral dispersion 6.25 nm per band

estimates the fraction of light reflected by a surface depending
on its morphological, compositional, and geometrical properties.
Knowing the radiance that arrives at the entrance pupil of the
instrument, it is possible to convert this quantity to the signal
measured by the instrument. The radiance-to-signal conversion
depends on both the optical system of the instrument and the detector
behaviour. In particular, it is necessary to know the lens and mirrors
transmittance, the filter efficiencies, the quantum efficiency, and the
amount of noise that affects the detector.

This section describes which elements are involved in the radio-
metric model definition. For the SIMBIOSYS instrument the Hapke
reflectance model has been used (Hapke 2002; Hapke 2012; Hapke
etal. 2012), coupled with the parameters derived by Domingue et al.
(2016).

5.1 Surface viewing geometry and illumination parameters

The spectral radiance reaching the detector is first depending on
how the light is reflected by the hermean surface. The amount of
the reflected light is determined by the incidence (i), emission (e),
and phase («) angles. The incidence angle is the one between the
direction of the Sun light hitting the observed surface and the surface
normal. The emission angle is defined by the surface normal and the
light ray that is detected by the instrument, while the phase angle
is the angle between the incoming Sun radiation and the direction
of observation. In general the incident, emission and phase angles
sit in three different planes. Therefore, the phase angle is always

SIMBIO-SYS simulator 1677

Input:
Ref. time
True anomaly
Instrument (STC/HRIC/VIHI)

!

SPICE kernel based
reduction

l

Output 1:
Geometrical output:

a) on-ground px dimension,
smearing, lat. and long.
Footprint, on ground speed

b) Geometrical angles
(incidence, emission, phase)

S

—

J

A 4

Hapke model

y

Mercury reflectance

|

RADIOMETRIC MODEL

|

Output 2:
Flux DN/ms

Performance
analysis

Output 3:

SNR
Integration Times (IT)
Observation Planning

Figure 4. Flowchart of the SIMBIOSYS simulator. The blue squares
represent the input and output of the model, while the dark squares show
the model used in the simulator.

lower — equal to the sum of i and e. The angles i, ¢, and o depend
on both the position of MPO with respect to the planet and the
position of Mercury in its orbit around the Sun. Thus, the light
detected is a function of the relative positions of MPO, Mercury,
and the Sun. In Fig. 5 it is reported as a sketch of the periherm part
of the MPO orbit around Mercury. As an example, the geometrical
viewing and illumination conditions of a typical STC observation
are highlighted.

5.2 Radiance of Mercury surface

In order to determine the hermean radiance, we have to consider the
fraction of Sun light that impacts on the planet surface.

The spectral radiance B(L)[W/(m?msr)] of the Sun is assumed as
the Black Body (BB) distribution described by the Planck’s law:

he? 1

B() = 5 ol lkeTgr _ 10

ey

where / is the Planck constant, ¢ the speed of light in vacuum, A
the wavelength in meters, kg the Boltzmann constant (Slemer et al.

MNRAS 491, 1673-1689 (2020)
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1678  A. Slemer et al.

periherm

Figure 5. A 3D schematic representation of the periherm part of the
MPO orbit around Mercury. In particular, the surface viewing geometrical
conditions of the two sub-channels of STC are highlighted.

2018). The term T = 5776 K is the effective temperature of the
Sun. The solar irradiance I (1)[W/(m?m)] at a given distance (r)
from the Sun is defined by:

R 2
Io(A) = B\ - @ (7@) . 2

where Ry, is the solar radius. The term 7 (Ry/r)? is the solid angle
that determines the radiance incoming to each hermean surface
element, for each wavelength. The Sun—Mercury distance is a
function of the true anomaly:

a(l —e?)

rv) = 1+ e-cos(v)’

3)
where e is the orbit eccentricity, v the true anomaly, and a the
semimajor axis. The Mercury radiance can be calculated as follows:

1L, v) = I5(A, V)R(i, e, a), 4)

where R(i, e, o) represents the reflectance function, which depends
on the incident (i), emission (e), and phase («) angles formed by the
(light) rays with the surface point observed (Slemer et al. 2018).

5.2.1 Reflectance model

The Hapke reflectance model describes and accounts for reflective
properties of the hermean surface (including the radiative transfer
equations). The surface roughness and porosity, grain scattering
properties, and the opposition surge are considered in the model. The
opposition surge is the steep increase in reflectance at small phase
angles, which is due to two different mechanisms: the Shadow-
Hiding Opposition Effect (SHOE), and the Coherent Back-scatter
Opposition Effect (CBOE) (Domingue et al. 2016).

The reflectance derived from the Hapke model is a function of the
observational parameters, i.e incidence, emission, and phase angles,
and it is expressed by the following equation:

R, e o) = K%M‘i—“m {p(a)[l + BsoBs()]
Hoe MHe
o By u (%) -1] |
X [1+ BcoBce(a)]o(i, e, a,0), (@)

where e and g, are, respectively, the cosines of the incidence
and emission angles modified to include surface roughness. 1. and
He depend by the incident, emission, and phase angles and by the

MNRAS 491, 1673-1689 (2020)

roughness of the surface. K is the porosity term, which depends
on the filling factor ® (the amount of regolith volume filled by
a material). The term w is the volume-averaged single scattering
albedo, and p(«) stands for the Henyey—Greenstein function. Bg(c)
defines the SHOE effect, with amplitude Bgg. The expression B¢ (o)
and the parameter B¢ specify the CBOE effect. The H-function is
an algebraic expression that depends only on both . and the
porosity K. Finally, the large-scale roughness o (i, e, @, 6), depends
on the scattering angles and on the surface roughness expression 6
(Domingue et al. 2015, 2016). A more detailed description of all
these quantities has been given in the appendix section (A).

Since the equation (5) depends on the wavelength of the incident
light, the Hapke’s model parameters have been estimated for dif-
ferent values of A. The most recent estimations of Hapke’s spectral
parameters are obtained by Hapke et al. (2012) and Domingue
et al. (2015, 2016) using the high-resolution images provided by
the MESSENGER spacecraft prior to 2011 May 24 (Domingue
et al. 2015). The parameters are derived for each MDIS filter. The
present analysis takes into account the Matabei data set analysed in
the study of Domingue et al. (2015). In this work we consider the
Matabei data set derived by Domingue et al. (2015), which includes
the single scattering albedo, the single-particle scattering, and the
surface roughness parameters.

The coherent backscatter opposition parameters are set to the
values b, = 2.3 and b, = 0.075, while the shadow hiding opposition
parameter (by) is set equal to zero. For further details see Domingue
et al. (2015, 2016).

A quadratic interpolation has been used to obtain the vales of
the parameters for all the wavelength between 300 and 1100 nm.
The result consists in a series of functions, one for each parameter,
which will be included in the equation (5). The output is areflectance
function for the 300-1100 nm wavelength interval, which depends
on the illumination angles (i, e, ) and on the hermean area observed.

The reflectance has been obtained for each SIMBIOSY'S channel.
The most interesting results are those obtained for STC, which has
a non-nadiral configuration and thus the reflectance depends on the
sub-channel considered.

Fig. 6 shows the reflectance obtained with the Hapke model for
HRIC and for both the sub-channels of STC (left-hand panel sub-
channel L, CH-L, and right-hand panel sub-channel H, CH-H), and
for two different positions of the spacecraft with respect to Mercury.

The blue dashed line corresponds to the reflectance calculated
when the spacecraft is above the zero latitude, while the red solid
line indicates the reflectance obtained when the spacecraft is at
periherm. The two spacecraft configurations result in different
reflectance curves for each channel case. Indeed the latitude of
periherm is 16° and, hence, the combination of incidence, emission,
and phase angles changes depending on the spacecraft position. The
two spacecraft configuration result in different reflectance curves
for each channel case. Indeed the argument of periherm is 16° and,
hence, the combination of incidence, emission, and phase angles
changes depending on the spacecraft position. Furthermore, the
reflectance seen from sub-channel L and sub-channel H when the
spacecraft is over the zero-latitude are not exactly equal. This fact
is a consequence of the spacecraft position sampling calculated by
the simulator, because the latitude of the sub-nadiral point of the
spacecraft is not exactly zero (0.4031°) and so the values of the
sub-channel L and sub-channel H radiance are not exactly equal.

Fig.7 shows the hermean expected radiance for both sub-channels
of STC (sub-channel L in the top panel and sub-channel H in the
bottom one), calculated assuming the Sun as a Black Body with
the effective temperature of 5776 K. The back-reflected spectral
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Figure 6. The reflectance curves for both the STC sub-channel H and L
(top and middle panel), and for the HRIC channel (bottom panel). The blue
dashed line and the red solid line correspond to the reflectance values for
(i) Mercury in aphelion and spacecraft above the latitude 0° and (ii) the
spacecraft at periherm, respectively.

radiance from the hermean surface has been calculated at aphelion
and for two specific positions along the orbit (blue dashed line for
periherm and red solid line for the point in which the spacecraft
is above the latitude O of Mercury). The green dash-dotted line
shows the previous expected radiance, which has been calculated
considering a nadiral viewing condition for a periherm at O latitude,
constant albedo (0.12), and assuming the hermean surface to be a
perfect Lambertian diffuser (Da Deppo et al. 2016). The comparison
between the two methods shows that the hermean radiance seen
by the two STC sub-channels varies significantly when the actual
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Figure 7. Mercury expected radiance for sub-channel H (top panel), and
sub-channel L (bottom panel) of STC. Different colours and line styles
stand for different position of the spacecraft w.r.t. to Mercury (red solid line
refers to the spacecraft at periherm and blue dashed line for the spacecraft
at latitude zero). The green dash-dotted line is the radiance obtained by Da
Deppo et al. (2016) for Mercury at aphelion and the spacecraft at periherm.

observing conditions and the Hapke reflectance model are taken
into account.

6 THE RADIOMETRIC MODEL

The calculation of the radiance coming from the source is necessary
to estimate the value measured by the detector. In the following
sections the radiance and the signal will be estimated varying the
true anomaly of Mercury and the position of the spacecraft around
the planet.

The estimation of the source radiance includes the contributions
both of hermean thermal radiation and the Sun Black body radiation
reflected by the planet surface. Since the maximum of the thermal
radiation is at 10 pm it can be considered negligible because it is
out of the SIMBIOSYS spectral range, which spans from 400 to
930nm for STC and HRIC, and from 400 to 2000 nm for VIHI
(Slemer et al. 2018).

The spectral radiant signal rate ¢p(1)[W nm~'], which arrives at
the entrance pupil of each channel, can be expressed as:

¢p(G) =10, v)- A (6)

MNRAS 491, 1673-1689 (2020)
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in which the quantity I(}) represents the spectral irradiance coming
from the hermean surface and A = 7(D/2)? is the area of the
entrance pupil with diameter D. The spectral irradiance is obtained
by multiplying the source spectral radiance L()) with the solid angle
subtended by the observed area of the planet surface. Usually the
solid angle considered is that subtended by one pixel Q2 = IFoV?
(Da Deppo et al. 2016).

The signal rate that hits the detector is lower than the one
at the entrance pupil because the optics (T(%)) and filter (F(%))
transmissions properties have to be considered:

Gae(A) = ¢(1) - T(A) - F(). @)

The quantity ¢g(A) is measured in [W nm™!].

The detector measures the signal in Digital Number (DN), so that
the signal rate ¢qe((1) has to be divided by the energy of the photons
and it has to be multiplied by the quantum efficiency of the detector
(QE(A)). This result (with measurement unit [e~/(nm - ms)]) has to
be divided by the Inverse Gain (IG), which represents the number
of electrons that correspond to 1 DN. The results is the signal rate
and it is measured in DN'ms™:

1 A
Pe(A) = G * Paer(A) - (E) “QE®). ®)

The detectors of STC and HRIC have the IG equal to 7e”/DN (Da
Deppo et al. 2016), while the VIHI IG is ~150e~/DN.

In order to obtain the signal rate for a specific filter, equation (8)
has to be integrated in the wavelength interval that corresponds to
the band-width of the filter considered:

1
F, = G /M $e(A) - dA, ©))

where A is the bandwidth of the filter considered.
Combining the equations (6), (7), and (8) the following complete
expression has been obtained:

F. A
=G =G e /MI(A)-T(A)-F(A)- QEM) - X -dx
1
= ﬁ/mm)-ITF(A).A-dA. (10)

The ITF expression stands for the instrument transfer function,
which includes the transmission functions of the optical components
and the QE of the detector.

The equation (10) permits us to calculate the signal rate measured
by the detector by knowing the incoming radiance, which depends
on the illumination angles (i, e, o) and thus is related to the position
of the spacecraft in the hermean frame. The following section shows
the signal rates estimated for the three channels of SIMBIOSY'S for
the most representative scenarios of the BepiColombo mission.

7 OUTPUTS OF THE SIMBIOSYS SIMULATOR

As explained in Section 4, the information taken from SPICE
kernel allows us to derive some useful quantities related to the
orbit of the Mercury Planetary Orbiter during the mission. The
Fig. 8 shows an example of quantities that describe the spacecraft
status for one specific orbit around Mercury (which is 2h and
20 min). The top panel shows the spacecraft altitude, while the
bottom panel represents the velocity of the spacecraft and its ground
projection. The x-axis represents the relative time with respect to
the absolute time corresponding to the periherm. These values have
been calculated at the beginning of the mission.
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Figure 8. Altitude of the spacecraft with respect to the ground level (top
panel), and velocity of the spacecraft and its subnadiral correspondent point
(bottom panel).

Since the spacecraft altitude at periherm position changes during
the mission (from 480km to less than 300 km), it is possible to
predict the evolution of the altitude of periherm during the entire
mission, and thus is possible to derive a great number of useful
quantities (e.g. spatial resolution, dimension of footprints, time
interval between two subsequent acquisitions).

Fig. 8 shows also that the minimum of the spacecraft altitude
curve is reached at periherm (zero value of x-axis), which does not
coincide with the latitude zero.

This section shows some of the outputs obtained through the
application of the simulator of the SIMBIOSYS channels, which
can be useful for the instrument performance analysis and for the
observation strategy.

7.1 Expected signal and integration time

The expected signal rate, expressed in equation (10), depends on
the hermean radiance and on the optical and detector characteristics
of the SIMBIOSYS channel considered. In this section we show the
main outputs derived by applying the simulator to the three channels
of SIMBIOSYS.

7.1.1 STC outputs

The results obtained for the STC take into account the transmission
values of all filters (F(1)) and the detector QE (QE(})) reported
in Da Deppo et al. (2016). The value of the optical components
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Figure 9. Expected signal rate in DN ms~! for STC. The signal rate, in function of the boresight latitude, is shown for colour and panchromatic filters (left-hand
side and right-hand side, respectively). The results are obtained for different values of true anomaly. The variable time is the absolute time correspondent to
the spacecraft passage over the zero latitude. The dark current obtained in Leonardo S.p.A at nominal temperature T = 268K and repetition time of 2 s has
been taken into account to derive the results. From top to bottom, the three panels refer to three different true anomaly values (v = 140°, 179°, 220°).

transmittance (T(1)) has been set to 0.5 for 420 nm filter on the
410-430nm band, and to 1 for the other filters in their respective
band-width.

Fig. 9 shows the expected signal rate in DN ms~! as a function
of the boresight latitude varying the position of the spacecraft in
its orbit around the planet, for colours and panchromatic (PAN)
filters (left-hand side plots and right-hand side plots, respectively).
The dark current contribution has been taken into account, whose

values have been obtained, as a function of the integration time, in
Leonardo S.p.A. at nominal temperature T = 268 K with Repetition
Time of 2s. The expected flux was obtained for three different
configuration of true anomaly (140°, 179°, 220°). The middle
panels represent also the expected signal obtained without taking
into account the dark current (dashed lines), in order to compare
our results with the preliminary signal and the integration time
evaluations of Da Deppo et al. (2016).
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Figure 10. Expected integration times (IT) for STC. Integration times (IT) for colour and PAN filters (on left-hand and right-hand side of the panel respectively)
as function of the latitude, for three different values of true anomaly, are shown. The dashed coloured lines represent the smearing time at 1/4 px. For PAN
filters the smearing has not been included because it is out of the y-axis range. For the integration time calculation, the contribution of the dark current (DC)
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Figure 11. Signal rate in DN'ms~! expected for HRIC, calculated for colour filters (left-hand side column) and panchromatic (PAN) filter (right-hand side
column) as a function of the boresight latitude. The results are obtained for different values of true anomaly. The variable time is the absolute time correspondent
to the spacecraft passage over the zero latitude. The results here reported have been obtained considering as dark current the values measured at Leonardo

S.p.A. laboratories at nominal operating temperature (T = 268 K).

As expected, the curves relative to the signal rate of sub-channels
H and L reach their maximum values for two different values
of spacecraft subnadiral latitude. This result is a consequence of
different line of sight of the sub-channel H and L for a specific
position of the spacecraft with respect to Mercury (Fig. 7).

Further interesting considerations deriving from Fig. 9 con-
cern the significant reduction of the maximum expected signal
rate and the shape of the signal rate curve for true anomaly

values different from v = 180° (middle panel of both figures).
This effect is explained considering that, far from the apides,
the incidence, emission, and phase angles sit in three differ-
ent planes. As a consequence, the phase angle is not exactly
the algebraic sum of incidence and emission angle. This re-
sults in a smooth increase of the phase angle with the increas-
ing latitude and, hence, a smooth decrease of the hermean re-
flectance.
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Figure 12. On-ground HRIC resolution as a function of boresight latitude,
for all the filters. The plot on the top shows the result for the MPO orbit at
aphelion, while the bottom plot is relative to perihelion.

When Mercury is at aphelion the spacecraft orbit sits in the plane
that contains the Sun. In this configuration the illumination angles
(i, e, @) sit in the same plane, thus the phase angle is exactly the
sum of incidence and emission. When the spacecraft is near the
zero latitude the phase angle reaches the minimum possible value,
which lead to obtain the maximum value of reflectance.

From the comparison between values obtained for v = 180°
and lat = 0° and those derived by Da Deppo et al. (2016), it
results that the present estimation of expected signal is 20 per cent
higher. On the contrary, on the 420 nm filter our value is 30 per cent
lower (Slemer et al. 2018). These differences are mostly due to the
reflectance model used, which gives different values of radiance.
Furthermore, the preliminary calculations computed by Da Deppo
et al. (2016) include some approximation related to the instrument
and orbit configuration: the major axis of the spacecraft orbit sits
in the equatorial plane (so that the periherm is above the subnadiral
latitude), and the stereo configuration of the STC has not been taken
into account.

Using the SIMBIOSYS simulator also the integration time
needed to avoid the detector saturation can be calculated. It is
derived by optimizing the signal dynamical level considering the
detector full well capacity of about 90 ke™. The integration times
have been derived for each filter and are shown in Fig. 10, for
colour and PAN filters, respectively. Dashed coloured lines show the
smearing at 1/4 px. The results for Mercury at perihelion (panel with

MNRAS 491, 1673-1689 (2020)

v = 179.8°) show that the values of the integration times obtained
are underestimated by 30 per cent with respect to Da Deppo et al.
(2010) (Slemer et al. 2018).

7.2 HRIC outputs

The simulator can be applied also to the HRIC channel given that
its characteristics, i.e. the transmission properties (T(A)), the filter
transmissions (F(X)), and the quantum efficiency of the detector
(QE(A)) are taken into consideration. The values of T())), F(1)), and
QE(A) taken into account are those obtained by Leonardo S.p.A..

Fig. 11 includes three couples of plots that show the estimation of
signal rate of HRIC channel as a function of the boresight latitude
(Slemer et al. 2018). Each couple shows the results for colour filters
(left-hand side) and PAN filter (right-hand side) for different true
anomalies (140°, 180°, and 0°).

Comparing the plots at different true anomaly, it is clear that the
signal rate reaches higher values when Mercury is near the aphelion
and near the perihelion. This effect, as previously explained, is due
to the changing of the geometrical configuration of the illumination
angles. At low illumination angles the SHOE affects the value
of hermean reflectance. This effect has not been considered by
Domingue et al. (2016) in the calculation of the Hapke’s model
parameters. Nevertheless, there are only two configurations in
which the SHOE could actually change the reflectance calculation,
which corresponds to the Mercury aphelion and perihelion and the
spacecraft near the zero latitude. Since these two configurations
correspond to a very small interval of time with respect to the
duration of the entire mission, the SHOE can be ignored in the
present analysis.

Furthermore, the shape of the signal rate curve calculated for the
aphelion case is different from that derived in the perihelion case,
which is smoothed and with a slightly higher maximum with respect
to the case of v = 180°. The difference is due to both to the elliptic
orbit of MPO and to the sampling of the simulator. The arc of the
orbit that covers the illuminated part of Mercury at perihelion is the
one containing the apoherm, where the spacecraft velocity is lower
with respect to the arc containing the periherm. Since the sampling
of the code is determined by dividing the MPO orbit period in equal
parts, the arc of the orbit containing the apoherm is oversampled
with respect to the other one and the shape of the signal rate curve
is smoother.

Moreover, the on-ground pixel scale, which depends on the
distance between the spacecraft and the planet surface, is lower at
aphelion, as shown in Fig. 12. The two plots represent the on ground
px dimension for all HRIC filters as a function of the boresight
latitude, for aphelion (top plot) and perihelion (bottom plot). As
expected, the on-ground resolution is better for v = 180° than for
v =0°.

Fig. 13 shows the integration times as function of the boresight
latitude for colour and PAN filters, for the same true anomalies
considered in Fig. 11. The continuum line refers to the integration
times, while the dotted line represents the smearing time at 1/4
px. We considered the binning factor of 1, so that the smearing
time is considerably lower than the estimated integrated times. This
result changes depending on the binning factor (2 x 2 or 3 x 3)
considered.

7.3 VIHI outputs

The VIHI channel resolves 256 spectral bands with a spectral
sampling of 6.25nmband~!, so that the signal rate has to be
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Figure 13. Expected integration times (IT) for HRIC as function of boresigth latitude. The continuum lines refer to Integration times of PAN and colour filters,
while dashed lines refer to the smearing. The results are obtained for different values of true anomaly. The variable timey is the absolute time correspondent to
the spacecraft passage over the zero latitude. The results here reported take into account the dark current measured at Leonardo S.p.A. laboratories at nominal
operating temperature (T = 268 K).

calculated separately for each spectral band: The term B(X)[W/(ium m? sr)] represents the radiation coming from

the Sun, calculated for the Mercury—Sun distance; the term R(})

F(u) :/ BO.) - I R(\) - pOh) - dag. an stands for the hermean reflectivity derived using the Hapke’s
AR T
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Figure 14. The VIHI expected signal rate detected in DN'ms~!, as function of the relative time and the wavelength. Different plots refer to different values of

true anomaly.

model, and the p(A)[DN ppumm?sr/(Ws)] is VIHI channel re-
sponsivity (Filacchione et al. 2018a). The integral range AX is
6.25nmband". Fig. 14 shows the signal rate as function of the
wavelength and the relative time with respect to the periherm
(timey). Each plot refers to a different value of true anomaly. Due
to the availability of the Hapke’s model parameters, the simulations
for the VIHI channel are restricted to the 400-1200 nm spectral
range.

We considered four different dates in the first six months
of observations. Some interesting considerations arise from the
comparison between the four plots of Fig. 14:

(1) The variation of the signal rate as function of the relative time
is smoothed for true anomalies far from the apsides, so that the
signal rate measured decreases slowly with the boresight latitude.
This effect, which is analogue to the behaviour described for STC
and HRIC, is a consequence of the fact that the MPO orbit plane
does not change during the mission, so that the illumination angles
does not sit in the same plane for different true anomalies. Moreover,
the weak difference observed between the perihelion and aphelion
configuration is due to the different value of radiance incoming

MNRAS 491, 1673-1689 (2020)

to the hermean surface, which scales with the square of the Sun—
Mercury distance.

(i) The maximum value of the signal rate is obtained for true
anomalies near the apsides. Therefore, the best instrument perfor-
mance will be reached near the aphelion and near the perihelion.

(ii1) The tilt of the apsides line of MPO orbit with respect to the
equatorial plane explains the position of the maximum value of the
signal rate as a function of the subnadiral latitude. As expected,
this position does not correspond to the zero-latitude because the
periherm does not coincide with the point of zero boresight latitude.
This effect is valid for the beginning of the mission because the
periherm latitude decreases during the mission from 16° to —40°
after 700 d from the beginning of science mission Jehn (2015).

Using the signal rate in DN ms~! shown in Fig. 14, itis possible to
derive the integration times needed to reach the full well capacity of
the detector, which has been given by Raytheon Vision System and
is 2Me~ (corresponding to 13200 DN after signal digitalization;
Altieri et al. 2017; Filacchione et al. 2018b).

Fig. 15 shows the integration times derived from the simulator
here presented, as a function of the wavelength and relative time.
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Figure 15. The VIHI expected integration time (IT) in ms as function of the wavelength and the relative time of observation. Different plots are relative to

different values of true anomaly.

8 CONCLUSIONS

This work describes the simulator developed for the SIMBIOSYS
instrument of the Mercury Planetary Orbiter spacecraft. The sim-
ulator includes a SPICE kernels based code used to predict the
instrument performance and to determine some useful quantities
related to the observation such as the repetition time and the
integration time.

The simulator also includes the radiometric model of SIM-
BIOSYS instrument, which is derived starting from the Hapke’s
reflectance model. The radiometric model allows us to estimate
the expected signal rate in DNms~' detected by each SIM-
BIOSYS channel during the entire mission by knowing the position
of Mercury and orientation of the spacecraft. Once the values
of the signal rate are known, the integration times needed to
avoid the detector saturation and the image smearing can be
derived.

Nevertheless, other outputs have been derived from the simulator,
such as position, velocity, altitude with respect to the planet surface,
and other properties characteristics of each instrument (expected

footprints of the filters of the camera, the geometrical smearing,
the integration time for each SIMBIOSYS sub-channel, and the
expected signal to noise ratio reached).

The SIMBIOSYS simulator is a useful tool not only for the de-
termination of the instrument performance but also for defining the
in-flight calibration and, more important, the observation planning
during the science mission phase at Mercury.

In this context, the simulator has been applied for the first time
during the Near Earth Commissioning Phase (NECP). The simulator
outputs are fundamental to prepare a specific operation test with all
the three SIMBIOSYS channels working together (inter-channels
test) during a nominal one orbit period at Mercury.
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APPENDIX:

As defined in Section 5.2.1, the Hapke reflectance model depends by
both the geometrical and morphological properties of the Hermean
surface. The geometrical properties can be summarized in the
Henyey—Greensten function, given by:

(1 —0o)(1 -5 (1 —b?)
(1 = 2bcos(a) + b2)32 (1 — 2bcos(a) + b2)3/2’
where the parameter c is the partition between forward and
backward scattering, and b is the amplitude of the scattering
component.

The surface properties has been defined by the large-scale
roughness o (i, e, a, 0), which depends by the scattering angles

pla) = (AD)
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and by the surface roughness expression 6:

He Mo x(©)

1o(€) o) 1= fF(W) + W) xO)o/ 1or )]
(A2)

o(i,e,a,b0)=

where 6 is a measure of the average surface tilt or surface roughness
and v is the azimuth angle. The term po. and p. are given by:

Hoe = x(0) |:COS(i) + sin(i)cos(6)

cos(y)Ex(e) + Sin2(¢/2)Ez(i)]
X - (A3)
2—Ei(e) = (Y/m)E()
and
B . Es(e) — sin*(yr/2) Ex(i)
ne = x(0) [cos(e) + sin(e)tan(0) 3 Ere) — (w/n)El(i)} .
(A4)

The equations (A2), (A3), and (A4) refers to the case with i <
e. When the incident angle is higher than the emission one, the last
three equations become:

ol eap) =t M x(©)
Y to(e) noe(@) 1 — f() + f)x(@)1no/ moe(e)]’

(A5)

Hoe = x(0) {cos(i) + sin(i)cos(9)

o cos(Y)Ex(i) + sinz(w/z)bjz(e)]. (A6)
2—Ei(e) = (Y/m)E(D)
and
B . Ex(i) — sin®(Y/2) Ex(e)

ne = x(0) [cos(e) + sm(e)tan(@)2 . (l/f/ﬂ)El(i)] .
(A7)

The sub-functions are defined as follows:

1
X0 = a2 (A3)
noe(i) = %) |cos(i) + sin(Dtan(@) — 2 (A9)
o 2—E—1())"
ne(e) = x(0) |cos(e) + sin(e)tan(f) —————— Ex©) (A10)
‘ 2-Ee)]’
E|(x) =exp { ; 0t(9)cot(x)] (A11)
E>(x) = exp { % cot? (0)cot (x)} (A12)
1//

W) =exp| =251, (A13)

and

cos(y) = cos(a) — cos(i)cos(e). (Al4)

sin(i)sin(e)

The terms different from the scattering angles are the parameters
of the Hapke’s reflectance function, which are summarized in
Table Al.

For more detailed description see Hapke (2012), Hapke et al.
(2012), and Domingue et al. (2016).
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Table Al. parameter of the Hapke reflectance model Hapke (2012).
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Parameter

Values range

Definition

Single scattering albedo (w)
Single-particle scattering function
amplitude (b)

Single-particle scattering function
partition coefficient (c)

Filling factor (¢)

SHOE amplitude Bgp)

SHOE width (hg)

CBOE amplitude (Bco)

CBOE width (hc)

Surface roughness (0)

from 0 to 1
from —1to 1
from —1to 1

from 0 to 0.75
fromOto 1

from 0.02 to 1.8 Domingue et al. (2016)
fromOto 1
from 1.5 to 0 Domingue et al. (2016)

from 0° to 40°

Ratio of the amount of light scattered to the amount of
light both scattered and absorbed

Parameter that defines the amplitude of forward and
backward scattering

Parameters that affects the partition scattered light info
forward and backward direction

Fraction of the regolith volume occupied by grains
Amplitude of the effect due to shadow-hiding
mechanism

Width of the opposition effect due to shadow-hiding
effect

Amplitude of the opposition effect due to coherent
backscattering

Width of the opposition effect due to coherent
backscatter

Mean slope angle

This paper has been typeset from a TEX/I&TEX file prepared by the author.

MNRAS 491, 1673-1689 (2020)

1202 14dY 20 UO Josn (S)Sali L Ip O9IWOUOLSY OLOJEAISSSO) 81saliL 4VNI A G29019G/€291/2/L6¥/2I01E/SEIUW/WO0d dNOD1LSPED.//:Sd))Y WO} PaPEOjUMO]



