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ABSTRACT

We present a new comprehensive radiative transfer model to study the solar irradiance that reaches the surface of Mars in the
spectral range covered by MetSIS, a sensor aboard the Mars MetNet mission that will measure solar irradiance in several bands
from the ultraviolet (UV) to the near infrared (NIR). The model includes up-to-date wavelength-dependent radiative properties of
dust, water ice clouds, and gas molecules. It enables the characterization of the radiative environment in different spectral regions
under different scenarios. Comparisons between the model results and MetSIS observations will allow for the characterization of
the temporal variability of atmospheric optical depth and dust size distribution, enhancing the scientific return of the mission. The
radiative environment at the Martian surface has important implications for the habitability of Mars as well as a strong impact on
its atmospheric dynamics and climate.
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1. Introduction

Advances in space exploration require a deeper knowledge of
the environments of the bodies of the solar system. The charac-
terization of the solar radiation reaching planetary environments
has become crucial to address aspects related to their habitabil-
ity and physical processes, resulting in one of the main topics
under study in planetary space weather (Lilensten et al. 2014).

Here we focus on the solar radiation reaching the Martian
surface. Solar ultraviolet radiation is very important for habit-
ability because it is linked to biological effects and potential
survival of organisms at the surface of Mars (Córdoba-
Jabonero et al. 2003; Patel et al. 2004). Additionally, surface
solar radiation measured at different spectral bands can provide
information about the concentration of atmospheric dust and
various Martian atmospheric components such as O3, as well
as about their variations from diurnal to annual scales (Perrier
et al. 2006; Vázquez et al. 2007; Zorzano et al. 2009; Gómez-
Elvira et al. 2012; Lefèvre et al. 2014). Furthermore, the spatial
distribution of the absorbed radiation in the atmosphere has an
important effect on atmospheric temperatures (Madeleine et al.
2011) and dynamics (Read & Lewis 2004). Also, the solar
radiation is the main term of the Martian surface energy budget
(Martínez et al. 2014), which in turn controls the diurnal evo-
lution of ground temperature (Savijärvi & Kauhanen 2008;
Martínez et al. 2009) and thus the thermodynamic processes
in the Martian Planetary Boundary Layer (PBL) (Martínez
et al. 2011; Petrosyan et al. 2011).

The Rover Environmental Monitoring Station (REMS) UV
sensor on board the Mars Science Laboratory (MSL) mission
measures the solar radiation at the surface of Gale crater

(4.6� S) in six bands between 200 and 380 nm. In support of
the REMS UV sensor, and to extend its measuring range,
the Mars MetNet Mission (http://metnet.fmi.fi) includes a
Solar Irradiance Sensor (MetSIS) as part of its payload, which
has been designed to measure solar radiation at the Martian
surface in several bands up to 1100 nm. Most of the MetSIS
channels have a hemispherical field of view and are designed
to be pointing to the zenith, measuring therefore the solar
irradiance at the surface.

Here we present a new comprehensive radiative transfer
model that calculates the spectral solar irradiance from wave-
length-dependent radiative parameters, enabling calculations
of solar radiation fluxes in different spectral regions covered
by MetSIS and REMS. The various results of the model
provide information about the radiative environment at the
Martian surface under typical and extreme scenarios, and allow
comparisons between model results and in situ measurements,
improving the scientific return of present and future missions
to Mars.

In Section 2, we describe the radiative transfer model, here-
inafter COMIMART (COmplutense and MIchigan MArs Radi-
ative Transfer model). In Section 3, we validate COMIMART
using as a reference solar fluxes calculated by the DISORT
radiative transfer algorithm (Stamnes et al. 1988). In Section 4,
we show important results derived from the model to character-
ize the radiative environment at the Martian surface: first, we
present an analysis of the contributions of the individual atmo-
spheric components to the total optical depth and perform sen-
sitivity studies for scenarios that cover most of the possible
atmospheric compositions at low and mid-latitudes; then, we
analyze the diurnal evolution of integrated solar fluxes in the
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MetSIS band 200–1100 nm under different scenarios and com-
pare them with fluxes calculated in the full shortwave spectral
range; finally, we study spectral irradiances in the range
200–1100 nm also under different scenarios, and describe a
method to estimate the optical depth and particle size distribu-
tion from the model and in situ measurements in different
bands. In Section 5, we summarize our results and discuss their
importance.

2. Description of the model

The solar radiation at the top of the atmosphere (TOA) and the
radiative properties of the atmosphere govern the solar flux that
reaches the surface of Mars. The calculation of the solar radi-
ation at the TOA and the determination of the radiative
properties of the Martian atmosphere based on updated wave-
length-dependent radiative properties of its components are
described below.

2.1. Solar spectrum at the top of the atmosphere

The spectral irradiance that reaches a horizontal surface at the
TOA as a function of the latitude and time of the year can be
determined using the expression

E ¼ Em

�
sin e sin Ls sin /þ 1� sin2 e sin2 Ls

� �1=2

� cos / cos
2pt
P

�
1þ e cos Ls � Ls;p

� �
1� e2

� �2

; ð1Þ

where Em represents the spectral irradiance at the mean
distance between the Sun and Mars (1.52 AU), e = 0.0934
is the eccentricity of the orbit of Mars, Ls,p = 251� is the
solar longitude at the perihelion, e = 25.2� is the Martian
obliquity, P = 88,775 s is the length of a sol (a Martian
day), / is the latitude, and t is the time measured in seconds
from local noon (Haberle et al. 1993; Patel et al. 2002).
In COMIMART, Em is determined from the 2000 American
Society for Testing and Materials (ASTM) Standard Extrater-
restrial Solar Spectrum Reference E-490-00 (http://rredc.
nrel.gov/solar/spectra/am0).

The first bracket on the right-hand side of Eq. (1) repre-
sents the cosine of the solar zenith angle, while the second
one shows the ratio of the mean distance between the Sun
and Mars to the distance at a given orbital position. By using
Eq. (1) we are assuming that the Sun is a point source, a stan-
dard approximation for radiative transfer studies on the Earth
due to the small errors involved except during sunrise or sunset
(Stamnes et al. 2000), which become even smaller for Mars
due to the larger distance to the Sun.

2.2. Radiative properties of the Martian atmosphere

The different components of the Martian atmosphere interact
with the solar radiation by means of absorption and scattering
processes. The components considered in this model are dust,
water ice clouds, and gas molecules (CO2, N2, Ar, O2, O3, and
H2O). These components are denoted with the subscripts d, c,
and g.

In order to obtain the amount of radiation that reaches
the surface, the total atmospheric optical depth s is calculated

from the individual contributions of each atmospheric
component as

s kð Þ ¼ sg kð Þ þ sd kð Þ þ sc kð Þ: ð2Þ
The optical depth of each component can be separated into

two terms: one accounting for scattering (indicated with the
subscript s) and the other for absorption (denoted with the sub-
script a). Following this notation, Eq. (2) can be rewritten as

s kð Þ ¼ sgs kð Þ þ sds kð Þ þ scs kð Þ þ sga kð Þ þ sda kð Þ
þ sca kð Þ: ð3Þ

A description of the calculation of the terms of Eq. (3) is
provided below, beginning with dust, continuing with clouds,
and ending with the terms related to the gas molecules.

Among the various Martian atmospheric constituents, dust
has the greatest impact on the absorption and scattering of
solar radiation. In order to quantify the result of its interaction
with solar radiation, three radiative parameters are needed: the
extinction efficiency, Qext,d(k), defined as the extinction cross-
section (the sum of the scattering and absorption cross-
sections) divided by the projected surface area of the spherical
particle; the single scattering albedo, x0,d(k), defined as the
ratio between scattering and extinction coefficients; and the
asymmetry factor, gd(k), defined as the first moment of the
phase function, which represents the probability of scattering
in any given direction.

In COMIMART, we calculate updated wavelength-
dependent values of these three parameters by using the Mie
theory and the refractive indices presented by Wolff et al.
(2009) and Wolff et al. (2010). These three parameters also
depend on the size distribution of the particles. Here we
assume a log-normal size distribution, characterized by the
effective radius, reff, and the effective variance, meff (Hansen
& Travis 1974), and select standard values of reff = 1.5 lm
(Clancy et al. 2003; Wolff & Clancy, 2003; Kahre et al.
2006; Madeleine et al. 2011) and meff = 0.3 (Rannou et al.
2006; Madeleine et al. 2011). The reader is referred to
Section 4.3 for a discussion of the impact of choosing different
size distributions on the calculation of the spectral irradiance.

Madeleine et al. (2011) show that the opacity of the atmo-
sphere is directly proportional to the extinction efficiency.
Thus, by using the value of the optical depth at any particular
wavelength as a reference, we calculate the dust opacity sd(k)
at any other wavelength from the corresponding value of
Qext,d(k). We have chosen 880 nm as a reference in
COMIMART to enable a direct comparison to the measure-
ments taken by the Pancam cameras at the locations of the
Mars Exploration Rovers (Lemmon et al. 2015) and by the
Mastcam cameras at the MSL site; we denote the dust optical
depth at this wavelength by sd,880. The model enables the cal-
culation of the two contributions (scattering and absorption) to
sd. The scattering optical depth due to dust particles in Eq. (3)
is obtained by multiplying sd(k) by x0,d(k).

Solar radiation also interacts with water ice clouds. In order
to quantify their effect, we calculate the water ice radiative
properties (Qext,c(k), x0,c(k), and gc(k)) from the refractive
indices given by Warren (1984). In this case, we select a
log-normal size distribution with reff = 3 lm (Wolff & Clancy
2003) and meff = 0.1 (Wolff & Clancy 2003; Madeleine et al.
2012). In order to obtain sc(k), we follow the same procedure
as for the dust, but selecting 825 cm�1 (roughly 12.1 lm) as
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the reference wavelength to simplify the comparison to
Thermal Emission Spectrometer (TES) results (Smith 2004).
Thus, we obtain sc(k) as

sc kð Þ ¼
Qext;c kð Þ

Qext;c;12:1 1� x0;c12:1ð Þ sca;12:1; ð4Þ

where sca,12.1 stands for the TES absorption optical depth.
We have followed the same scheme as in the dust case to cal-
culate the absorption and scattering cloud optical depths at
each wavelength.

The interaction of gas molecules with solar radiation is
quantified by means of their scattering and absorption cross-
sections. The total optical depth due to scattering by gas mol-
ecules is given by the sum of the scattering optical depths of
CO2, N2, Ar, and O2, which are calculated multiplying their
column abundance N by their Rayleigh scattering cross-section
rs as follows

sgs ¼ rs;CO2 NCO2 þ rs;N2 N N2 þ rs;ArNAr þ rs;O2 N O2 : ð5Þ

Note that scattering by O3 and H2O is not considered
because these molecules are variable trace species in the
Martian atmosphere, and thus we can consider their effect on
Rayleigh scattering negligible. The column abundance is
obtained using the expression

N ¼ p � Av

M � g�
nrel; ð6Þ

where p represents the pressure at the surface, Av is the
Avogadro’s number, M is the molecular mass of the gas, g*
is the gravity, and nrel is the relative abundance of the gas
in the atmosphere. The scattering cross-section is obtained as

rs kð Þ ¼ 24p3

k2N 2
s

n2 kð Þ � 1

n2 kð Þ þ 2

� �2

F k kð Þ; ð7Þ

where Ns represents the number of molecules per unit of vol-
ume, n is the refractive index, and Fk is the King correction
factor (Sneep & Ubachs 2005). Refractive indices for CO2

and O2 are taken from Sneep & Ubachs (2005), while for
N2 and Ar they are taken from Weber (2003) and references
herein. King correction factors for CO2, O2, N2, and Ar are
taken from Sneep & Ubachs (2005).

Absorption by gas molecules is calculated from their
absorption cross-sections when an absorption continuum is
observed for a particular component. In addition to the absorp-
tion continua, some gas molecules of the Martian atmosphere,
especially CO2 and H2O, show absorption lines that can be
characterized individually in the shortwave range (Rothman
et al. 2013). We have not included these lines in the model
because they have a negligible effect in the 200–1100 nm
range, and still a very small effect in the remaining range of
the shortwave range (the reader is referred to Sect. 3.1.1 for
further details on this assumption). Taking this into account,
the total optical depth due to absorption by gas molecules is
calculated from

sga ¼ ra;CO2 N CO2 þ ra;O2 NO2 þ ra;O3 N O3 þ ra;H2ONH2O; ð8Þ
where ra represents the absorption cross-section of each gas.
Since the mixing ratios of O3 and H2O are not vertically uni-
form, their column abundances are not obtained from Eq. (6),
but introduced as model inputs.

In the present Martian atmosphere, CO2 is the gas with
the greatest impact on solar radiation. CO2 absorption

cross-sections have been included for the spectral range
between 122 and 202 nm (Lewis & Carver 1983; Ityaksov
et al. 2008), this last value representing the wavelength at
which CO2 absorption approximately begins to be negligible
(Ityaksov et al. 2008). The high values of the absorption
cross-section, together with the CO2 abundance in the Martian
atmosphere, produce a cut at roughly 200 nm in the solar spec-
trum that reaches the Martian surface. The temperature depen-
dence of the cross-sections measured in the range from 200 K
to 370 K by Lewis & Carver (1983) has been included in
COMIMART, but due to the low spectral irradiance at these
wavelengths and the aforementioned cut in the spectrum, its
impact on the solar flux at the surface is small.

Besides CO2, there are other radiatively active gas mole-
cules, although they are present in small amounts in the
Martian atmosphere. We have included O3 cross-sections in
the ranges 214–1100 nm and 203–293 K (Serdyuchenko
et al. 2014) and O2 cross-sections in the ranges 176–
242.5 nm and 200–300 K (Frederick & Mentall 1982). Despite
the cut in the spectrum produced by CO2, we have included
H2O cross-sections in the range 182–197 nm (Parkinson &
Yoshino 2003) to allow studies in scenarios with very different
relative molecular abundances. H2O2 molecule presents
absorption in the UV region with relatively high absorption
cross-sections (Lin et al. 1978), but its effect has not been con-
sidered here because its mixing ratio shows typical values as
low as 10�8 (Encrenaz et al. 2012).

Once the total optical depth attributable to all the atmo-
spheric components is obtained, effective values for the single
scattering albedo and for the asymmetry factor are determined.
The former is given by the ratio between the total scattering
optical depth (the sum of the first three terms of the right-hand
side of Eq. (3)) and the total optical depth (Eq. (2)); the latter is
obtained from the equation

g ¼ sdsgd þ scsgc

sgs þ sds þ scs

; ð9Þ

where the assumption of isotropic molecular scattering has
been taken.

2.3. Calculating solar fluxes

We calculate solar fluxes in any given band by using the delta-
Eddington approximation, which is based on the two-stream
Eddington approximation for multiple scattering plane-parallel
atmospheres, except that it includes a delta adjustment in the
phase function to improve the accuracy when the asymmetry
factor is high (Joseph et al. 1976). This is the case of the
Martian aerosols, particularly in the UV spectral region.
In the delta-Eddington approximation, the asymmetry factor,
the single scattering albedo and the optical depth are trans-
formed according to Joseph et al. (1976) as

g0 ¼ g
1þ g

; ð10Þ

x0 ¼ x0
1� g2

1� x0g2
; ð11Þ

s0 ¼ s 1� x0g2
� �

: ð12Þ

After the calculation of the aforementioned radiative param-
eters, and assuming a single layer atmosphere (see Sect. 3.1.2
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for further details on this assumption), solar fluxes at the
surface are estimated using the following set of equations
(Haberle et al. 1993; Patel et al. 2002)

T ¼ E½C1 exp �ksð Þ 1þ P 0ð Þ þ C2 exp ksð Þ 1� P 0ð Þ

� aþ b� 1ð Þ exp �s=l0ð Þ�; ð13Þ

k ¼ 3 1� x0ð Þ 1� gx0ð Þ½ �1=2
; ð14Þ

P 0 ¼ 2

3

3 1� x0ð Þ
1� gx0

� �1=2

; ð15Þ

a ¼ 3

4
l0x0

1þ g 1� x0ð Þ
1� l2

0k2 ; ð16Þ

b ¼ 1

2
l0x0

1=l0 þ 3l0g 1� x0ð Þ
1� l2

0k2 ; ð17Þ

C1 ¼ �
1� P 0ð ÞC3 exp �s=l0ð Þ � aþ bð ÞC4 exp ksð Þ
1þ P 0ð ÞC4 exp ksð Þ � 1� P 0ð ÞC5 exp �ksð Þ ;

ð18Þ

C2 ¼
1þ P 0ð ÞC3 exp �s=l0ð Þ � aþ bð ÞC5 exp �ksð Þ

1þ P 0ð ÞC4 exp ksð Þ � 1� P 0ð ÞC5 exp �ksð Þ ;

ð19Þ

C3 ¼ Aþ 1� Að Þa� 1þ Að Þb; ð20Þ

C4 ¼ 1� Aþ P 0 1þ Að Þ; ð21Þ

C5 ¼ 1� A� P 0 1þ Að Þ: ð22Þ

In these expressions, T is the total (direct + diffuse) flux at
the surface in the selected spectral region, l0 is the cosine of
the solar zenith angle at the TOA, and A is the surface albedo.
Note that the dependence of s, x0, g, and A on wavelength is
not explicitly shown.

The direct (beam) flux, B, is calculated using the Beer-
Lambert law:

B ¼ E � exp �s=l0ð Þ; ð23Þ
where s is the value of the atmospheric optical depth before
using Eq. (12). Finally, the diffuse flux, D, is obtained by sub-
tracting the direct component from the total flux at the
surface.

3. Model testing and validation

In this section we discuss various assumptions considered in
the model and then validate their results by comparing the

calculated surface fluxes to those obtained using the DISORT
algorithm (Stamnes et al. 1988).

3.1. Discussion on model assumptions

3.1.1. Effect of individual absorption lines

We discuss the impact of the individual CO2 and H2O lines on
surface fluxes and show that it can be neglected in the spectral
region between 200 and 1100 nm, and that it is still very small
in the remaining range of the shortwave range.

We quantify the impact of these individual lines by using
the atmospheric radiative transfer model MODTRAN (MOD-
erate resolution atmospheric TRANsmission; Berk et al. 1998)
as follows. We introduce an aerosol-free atmospheric vertical
profile based on the reference profile shown by Savijärvi
et al. (2005). We obtain that when l0 = 1, CO2 and H2O
absorb together only about 1% of the incoming solar radiation
at the top of the atmosphere. Moreover, the absorption due to
these individual lines is much smaller between 200 and
1100 nm, representing only a 0.0091% of E when the Sun is
at the zenith. When l0 = 0.5, the fraction of E absorbed by
these lines increases because of the longer optical path, but
its value remains very small (0.016%). These results confirm
that the effect of these lines on the solar flux measured at wide
spectral bands in the MetSIS range is negligible. In addition,
considering the effect of each individual line at the correspond-
ing wavelength would require a very high spectral resolution,
significantly slowing down the computing process.

3.1.2. Single layer approximation

We test the validity of the single layer approximation by using
DISORT to calculate and compare fluxes at the surface under
five different scenarios and for two different scattering
regimes. For each scenario and regime, we first consider two
layers (with dust at the bottom and ice clouds on top), and then
only a single layer. As shown below, the differences are negli-
gible from 200 to 1100 nm (MetSIS range).

The five scenarios are defined as follows. The first repre-
sents typical clear conditions, with sd = 0.3 and sc = 0.02,
and with the Sun at the zenith (l0 = 1). The second scenario
considers the same sd and l0, but a higher cloud optical depth
(sc = 0.15). Scenarios 3 and 4 are like 1 and 2, respectively, but
with l0 = 0.5. Finally, scenario 5 considers the same sc and l0

as 2, but under typical dusty conditions (sd = 1).
For each scenario, we select two different scattering

regimes. This is because the dust single scattering albedo,
the dust and water ice clouds asymmetry factor, and the surface
albedo show significantly different properties in the UV (200–
400 nm) and NIR (700–1100 nm) regions. In particular, the
dust single scattering albedo and asymmetry factor show small
spectral variability between 700 and 1100 nm, with calculated
values around 0.97 and 0.70, respectively. Toward the UV
region, the dust single scattering albedo decreases and the
asymmetry factor increases. Moreover, the surface albedo also
depends on the wavelength, with lower values in the UV region
(Perrier et al. 2006) than in the NIR (Mustard & Bell 1994).

In the two-layer case and for the bottom dust layer, we set
representative values of x0,d = 0.67 and gd = 0.87 in the UV,
and x0,d = 0.97 and gd = 0.70 in the NIR. For the top cloud
layer, we set representative values of x0,c = 1 and gc = 0.85
in the UV, and x0,c = 1 and gc = 0.81 in the NIR. In the one
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layer case, we calculate the effective radiative parameters as
described in Section 2 by considering the optical depths of
each scenario and the single scattering albedo and asymmetry
factor values defined above. Finally, we set values of A = 0.03
in the UV and A = 0.25 in the NIR.

Table 1 shows the values of T/E for the single layer and
two-layer cases under the five scenarios described above and
for the two scattering regimes. It also shows the relative error
in considering a single layer. For any possible combination of
the selected scenarios and scattering regimes, the relative error
is below 0.4%. In particular, due to the different values of the
radiative parameters of the dust and water ice clouds layers in
the two scattering regimes, the departure between the single
and two-layer approximation in the UV is higher than in the
NIR (where it is about 10�2%), but it is still very small
(approximately 10�1%). Therefore, the single layer approxima-
tion is valid to calculate the solar fluxes that reach the Martian
surface in the MetSIS range.

3.2. Validation of the model

We validate COMIMART by comparing the calculated surface
fluxes to those obtained using the DISORT algorithm. Values

of solar fluxes at the surface depend on the optical depth, single
scattering albedo, asymmetry factor, surface albedo, and zenith
angle. As in Section 3.1.2, we analyze both fluxes in the UV
and NIR scattering regimes for several optical depths and
zenith angles, and select two sets of radiative parameters for
each region, with x = 0.67, g = 0.87, and A = 0.03 in the
UV regime, and x = 0.97, g = 0.70, and A = 0.25 in the
NIR regime. The selected combination of scenarios and scat-
tering regimes encompasses a comprehensive representation
of the Mars’ atmospheric radiative properties and solar geom-
etries, ensuring a thorough validation of COMIMART.

In the DISORT model, we select a Henyey-Greenstein
phase function (Henyey & Greenstein 1941) to be consistent
with the transformation of the radiative parameters in the
delta-Eddington approximation shown by Eqs. (10)–(12). Also,
we set the number of streams to 32 to obtain highly accurate
flux values.

We show in Table 2 (UV) and Table 3 (NIR) the ratio of the
flux at the surface to the flux at the top of the atmosphere (T/E)
calculated with DISORT (top) and with COMIMART (middle)
for representative values of l0 and s. We also show the relative
departure, in percentage, between COMIMART and DISORT
(bottom). For high values of l0 and for typical optical depths

Table 2. T/E calculated using DISORT (top) and COMIMART (middle), and relative departures (bottom), for x0 = 0.67, g = 0.87, and
A = 0.03.

x0 = 0.67, g = 0.87, A = 0.03
l0

0.3 0.5 0.7 0.85 1
T/E (DISORT)

s

0.3 0.6540 0.7904 0.8525 0.8798 0.8986
0.6 0.4366 0.6201 0.7221 0.7701 0.8044
1 0.2711 0.4491 0.5755 0.6415 0.6909
1.5 0.1644 0.3035 0.4314 0.5074 0.5680
2.5 0.0744 0.1465 0.2419 0.3132 0.3781
5 0.0162 0.0311 0.0595 0.0908 0.1284

T/E (COMIMART)

s

0.3 0.6808 0.7955 0.8519 0.8783 0.8974
0.6 0.4735 0.6343 0.7245 0.7694 0.8028
1 0.3021 0.4706 0.5825 0.6425 0.6890
1.5 0.1819 0.3258 0.4420 0.5103 0.5658
2.5 0.0766 0.1587 0.2521 0.3172 0.3755
5 0.0133 0.0283 0.0594 0.0910 0.1263

Relative departure (%)

s

0.3 4.10 0.65 �0.07 �0.17 �0.14
0.6 8.46 2.29 0.34 �0.09 �0.20
1 11.43 4.79 1.22 0.16 �0.28
1.5 10.63 7.35 2.46 0.58 �0.38
2.5 2.96 8.35 4.23 1.27 �0.67
5 �17.71 �9.03 �0.20 0.27 �1.62

Table 1. Comparison between T/E for a single effective atmospheric layer (denoted by the subscript 1) and T/E for a vertically inhomogeneous
atmosphere, for the conditions described in the text.

UV conditions NIR conditions

Scenario (T/E)1 (T/E)2 Rel. error (%) (T/E)1 (T/E)2 Rel. error (%)
1 0.89787 0.89757 0.033 0.98431 0.98420 0.011
2 0.89211 0.89084 0.143 0.98153 0.98114 0.040
3 0.78715 0.78660 0.070 0.90046 0.90046 <10�4

4 0.76555 0.76388 0.219 0.87848 0.87864 �0.018
5 0.68327 0.68106 0.324 0.91125 0.91059 0.072
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between 0.3 and 1.5 (Lemmon et al. 2015), the results obtained
with both models are in excellent agreement, with absolute val-
ues of the relative departure ~1% in the NIR region and even
lower in the UV. For low values of l0, relative departures
between both models are slightly higher, with values typically
between 4% and 10% regardless of the value of s. Still, the
absolute departure stays comparable to that at higher solar
elevations because for lower l0 values, the calculated fluxes
are smaller. Therefore, except at high solar zenith angles, cor-
responding to the times of the day close to sunrise and sunset
(when the plane-parallel atmosphere assumption loses valid-
ity), the results obtained with COMIMART are accurate in
the two scattering regimes.

4. Results

4.1. Effect of individual atmospheric components
and sensitivity studies

Here we study the relative contribution of each atmospheric
component to the total atmospheric optical depth under a typ-
ical scenario, and then we perform sensitivity studies to check
the robustness of the results to changes in atmospheric condi-
tions. These sensitivity studies show a method to estimate the
optical depth from MetSIS measurements and model results.

The total optical depth is given by the sum of the individual
terms in Eq. (3). We analyze the relative contribution of each
of these terms under typical clear Martian atmospheric condi-
tions at low and mid-latitudes, corresponding to the initially
selected landing sites for the MetNet mission. We characterize
these conditions by choosing values of dust optical depth
sd,880 = 0.3 (Lemmon et al. 2015), water ice clouds absorption
optical depth sca,12.1 = 0.02 (typical value outside the aphelion
cloud belt; Smith 2004; Madeleine et al. 2012), and ozone col-
umn abundance of NO3 ¼ 1 lm-atm (Perrier et al. 2006).

Figure 1 shows the spectral behavior of the six terms
involved in Eq. (3). Even for a clear (sd,880 = 0.3) atmosphere,
dust has the greatest impact among the atmospheric constitu-
ents on the absorption and scattering of solar radiation. The val-
ues of sds are larger than those of sda, particularly in the NIR,
where values of sda represent only about 3% of the total dust
optical depth.

The effect of gas molecules on the total optical depth is sig-
nificant at short wavelengths in the UV region. There, the scat-
tering is mostly caused by CO2 (97.62%), followed by
contributions from N2 (1.72%), Ar (0.62%), and O2 (0.04%).
The absorption optical depth of the gas molecules is noticeable

Table 3. As in Table 2, but for x0 = 0.97, g = 0.70, and A = 0.25.

x0 = 0.97, g = 0.70, A = 0.25
l0

0.3 0.5 0.7 0.85 1
T/E (DISORT)

s

0.3 0.7948 0.9038 0.9524 0.9721 0.9846
0.6 0.6701 0.8168 0.8979 0.9345 0.9590
1 0.5693 0.7221 0.8265 0.8796 0.9178
1.5 0.4907 0.6308 0.7447 0.8101 0.8608
2.5 0.3910 0.5027 0.6092 0.6810 0.7436
5 0.2457 0.3146 0.3851 0.4397 0.4950

T/E (COMIMART)

s

0.3 0.8266 0.9055 0.9445 0.9628 0.9761
0.6 0.7129 0.8278 0.8923 0.9244 0.9483
1 0.6129 0.7429 0.8276 0.8727 0.9076
1.5 0.5308 0.6578 0.7538 0.8089 0.8533
2.5 0.4253 0.5305 0.6270 0.6893 0.7432
5 0.2675 0.3317 0.4006 0.4529 0.5039

Relative departure (%)

s

0.3 4.00 0.18 �0.83 �0.96 �0.86
0.6 6.39 1.34 �0.63 �1.08 �1.12
1 7.65 2.88 0.14 �0.79 �1.11
1.5 8.18 4.27 1.23 �0.15 �0.87
2.5 8.77 5.52 2.92 1.22 �0.06
5 8.89 5.43 4.02 3.00 1.80

Fig. 1. Spectral behavior of the scattering and absorption optical
depths (denoted by subscripts s and a) of dust, water ice clouds, and
gas molecules (denoted by subscripts d, c, and g) for sd,880 = 0.3,
sca,12.1 = 0.02, and N O3 ¼ 1 lm-atm.
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in the range 200–300 nm and it shows a maximum at 255 nm,
caused by the O3 Hartley band. At wavelengths shorter than
202 nm, sga markedly increases (not shown in Fig. 1 for clarity
purposes), causing the cut in the spectrum due to CO2 absorp-
tion (the absorption optical depth of CO2 is around 10 at
186 nm and four orders of magnitude higher at 150 nm).

There is virtually no radiation absorbed by the water ice
clouds in the 200–1100 nm region, with a maximum ratio
sca/scs lower than 10�4 (x0,c ~ 1 in this spectral range). In gen-
eral, the effect of water ice clouds on the total optical depth is
stronger than that of gas molecules, except in the UV region,
where the scattering by gas molecules exceeds that by ice
clouds.

We note that the effect of variations in the ozone column
abundance and of the temperature dependence of the cross-
sections on the calculated solar fluxes is insignificant.
For instance, the surface solar flux between 200 and 310 nm
at the equator, at noon, and at Ls = 270� is approximately
8.18 W/m2 when NO3 ¼ 1 lm-atm. If we triple this value,
the flux at the surface would be 8.04 W/m2, and thus the
decrease is lower than 1.8%. The effect of temperature is even
weaker: the difference between 203 K and 218 K (which is the
temperature considered by Patel et al. 2002) is only of
0.0014%, even for a high value of N O3 ¼ 3 lm-atm. These
effects are even weaker if we consider the band between 200
and 1100 nm, where the described changes in concentration
and temperature represent, respectively, 0.033% and less than
a 10�4% of the total flux.

After having weighted the contribution of the individual
atmospheric components to the total spectral optical depth
for a particular scenario, we perform sensitivity studies to ana-
lyze the solar flux at the surface in the range 200–1100 nm
(which is covered by one of the MetSIS channels) for a wider
variety of scenarios. In particular, we define 1000 atmospheric
scenarios covering typical and extreme scenarios found at low
and mid-latitudes, in which sd,880 ranges between 0 and 1.5,
sca,12.1 between 0 and 0.15, and N O3 between 1 and 3 lm-atm.

Figure 2 shows the ratio T/E for each scenario when
l0 = 0.85. A similar behavior has been found for different val-
ues of l0. This ratio is mainly affected by dust optical depth,
showing a decrease of about a 20% between low (~0.3) and
high (~1.5) values of sd. The effect of water ice clouds is very
small because both the values and variability of sc are much
lower than those for sd, with changes in T/E below 2% between
the extreme scenarios (sc = 0 and sc = 0.15). Finally, varia-
tions of O3 abundance in the range 1–3 lm-atm (represented
in Fig. 2 by different marker sizes) have a negligible effect
on T/E, with changes lower than 0.04%.

The described behavior of T/E suggests a method to esti-
mate dust optical depth from MetSIS measurements in a spe-
cific band. From a given measurement of T, we first calculate
the ratio T/E, with E given by Eq. (1), and then we use a
look-up table generated from model results for different optical
depths to find the one that best matches the observations.
We complement this method to retrieve dust optical depths
with an alternative approach described in Section 4.3.

4.2. Diurnal evolution of solar fluxes under different scenarios

Here we characterize the radiative environment at the latitude
range of the initially selected MetNet landing sites (30� N–
30� S) in the MetSIS spectral range 200–1100 nm. We first
analyze the diurnal evolution of the solar flux and the total

amount of energy received during one sol (the daily irradia-
tion) as a function of latitude and s. Then, we compare solar
fluxes in the range 200–1100 nm with the total shortwave radi-
ation. This comparison is important because it allows to esti-
mate the total shortwave flux, which is a key term to
calculate the surface energy budget and thus the thermal inertia
(Martínez et al. 2014), from in situ measured fluxes between
200 and 1100 nm.

Figure 3 shows the diurnal evolution of the surface solar
flux in the 200–1100 nm band at four different latitudes of
30� N, 10� N, 10� S, and 30� S at the Northern Hemisphere
winter solstice (Ls = 270�). Around this time of the year and
at these latitudes, dust optical depths are expected to be high
(Lemmon et al. 2015), significantly exceeding the optical depth
of water ice clouds (Smith 2004). Thus, we set typical values
for these dusty conditions of sd,880 = 1, sca,12.1 = 0.02 and sur-
face albedo at 750 nm A750 = 0.25 (mean value between bright
and dark regions of Mars; Mustard & Bell 1994).

The diffuse radiation (D) is higher than the direct compo-
nent (B) at the four considered locations, with the ratio direct
to diffuse irradiation (B/D) increasing toward the South from
0.23 at 30� N to 0.55 at 30� S. This is expected because the
mean photon path between the TOA and the surface increases
northward. Further valuable information can be obtained when
analyzing the ratio between the diffuse irradiation at the sur-
face and the irradiation at the TOA (D/E). This ratio shows
small latitudinal variability, taking values between 0.504 and
0.525, and thus allowing for a very simple estimation of the
diffuse daily irradiation just from the model results at the
TOA. We note that for clearer atmospheres, the ratio D/E pre-
sents a larger latitudinal variability (between 0.288 and 0.379
for sd,880 = 0.3), and thus the diurnal evolution of the diffuse
flux at the surface provided by the model is necessary to com-
pute the diffuse daily irradiation at each latitude.

We complement the previous analysis with the study of
variations of the surface solar flux between 200 and
1100 nm at a given latitude due to changes in s. Figure 4
shows the diurnal evolution of the surface solar flux at an equa-
torial location (/ = 0�) at Ls = 270� for a range of dust optical
depths at 880 nm between 0 and 4.6, which is the maximum

Fig. 2. T/E for 1000 atmospheric scenarios characterized by dust
optical depth (horizontal axis), water ice clouds optical depth
(vertical axis), and ozone abundance (marker size, which increases
with ozone abundance, with values between 1 lm-atm and 3 lm-
atm).
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Fig. 3. Diurnal evolution of the direct (B, blue line), diffuse (D, green line), and total (T, red line) surface solar flux between 200 and 1100 nm
at four different latitudes during the Northern Hemisphere winter solstice, for sd,880 = 1 and sca,12.1 = 0.02. The flux at the TOA (E) is
represented by the black line. The values of the legend represent daily irradiation between 200 and 1100 nm in MJ m�2.

Fig. 4. As in Figure 3, but for different values of sd,880 in the range 0–4.6 at a fixed latitude / = 0�.
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optical depth observed at the opportunity landing site during
the first five Mars years of measurements (Lemmon et al.
2015).

The diurnal evolution of solar radiation at the surface is
mainly affected by the amount of dust in the atmosphere, as
expected from the sensitivity studies shown in the previous
section. In the dust-free scenario, the total irradiation at the
surface accounts for about 99% of its value at the TOA
(T/E = 0.99), the remaining 1% being backscattered to space
by water ice clouds and molecular gases or being absorbed
by gas molecules (the absorption by water ice clouds is negli-
gible in the MetSIS range, as discussed in the previous sec-
tion). Most of the surface flux is composed by direct
radiation (B/T = 0.94) due to the small optical depths of water
ice clouds and gas molecules, which have a small and a virtu-
ally negligible impact between 200 and 1100 nm, respectively,
with more than 90% of the diffuse irradiation caused by the
water ice clouds.

When the dust optical depth is 0.3, which is a typical
value under clear conditions at the Spirit landing site (Lemmon
et al. 2015), the total irradiation at the surface accounts for
about 91% of its value at the TOA (T/E = 0.91). In this case,
the ratio between direct and total irradiation (B/T) becomes
0.68, and the amount of direct radiation is larger than the
diffuse one except at and near sunrise and sunset Sun’s posi-
tions, which is consistent with a longer solar ray path at those
times.

Under dusty conditions (s = 1), the ratio between the irra-
diation at the surface and that at the TOA is T/E = 0.76. In this
case, the diffuse flux is always larger than the direct one, with
the B/T ratio showing values of 0.32, which highlights the
important role played by the diffuse radiation in the daily
irradiation.

Under very dusty conditions (s = 4.6), there is virtually no
direct radiation at the surface and B/T ~ 0.01. However, since
the dust single scattering albedo and the asymmetry factor are
relatively high, even under these conditions a significant
amount of radiation reaches the surface (T/E = 0.34).

We compare now solar fluxes in the range 200–1100 nm
with fluxes in the entire shortwave range. Figure 5 shows the
diurnal evolutions of the total shortwave flux and the daily irra-
diations at Ls = 270� for four of the scenarios shown in Figures
3 and 4: / = 30� N and sd,880 = 1; / = 30� S and sd,880 = 1;
/ = 0� and sd,880 = 0.3; and / = 0� and sd,880 = 1. In each
scenario, the ratio of the direct irradiation in the MetSIS range
to the total shortwave direct irradiation (B/BSW) is higher than
E/ESW. This is because the weighted mean extinction efficiency
is lower between 200 and 1100 nm than in the total shortwave
range. Therefore, for a given location, B/BSW increases with
optical depth. In particular, B/BSW increases at the equator
from 0.77 when s = 0.3 to 0.89 when s = 4.6. For the same
reason, the ratio B/BSW increases for a given optical depth
when the mean solar elevation decreases: For s = 1, its value
is 0.818 for / = 30� N and 0.795 for / = 30� S.

In contrast, D/DSW shows a weak dependence on the sce-
nario, taking values between 0.724 and 0.734. The values of
T/TSW at / = 0� decrease as the optical depth increases
(T/TSW = 0.755 when s = 0.3 and T/TSW = 0.732 when
s = 4.6) because the relative contribution of the diffuse compo-
nent to the total radiation increases with the optical depth. For
the three scenarios of Figure 5 with s = 1, the ratio T/TSW

shows a very small variability, taking values between
0.748 at / = 30� N and 0.750 at / = 30� S due to changes
in the mean solar zenith angle. We have also calculated the
ratio T/TSW for the 1000 scenarios defined in the previous
section. As it happened for T/E (Fig. 2), the ratio is controlled

Fig. 5. As in Figure 3, but for the total shortwave flux, and for the combinations of / and sd,880 specified in the titles.

Á. Vicente-Retortillo et al.: Modeling solar radiation fluxes on Mars

A33-p9



by the dust optical depth. These results show that the shortwave
flux can be estimated from the flux between 200 and 1100 nm
and from the model-derived ratios.

4.3. Spectral irradiance under different scenarios

In this subsection we complement the study of broadband solar
fluxes by analyzing their spectral features between 200 and
1100 nm. Figure 6 shows a comparison between the total
spectral irradiance at the surface (T) and the ratios B/T, D/T,
and T/E for two different values of dust optical depths at
880 nm (sd,880 = 0.3 and sd,880 = 1). In both cases, / = 0�,
A750 = 0.25, Ls = 270�, sca,12.1 = 0.02, NO3 ¼ 1 lm-atm, and
t = 0 (which corresponds to noon).

For every wavelength in the range 200–1100 nm, the direct
radiation at the surface is larger than the diffuse component
when sd,880 = 0.3. However, similar values of diffuse and direct
spectral irradiance are found in the UV range when sd,880 = 1,
while at longer wavelengths the diffuse component becomes
larger than the direct component.

The D/T (B/T) ratio increases (decreases) for every wave-
length with dust opacity. However, the qualitative behavior of
D/T and B/T is similar for both optical depths. At the shortest
wavelengths, D/T decreases toward longer wavelengths mainly
due to the decreasing effect of Rayleigh scattering. Then, up to
600 nm, D/T increases markedly mainly due to the increase in
dust single scattering albedo. Between 600 and 1100 nm, D/T
keeps increasing with wavelength due to the increase in the
spectral optical depth, but at a smaller rate.

The ratio T/E decreases with increasing values of dust opti-
cal depth, and its qualitative behavior is similar for both optical
depths. As the dust optical depth increases, the difference

between the UV and NIR scattering regimes becomes more
apparent, and this causes a more pronounced increase in T/E
across visible wavelengths. Therefore, as the dust optical depth
increases, the shape of the total spectral irradiance changes,
with its peak shifting toward longer wavelengths.

Taking advantage of the spectral behavior of T/E described
above, we show an alternative method to retrieve dust optical
depth from MetSIS measurements in different spectral bands.
While the method shown in Section 4.1 is based on the effect
of optical depth on the ratio T/E in a given spectral region, the
alternative method described here relies on the effect of optical
depth on the differences between the values of T measured in
bands with different radiative properties.

Figure 7 shows the ratio between the spectral irradiance at
the surface at 440 nm and at 600 nm, which correspond to the
centers of two MetSIS channels, for values of sd,880 in the
range 0–1.5, sca,12.1 in the range 0–0.15, and NO3 in the range
1–3 lm-atm. As in Figure 2, the ratio T440/T600 is mainly con-
trolled by dust optical depth because in this spectral range the
radiative properties of water ice clouds show a small depen-
dence on wavelength and the variability of sc is smaller than
that of sd. The differences in the typical range of optical depths
can reach a 20%, with the lowest ratios occurring at high opti-
cal depths, being consistent with the behavior of T/E described
above. As in the case where only one band is used, a look-up
table showing values of the ratio of T at different bands (i.e.
440 and 600 nm) is generated from model results for different
optical depths to find the one that best matches the
observations.

By using both methods to estimate optical depths, we can
obtain further information on the particle size distribution
because the spectral radiative properties (used to retrieve the

Fig. 6. Total surface spectral irradiance (T, red line), ratios of direct and diffuse irradiances to T, B/T (blue line) and D/T (green line), and ratio
of T to the irradiance at the TOA, T/E (black line), between 200 and 1100 nm for clear (left) and dusty (right) conditions. Simulations run for
/ = 0�, Ls = 270�, sca,12.1 = 0.02, NO3 ¼ 1 lm-atm, at local noon.
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optical depth) depend on such distributions. As an example,
there is a difference of 4% between T440/T600 using a log-
normal dust size distribution with reff = 1.5 lm and meff = 0.3,
and using the same distribution but with reff = 1 lm and the
same meff value. Therefore, we can estimate the optical depth
by comparing the measurements in different bands with gener-
ated look-up tables of T/E for the wider MetSIS band (first
method) and T440/T600 (second method) for different size distri-
butions, and then identify the size distribution for which the
difference between the two optical depths at the reference
wavelength is minimum.

Using the model and with some additional information, we
can obtain an optical depth from the measurements at other
MetSIS channels. As an example, we could use the wider chan-
nels in the UVA (315–400 nm) and NIR (700–1100 nm)
regions. By knowing the surface pressure, the effect of
Rayleigh scattering is considered for the calculation of the
UVA flux, and then a value of the optical depth can be obtained
from the ratio TUVA/TNIR. Subsequently, it is possible to com-
pare the results to check the consistency of the retrieved optical
depths.

From the results shown in this section we can conclude that
useful scientific information, such as temporal variations from
diurnal to seasonal time scales of the atmospheric optical depth
and particle size distribution, can be obtained from a compar-
ison between measurements and COMIMART results.

5. Summary and conclusions

We have developed a comprehensive radiative transfer model
to study the solar irradiance that reaches the Martian surface.
It includes updated wavelength-dependent radiative parameters
for dust, water ice clouds, and gas molecules. The model
enables the characterization of the radiative environment under
different scenarios in the spectral regions covered by MetSIS
and REMS UV sensors.

The model is very versatile as it contains a number of input
parameters that can be modified: dust optical depth at 880 nm,
water ice clouds opacity at 825 cm�1, abundance of different

atmospheric gases, local time, solar longitude, latitude, surface
albedo, spectral band and the wavelength-dependent values of
extinction efficiency, single scattering albedo, and asymmetry
factor. By combining different values of these parameters a
wide number of scenarios can be defined, covering the range
of conditions that can be found in the Martian atmosphere.

We have validated the model by comparing the calculated
surface fluxes to those obtained using the DISORT algorithm,
showing an excellent agreement for a wide range of conditions.
In addition, we have tested some important assumptions con-
sidered in the model, showing their validity in the range
between 200 and 1100 nm.

We have shown results of different nature: diurnal evolu-
tion of the solar fluxes at the surface (both the direct and dif-
fuse components), spectral irradiance features, and daily
irradiation values. We have discussed the effect of the different
atmospheric components on the total spectral atmospheric opti-
cal depth, and have described two alternative methods to
retrieve atmospheric optical depths from in situ measurements.
The first considers measured and calculated fluxes in a single
band, while the second considers measured and calculated
fluxes in different bands with different radiative properties;
by combining both methods, additional information about par-
ticle size distribution can be obtained. Therefore, the use of the
COMIMART model in combination with measurements by the
MetSIS sensor aboard the MetNet mission can greatly enhance
its scientific return.
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