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Abstract 
A lightweight and sophisticated optical depth sensor (ODS) able to measure 
alternatively scattered flux at zenith and the sum of the direct flux and the scattered 
flux in blue and red has been developed to work in martian environment. The 
principal goals of ODS are to perform measurements of the daily mean dust opacity 
and to retrieve the altitude and optical depth of high altitude clouds at twilight, crucial 
parameters in the understanding of martian meteorology.  
The retrieval procedure of dust opacity is based on the use of radiative transfer 
simulations reproducing observed changes in the solar flux during the day as a 
function of 4 free parameters: dust opacity in blue and red, and effective radius and 
effective width of dust size distribution. The detection of clouds is undertaken by 
looking at the time variation of the color index (CI), defined as the ratio between red 
and blue ODS channels, at twilight. The retrieval of altitude and optical depth of 
clouds is carried out using a radiative transfer model in spherical geometry to simulate 
the CI time variation at twilight. Here the different retrieval procedures to analyze 
ODS signals, as well as the results obtained in different sensitivity analysis are 
presented and discussed.    
 
1 Introduction 
On Mars, dust and clouds are primary elements for studying the evolution and 
behavior of the atmosphere (Gierasch and Goody, 1972). Ice clouds and dust particles 
interact with solar radiation, influencing directly the heating rates of the surface and 
atmosphere, and hence on the martian atmospheric circulation (e.g. Madeleine et al., 
2011; Medvedev et al., 2011). In addition, in the absence of massive condensed water 
and precipitation, dust lifted from the surface of Mars by winds and atmospheric 
instability, are the unique condensation nuclei available at the atmosphere. These facts 
highlight the importance of dust and cloud particles in the vertical structure of the 
Mars atmosphere. Several years of earth-based, orbital and land observations have 
been analyzed to characterize the optical and physical properties of dust and clouds 
(e.g. Korablev et al., 1993; Pollack et al., 1995; Tomasko et al., 1999; Markiewicz et 
al., 1999; Montmessin et al., 2006; Wolff et al., 2006; Lemmon et al., 2015). Much 
progress has been made in simulating the meridional and vertical evolutions of 
atmospheric circulation. However, because dust and clouds are highly inhomogeneous 
and variable, more detailed information of the optical and physical properties are 
necessary. Orbital observations have provided information and constrains on optical 
properties of dust and clouds (Montmessin et al., 2006; Smith, 2009; Wolff et al., 
2006). Such properties are for instance droplet size, dust size distribution, dust optical 
depth. 
While orbital observations provide a more complete global coverage and 
observations, the available accuracy of aerosol characterization is often not enough 
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(e.g., Smith, 2004; Wolff et al., 2009; Lemmon et al., 2015). Despite that Lander 
observations do not provide global coverage, their wide angular measurements of sky 
brightness are best suited to retrieve detailed information at key locations. The first 
estimations of dust opacity from surface observations were carried out using Viking 
and Pathfinder measurements (e.g. Pollack et al., 1979; Colburn et al., 1989; Smith 
and Lemmon, 1999). In addition, Pollack et al. (1995), Tomasko et al. (1999) and 
Markiewicz et al. (1999) derived different values of geometric cross section weighted 
mean radius reff and variance νeff of the dust size distribution by comparing the sky 
brightness observations taken from Viking Lander 1 and 2, and Pathfinder with 
radiative transfer simulations. These authors provided information on phase function 
and single scattering albedo of dust particles using a semi empirical method (Pollack 
and Cuzzi, 1980) designed to account for non-sphericity of particles. Subsequently, 
the rovers from Mars Exploration Rover mission have provided measurements of dust 
optical depth over a total of 5 Mars years (Lemmon et al., 2004, 2015), revealing a 
strong year to year variability in dust load.  
In this work, we present the lightweight optical depth sensor (ODS) instrument, 
designed to measure the dust opacity from the surface of Mars, as well as to 
characterize clouds at twilight. The first ODS prototype was developed for the failed 
MARS96 ROSKOSMOS/CNES mission whose principal objective was to built an 
instrument as simple, energy saving and lightweight as possible for operating during 
several martian years. It was subsequently proposed as a component of the NASA 
PASCAL Mars meteorological network, mission which did not reach the operational 
phase partly owing to its high technical risk. It was also proposed for the CNES 
NETLANDER mission, unfortunately cancelled in 2003. The version of ODS 
proposed for these missions included improvements in the optics of the instrument 
with respect to the MARS96 version. ODS was selected through an ESA/NASA AO 
in the payload of the atmospheric package DREAMS onboard the MARS 2016 
mission (not included anymore in the payload because of funding issues). Additional 
developments for this mission resulted in a mass reduction and a technical 
simplification of the ODS optical head. Finally, ODS is included in the METEO 
meteorological station on board the ExoMars 2018 Lander, thanks to the support of 
the Russian Space Science Institute (IKI). 
The goal of this paper is to describe the main concept of the instrument as well as the 
retrieval procedures adopted to obtain as much information as possible on the optical 
properties of martian aerosol from ODS signals.   
 
2 Instrumentation 
 
2.1 Principle of measurements  
By using a single sensor for each wavelength range, ODS is designed to make 
alternative observations of the scattered flux at zenith and the sum of direct flux and 
scattered flux during the course of the day. Figure 1 shows the simulated scattered and 
direct flux on Mars surface as function of dust opacity. The ratio of direct flux to 
scattered flux is a monotonic function of dust opacity, providing an estimation of the 
dust opacity independent of the sensor calibration. 
The detection of high altitude clouds in the martian atmosphere is carried out by 
looking at the relative evolution of scattered flux in blue and red at twilight. The ratio 
between the scattered flux in red and blue, defined as the color index (CI), varies with 
solar zenith angle (SZA) and when high altitude clouds are present, they produce a 
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minimum in the time variation of CI during sunrise or sunset, whose SZA of 
minimum CI increases with cloud altitude. As discussed later, multiple scattering 
resulting from the forward scattering peak of dust particles makes a major 
contribution to the intensity of the twilight, and due to the fact that the forward peak 
of phase function of martian dust is larger in blue than in red (see Figure 2) the 
atmosphere takes on a bluish glow. This method for deriving cloud altitude from CI 
observations is similar to that developed for Polar Stratospheric Clouds (Sarkissian et 
al., 1991). 
 
2.2 ODS instrument 
The Martian prototype of ODS is a lightweight (107 g) optical instrument looking at 
zenith (Maria et al., 2006; Tran et al., 2005), and made of two identical optical heads. 
Each head includes a 1-mm aperture, which permits entry of scattered and direct solar 
light on to an upward-oriented primary parabolic mirror (left of Figure 3). The light 
from the primary mirror is directed to a downward oriented secondary parabolic 
mirror, which then directs the flux to a photodiode. Both parabolic mirrors are 
surrounded by vertical black walls (preventing the reflection of the light) that together 
with a 2-mm central mask located below the 1-mm aperture define an annular field of 
view (FOV) shown on the right of Figure 3. The 2-mm central mask also would serve 
as a dust collection platform, to minimize dust accumulation on the primary mirror 
surface. Blue and red channels are selected by using coloured glass filters placed in 
front of the photodiodes. The only differences between the two ODS heads are the 
filters in front of the detectors. The FOV would permit for each ODS head alternative 
measurements of the scattered flux at zenith and the sum of direct flux and scattered 
flux. Finally the photodiode current is amplified by a 8-decade logarithmic amplifier, 
allowing measurements over a large range of dust opacities. 
 
3 Dust optical depth measurement  
The daily average optical depth of martian dust is estimated by simulating ODS 
signals throughout the day with a radiative transfer model. The photodiode current is 
calculated by: 
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i = Spupil Tfilter(λ)Rdiode (λ)
0

∞

∫ Tmask (µ0,φ0,λ)µ0Φexp(−τ /µ0)dλ +

Spupil I(τ,µ0,µ,φ,λ)Tfilter(λ)Rdiode (λ)Tmask (µ,φ,λ)µdµdφ
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∫
0

2π

∫
0

∞

∫ dλ
                                (1)    

                                                  
where, I is the scattered intensity calculated by the radiative transfer model; µ0, µ and 
φ are the cosine of SZA, the cosine of observation zenith angle and the azimuth angle, 
respectively; Tmask, Tfilter, Rdiode (intensity per power) and Φ are the mask transmission, 
the filter transmission, the spectral response of photodiode and the solar flux, 
respectively; τ the total vertical opacity, Spupil the area of the pupil and λ the 
wavelength. First term of right side of Equation (1) is the contribution from direct 
light. The scattered intensity field I for different values of dust opacity can be easily 
calculated through a radiative transfer model. The final conversion into output voltage 
is done using the electronic output function. 
Our goal here is to calculate the scattered intensity field as seen from surface of Mars 
as function of dust opacity and atmospheric properties. Modelling the scattered 
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intensity field requires the following dust optical properties: optical depth ; phase 
function P(cosΘ), and single scattering albedo ω. Therefore, a method to calculate the 
phase function and single scattering albedo for non-spherical particles is required as 
well as a radiative transfer code to compute the scattered intensity field. Since dust 
optical depth retrievals are carried out during daytime, the scattered intensity field is 
computed by using the DISORT (Discrete Ordinates Radiative Transfer Program for a 
Multi-Layered Plane-Parallel Medium) code (Stamnes et al., 1988), which is a 1- 
dimensional radiative transfer model in plane parallel geometry. In order to test the 
plane parallel approximation, DISORT computations were compared against a tested 
Monte Carlo radiative transfer code in spherical geometry (Trân, 2005) for SZAs 
smaller than 90º. The results showed the reliability of DISORT simulations at SZAs 
between 0 and 80º (Toledo, 2015). 
 
3.1 Optical properties of martian dust 
Since our goal is to test the sensitivity of ODS to the optical properties of dust 
particles, for practical reasons the phase function and single scattering albedo are 
derived from the semi empirical method proposed by Pollack and Cuzzi, (1980). 
However, we emphasize here that once defined the different parameters in the 
retrieval procedure based on the sensitivity tests of ODS signal, the scattering 
properties of dust particles will be approximated using the T-matrix method 
(Mishchenko et al., 1997) for the analysis of a real ODS signal on Mars. 
This semi empirical method approximates the optical properties of dust particles by 
using a total of four parameters Xlarge, SAR, θmin, SLP. The parameters θmin and SLP 
are used to set up the phase function, θmin establishes the scattering angle where the 
phase function reaches its minimum, and SLP which defines the slope of the phase 
function at 0º (

€ 

SLP = −d logP(Θ) /dΘ |Θ=0 ). The parameter Xlarge establishes a critical 
size for which the scattering of particles is calculated by Mie theory or is 
approximated by geometrical optics. SAR is the ratio of irregular particle surface area 
to that of an equal spherical particle and it is used to weight the relative contribution 
by particles smaller than Xlarge and greater than Xlarge to the scattering properties. 
Based on results of different sensitivity analysis, Pollack et al. (1995) adopted a fixed 
values for Xlarge=5 and SAR=1.3 for martian dust particles. Following these authors as 
well as other works (e.g., Tomasko et al., 1999; Montmessin et al., 2002) we fixed the 
value of these parameters for the simulations. In addition to these parameters, the 
refractive index and size distribution of dust particles are needed. Different functions 
to describe the size distribution have been used. For instance, Tomasko et al. (1999) 
and Markiewicz et al. (1999) employed the gamma distribution given by Hansen and 
Travis, (1974). This function is expressed in the form 
 

€ 

n(r) = cr(1−3ν eff ) /ν eff exp(−r /(reffν eff ))                                                            (2) 
 
where r, reff, νeff  are the particle radius, effective radius and effective width, 
respectively; c is a constant. However, other studies have chosen the lognormal size 
distribution (Montmessin, 2002; Pollack et al., 1995). In this work we take the gamma 
distribution as expressed in Equation (2). The election of the function to describe the 
size distribution is not crucial in the calculations since as was demonstrated by 
Hansen and Travis (1974), different forms of size distribution provide the same 
scattering properties as long as the first two moments (reff and veff) are equal. The 
particle imaginary refractive index at blue and red wavelengths are taken from 
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Tomasko et al. (1999), while the real part is fixed to 1.5 for both wavelengths (Pollack 
et al., 1995; Tomasko et al., 1999).  
 
3.2 Sensitivity to dust optical depth 
In order to test the sensitivity of ODS to dust opacity we have simulated ODS 
measurements on Mars surface for different dust loads. For the calculations of the 
solar trajectory, we assume that ODS is localized at 30º N latitude, 0º W longitude. It 
is assumed that the absorption and scattering coefficients decrease exponentially with 
altitude and with a scale height of 10 km. However, the vertical distribution of dust 
does not have a major impact on the retrievals, since the radiative transfer simulations 
are carried out in plane-parallel geometry. Indeed, we tested different values of scale 
height (8, 9, 10, 11 and 12 km) as well as combinations of those scale heights with 
dust layers located at different altitudes, and in all cases we found similar results. 
Figure 4 shows the evolution of simulated ODS signals during the course of a martian 
day for different dust opacities and constant values of reff, νeff, θmin and SLP (reff=1.6 
µm, νeff=0.2, SLPblue=115, SLPred=120, θblue

min=138º, θblue
min=150º). The bands 

delimited by the black dashed lines indicate the time intervals for which the sun is 
within the FOV of ODS. The ODS signal along the day can be divided into two time 
intervals according to the signal variations: the first (09:00 to 11:00 UTC and 12:00 to 
15:00 UTC) is characterized by a rapid increase and subsequently a rapid decrease of 
ODS signals as consequence of the direct solar flux and, the second (09:00 to 11:00 
UTC and 12:00 to 15:00 UTC) corresponds to a lower variation of ODS signals with 
the time respect to the previous time intervals since only scattered flux is received by 
the instrument. By comparing ODS signal in both time intervals it is obvious that the 
ratio between the flux scattered by the atmosphere at zenith and the sum of the 
scattered flux and direct solar flux depends significantly on the dust load. Therefore, 
we can estimate the dust opacity by searching the optimal value of this parameter that 
provides the observed ODS signal.   
 
3.3 Sensitivity of ODS signal to other parameters 
In previous section we have shown the sensitivity of ODS signal to dust opacity. 
However, those simulations were carried on holding constant the others of parameters 
of our model: reff, νeff, θmin and SLP. Since the scattering properties of dust particles 
depend on these parameters, a sensitivity analysis of ODS signals to size distribution 
as well as to the parameters to tune the phase function is necessary. We have chosen 
to begin this analysis by using the gamma distribution function for different reff values 
and holding constant the other parameters. In order to simplify the simulations we 
have chosen the same total opacity in both wavelength ranges. However, note that the 
dust opacity measurements in each channel will be different due to the spectral 
dependence of this parameter. Figure 5 illustrates the ODS signals simulated for 
different reff values and a total opacity of 0.4. Simulations indicate that reff has an 
impact on the blue ODS signal, since some differences are found between the 
simulated blue signals for those values of reff (left panel of Figure 5). However, those 
differences are not observed on the red channel (right panel of Figure 5). The values 
of the single scattering albedo and asymmetry parameter (g) of the phase function 
obtained for those reff values are shown in Table 1. Indeed, we obtain a relative 
difference in the single scattering albedo for reff=1.2 µm and reff=1.8 µm of 1.0 % in 
the red wavelength, whereas in the blue wavelength of 6.3 %. Same conclusions are 
derived for the phase functions by comparing the values of g provided in Table 1.  
In order to analyze the sensitivity of ODS signals to reff and τ simultaneously, we have 
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performed a contour analysis of these parameters. Since we cannot perform a contour 
analysis with a real ODS signal, we simulate first ODS signals for specific values of 
reff and τ, and subsequently we add a random noise of an amplitude of 5%. These 
signals are supposed to be the ODS measurements on Mars (OMars). According to this 
formulation the chi-square is defined as follows: 
 

€ 

χ2(τ,reff ) =
1
n

OMars(i) −Osimul (i,τ,reff )( )
2

i=1

n

∑
                                                    

(3) 

 
where Osimul is the simulated ODS signal in the τ-reff space and n is the number of 
observations. Figure 6 illustrates contours of χ2, where OMars was computed for τ=0.4 
and reff=1.4 µm, and where each k contour line has a constant value of 

€ 

χ2 = 2k • χ2min (k =1,2...) . Therefore, the value of χ2 for the dash-dot lines in Figure 6 
is 

€ 

2 • χ2min . We can observe that the red channel is practically insensitive to reff for 
that range of values, since the different contours lines of χ2 are almost verticals. 
However, Figure 6 demonstrates that reff has an impact on the blue ODS signal, where 
reff takes values between 1.22 µm and 1.59 µm for 

€ 

χ2 = 2 • χ2min , and τ between 0.35 
and 0.46. A similar sensitivity analysis has been performed for νeff, whose results are 
shown in Figure 7 and in Table 2. While red ODS signal is not sensitive to νeff for that 
range of values, some differences are found in the simulated blue signals. Note that 
the relative difference in the single scattering albedo for νeff =0.2 µm and νeff =0.6 µm 
is only 4 % in the blue wavelength range. Figure 8 illustrates contours of χ2 in the τ-
νeff space for a OMars signal computed for τ=0.4 and νeff=0.6. Note that the red channel 
is almost insensitive to νeff for that range of values. However, we observe that for the 
contour line corresponding to 

€ 

χ2 = 2 • χ2min , νeff takes values between 0.44 and 0.87, 
indicating that the blue ODS channel is sensitive to this parameter. In summary, 
results show that red ODS channel is slightly affected by reff and νeff under moderate 
dusty conditions, whereas for blue channel these parameters should to be taken into 
account in the design of the retrieval algorithm.   
A similar sensitivity analysis was performed for the parameters to tune the phase 
function, θmin and SLP. Note that only the phase function of dust particles is affected 
by variations in θmin and SLP. Hence this sensitivity analysis in turn will allow us to 
study if the changes observed in the ODS signals when varying reff and νeff are mostly 
due to the changes in the single scattering albedo or in the phase function of dust 
particles. Different phase functions were computed, allowing SLP to vary between 80 
and 140 and θmin between 110º and 170º. Despite that the phase function depends on 
SLP and θmin (left panel of Figure 9), we find that ODS signals do not significantly 
suffer with variations in these two parameters. For instance, the right panel of Figure 
9 shows the correlation between simulated ODS signals for θmin=170º and SLP=115, 
and θmin=110º and SLP=115. We observe that the correlation between both signals is 
very close to the identity relation. This is due to the fact that the parameters to tune 
the phase function mainly affect the part of the phase function with scattering angles 
higher than 90 degrees (backscattering), and ODS is essentially sensitive to the 
forward scattering. These results indicate that the variations observed in the ODS 
signals by changing reff and νeff are mainly due to variations in the phase function for 
small scattering angles, as well as to the variations in the single scattering albedo. 
This demonstrates the robustness of ODS measurements against errors in the phase 
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function at scattering angles larger than 90º. That is to say, the part of the phase 
function that is more affected by the shape of the particles.  
So far, the different sensitivity tests have been performed for low dust loading 
conditions. The different ranges of values were chosen to cover the possible values of 
these parameters according to previous studies. Thus, a similar analysis have been 
performed under dust storm conditions, where the optical depth may reach values up 
or above 2, with a wide range of values of reff and νeff. Figure 10 shows the simulated 
ODS signals for values of reff ranging from 1 µm to 3 µm and a total opacity of 2. In 
contrast to the simulations under moderate dust load conditions, in this case the red 
channel is also affected by reff. The single scattering albedo and asymmetry parameter 
of the phase function calculated for those reff values are summarized in Table 3. 
Noticeable differences in the single scattering albedo are found for those reff values, a 
relative difference between reff=1 µm and reff=3 µm of 6.2 % in the red wavelength 
range, whereas in the blue wavelength range of 14.6 %. Figure 11 illustrates contours 
of χ2 in the τ-reff space for a OMars signal computed for τ=2 and reff=1.6 µm. As the 
case under moderate dusty conditions, the red ODS channel is practically insensitive 
to reff. Indeed, the contour line corresponding to 

€ 

χ2 = 2 • χ2min  goes from values of reff 
near to 1.3 µm to values higher than 2 µm. Regarding the blue channel, we see the 
same results as found under moderate dusty conditions. A similar sensitivity analysis 
has been performed for νeff under dust storm conditions, whose results are shown in 
Figure 12 and in Table 4. As under moderate dust load conditions, the red ODS 
channel is not affected by this parameter, whereas in the blue channel some 
differences are found in the simulations. Contour plots of χ2 in the τ-νeff space are 
shown in Figure 13. We see that the contour lines in the blue channel case reveal the 
need to include νeff in the estimation of the opacity of dust, whereas the red channel is 
practically insensitive to this parameter. Finally, we tested the effect of changing the 
parameters to tune the phase function under dust storm conditions, where we find 
similar results as showed in Figure 9. 
In summary, results demonstrate that ODS signals are mainly dominated by the 
opacity of dust. However, we observe in the simulations that the parameters to 
describe the size distribution (reff and νeff) should be considered as free parameters in 
the retrieval algorithm for dust opacity. The parameters controlling the shape of the 
phase function in backscattering can be fixed to constant values according to our 
results. In addition, all these test simulations were undertaken for different values of 
surface albedo, obtaining in all cases the same results. 
 
3.4 Dust opacity retrieval procedure 
Our goal here is to define a reliable retrieval procedure to retrieve the dust opacity, 
based on the results obtained in previous section. As was seen on Figure 1 and Figure 
4, the ratio between the scattered flux at zenith and and the sum of the direct flux and 
the scattered flux highly depends on the dust opacity. Therefore, given an ODS signal 
we can estimate the dust opacity by searching the optimal value of this parameter that 
provides the best fit between observations and simulations. An important point here is 
that the fit between observations and simulations is carried out for the shape of ODS 
signals, being therefore independent of any absolute calibration of the instrument. 
However, the parameters to describe the size distribution (reff and νeff) should be 
included as free parameters in our retrieval procedure. By using both ODS signals, a 
total of four free parameters are considered in the retrieval procedure:  the dust 
opacity in the blue and red wavelength ranges (τblue, τred) and the effective radius and 
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effective width (reff, νeff) of the dust size distribution. We could have linked τblue and 
τred to reff and νeff through a total number of particles, but fixing separately the 
opacities allows more flexibility for the algorithm. Note that from τred and τred 

retrievals, the Ångström exponent is also provided by ODS. This retrieval procedure 
was tested against AERONET (Aerosol Robotic NETwork) retrievals in a test 
campaign in Ouagadougou, a Mars-like desert location in the sahelian region of 
Burkina-Faso in West Africa (Toledo et al., 2016). The retrieved daily average dust 
opacity of both instruments showed a correlation coefficient of 0.94 considering in the 
comparison only the cloud-free days (the relevant case for Mars). In addition, in this 
campaign was tested the possibility of providing two measurements of dust opacity 
per day (in the morning from 07:00 to 12:00 UTC and the afternoon from 12:00 to 
16:30 UTC) for days of high dust opacity variability. In this second comparison, it 
was found a correlation coefficient between both instruments of 0.97. 
Since radiative transfer simulations take long calculation time, the retrieval procedure 
makes use of a pre-computed set of look-up tables (LUT), for minimizing the mean 
squares difference between simulated and observed ODS signals. In addition, an error 
is provided by the square of diagonal elements of parameters covariance matrix 
 

€ 

σ = diag( JTWJ[ ]−1)                                                                              (4) 
 

where J is the Jacobian matrix and W a diagonal matrix with 

€ 

Wii =
1
wi

entries, being 

€ 

wi the error associated to measurement

€ 

yi.  
 
3.5 ODS orientation 
In this part, we test the ability of ODS to retrieve the dust properties and the 
orientation. We use real data of the Ouagadougou campaign but with a sampling 
comparable to what is expected for a martian mission, and leaving the orientation as a 
free parameter. It is essential to know the tilt and orientation of ODS relative to the 
local axis before the ODS measurements can be compared with the simulations. In 
order to define a procedure able to retrieve these angles it is convenient to specify the 
orientation of ODS using a fixed local reference system L{x,y,z} where z is the 
zenith, and x and y are the East and North directions. To describe the ODS viewing 
directions with respect to the local reference system L, we introduce a right-handed 
coordinate system O{x’,y’,z’} affixed to ODS and having the same origin as L. The 
direction z’ is the ODS vertical axis, x’ is the direction from the centre of the mask 
towards one of the mask legs and y’ is perpendicular to z’ and x’ according to the 
right hand rule. The tilt and orientation of ODS respect to L are specified by the Euler 
angles (α, β and γ) which transform the local reference system L into the ODS 
coordinate system O.  
In order to define the Euler angles we first introduce an additional axis referred as line 
of nodes. This axis is defined as the intersection of the xy and the x’y’ coordinate 
planes, and hence it is perpendicular to zz’ plane. The three Euler angles are then 
defined as follows: 1) α is a rotation around the z axis and is defined as the angle 
between the x axis and the line of nodes; β is a rotation around the line of nodes and is 
defined as the angle between the z axis and the z’ axis; and γ is a rotation around the 
z’ axis and is defined as the angle between the line of nodes and the x’ axis. Figure 14 
shows the coordinate systems L{x, y, z} and O{x’, y’, z’} for a given set of Euler 
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angles. Note that β represents the tilt of the instrument. The rotation matrix that 
transforms the fixed local reference system L into the ODS coordinate system O is 
given by: 
 

€ 

M =

cosα cosβcosγ − sinα sinγ sinα cosβcosγ + cosα sinγ −sinβcosγ
−cosα cosβsinγ − sinα cosγ −sinα cosβsinγ + cosα cosγ sinβsinγ

cosα sinβ sinα sinβ cosβ

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
 (5) 

 
Therefore, if Tlab(µ,φ) represents the transmission of the mask as a function of the 
zenith angle and the azimuth angle (see Equation (1)) measured in the laboratory and 
the angles of rotation are known, by using the matrix M we can calculate the 
transmission Tmask(µ,φ) for the ODS orientation. Thus α, β and γ are the angles for 
each channel that must be retrieved from ODS measurements. Figure 15 shows 
different orientations of ODS as well as the ODS signals simulated for those 
orientations.  We can observe that depending on the tilt and orientation of ODS the 
sun is within the FOV of ODS for different time intervals. These simulations remark 
the importance of retrieving the tilt and orientation of ODS. 
For the calculation of the rotation angles, we first select a day of ODS measurements. 
We then simulate the ODS signals for different values of α, β and γ: α is allowed to 
vary between 0º to 360º in steps of 4º, β between 0º to 2º in steps of 0.4º and γ from 0º 
to 360º in steps of 4º. These simulations are carried out keeping constant the rest of 
parameters (τblue, τred, reff and νeff). For these different configurations of rotations, we 
select the rotation (αblue, β blue, γ blue, αred, β red, γ red) that provides the minimum value 
of mean squared difference between observations and simulations. Note that we select 
three angles for each ODS channel because the two optical heads are not perfectly 
aligned. Subsequently, the final rotations are obtained by doing a best fit of αblue, β 

blue, γ blue, αred, β red, γ red, τblue, τred, reff and νeff, using as initial angles for the search 
those obtained in the previous step. This method to retrieve the orientation of ODS 
was applied to the data collected by the terrestrial prototype of ODS in the campaign 
in Ouagadougou. Figure 16 shows, as an example, the evolution of ODS signals (blue 
and red channels) measured on 23 December 2004 in Ouagadougou, where the black 
dashed lines represent the results of applying this method to retrieve the angles of 
rotation. The retrieved Euler angles for each ODS channel as well as the orientation 
Φ, defined as the angle between x-axis and the projection of x’-axis over x-y plane, 
are illustrated in Table 5.  In order to have a better estimation of the angles, the fit was 
carried out for the time interval for which the sun is within the FOV of ODS. Once the 
angles of rotation are retrieved, the retrieval procedure for dust opacity presented in 
previous section can be applied to ODS measurements using the whole daytime ODS 
signals.  
 
3.6 Sampling strategy 
Despite that results indicate that the method presented in previous section retrieves 
correctly the orientation of ODS, a major difference between the terrestrial and 
martian ODS measurements is the daily sampling frequency. During the campaign in 
Ouagadougou, ODS observations were taken at 10-second interval in both channels, 
while for ODS measurements on Mars the observations would be acquired at larger 
time intervals. In order to test the reliability of the method to retrieve the orientation 
of ODS for different sampling frequencies, we retrieved the orientation of ODS using 
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the same signals shown in Figure 16 but using only the instantaneous observations 
that were taken at 5-minute interval, then 10-minute, 15-minute, 30-minute and finally 
at 60-minute interval. Thus, 5 sets of Euler angles are retrieved (O5min, O10min, O15min, 
O30min and O60min) for each channel. Figure 17 illustrates the tilt (β) and orientation 
angle Φ retrieved in section 3.5 using the original ODS signals (grey bars) and those 
retrieved using the different sampling frequencies (black dots). With the exception of 
the 60-min sampling frequency, results indicate the reliability of the procedure to 
retrieve the tilt and orientation angles for those different sampling frequencies, since 
the retrieved angles are consistent with the errors (grey bars). We performed for each 
channel a linear regression between the ODS signal simulated using the orientation 
derived from all observations (10-second interval) and those simulated using O5min, 
O10min, O15min, O30min and O60min. In all cases, the correlation of each regression was 
above 0.95, showing therefore the capability of the method to retrieve the orientation 
of ODS for those different sampling frequencies.  
In addition, we have selected a total of 7 days of measurements during campaign in 
Ouagadougou to study the robustness of the retrieval procedure for dust opacity in 
terms on the different sampling frequencies. Firstly, we retrieved for these days the 
dust opacity using the original signals (observations taken at 10-second interval). 
Subsequently, we retrieved the dust opacity for same days but using only the 
observations that were taken at 5-minute interval, 10-minute, 15-minute, 30-minute 
and 60-minute interval. Thus, for each day and channel, dust opacity is retrieved for a 
total of 6 different sampling frequencies, and where for each sampling frequency we 
have used the corresponding retrieved orientation (O5min, O10min, O15min, O30min and 
O60min). Figure 18 shows the results for seven different days of measurements and 
sampling frequencies. We observe that all dust opacities retrieved for each different 
sampling frequency is consistent with ODS error bars, showing therefore the 
reliability of the retrieval procedure for dust opacity for those sampling frequencies. 
In addition, for these different days we tested the sensitivity of ODS retrievals to the 
time data acquisition. In particular, we retrieved the dust optical depth using the 60-
minute sampling for the days analyzed in figure 18, and where the first observation of 
the day was set at 07:00 UTC (the subsequent observations are therefore performed at 
08:00 UTC, 09:00 UTC...). Subsequently, a similar analysis is carried out but where 
the first observation of the 60-minute sampling is set at 08:15 UTC (then the 
observations are taken at 08:15 UTC, 09:15 UTC...), then set to 08:30 UTC and 
finally to 08:45 UTC. Results demonstrated that time data acquisition is of little 
impact on ODS retrievals, since similar results were found and consistent with ODS 
error bars. 
 
4 Clouds 

  
4.1 Cloud properties retrieval procedure 
Clouds are detected by looking at the evolution of CI at twilight, since as mentioned 
above the presence of high clouds produces a minimum in the time variation of CI 
whose shape depends on the altitude and opacity of the cloud. In this work the 
twilight is defined as the time period for which SZA takes values between 86º and 96º 
(about 30-40 minutes duration). As for the dust opacity retrieval procedure, optical 
depth and altitude of clouds are derived from simulations of ODS signals. Since the 
simulations are undertaken at twilight and the plane parallel geometry approximation 
breaks down for high SZA, a radiative transfer model in spherical geometry is 
required. Our goal here is to specify the number of free parameters necessary to 
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simulate the time variation of CI. A representative model of cloud for cirrus-type 
clouds is a thin layer at a given altitude with a spatial distribution of cloud particle 
density characterized by a Gaussian height profile, which is scaled to produce the 
required cloud optical depth. The scattering properties of cloud particles are described 
by the single scattering albedo and phase function. While the single scattering albedo 
of cloud particles at the ODS wavelengths is set to unity, the calculation of phase 
function represents a major challenge. Indeed, the shape of phase function depends, 
among other parameters, on the size and shape of particles. In particular, martian 
clouds are highly variable in particle size. Clancy et al., (2003) identified two 
different types of ice clouds from measurements of visible/IR opacity ratios. Ice 
clouds type 1 having particles sizes ranging between 1 µm and 2 µm and type 2 with 
sizes between 3 µm and 4 µm. Subsequently, Montmessin et al., (2006) identified a 
third type of clouds exhibiting sizes between 0.1 µm and 0.2 µm from measurements 
carried out by the SPICAM instrument. Despite that these different ranges of sizes 
lead to different phase functions, a unique capacity of ODS colour index simulations 
is that the shape of the phase function has a little effect on the retrievals. Indeed, 
Toledo et al. (2016) showed that due to the fact that the CI is a relative measurement, 
the CI simulations are practically insensitive to the shape of the phase function, being 
the altitude and optical depth the major parameters in the simulations. Therefore, the 
total number of free parameters necessary to simulate clouds at twilight is 7: the cloud 
optical depth in the blue and red wavelength ranges (CODblue, CODred), the cloud 
altitude (h), the dust opacity in the blue and red wavelength ranges (τblue, τred) and the 
effective radius and effective width (reff, νeff) of the dust size distribution. However, 
the spectral dependence of COD is very small at the ODS wavelength ranges. In 
addition, since daytime ODS measurements constrain τblue, τred, reff and νeff, the only 
free parameters in our model for cloud properties retrieval procedure are the opacity 
and altitude of the cloud.   
Figure 19 shows the evolution of different CI signals simulated by using a three-
dimensional Monte-Carlo radiative transfer model (Trân, 2005) for different cloud 
altitudes and CODs, where the dust optical depth is fixed to 0.4. The dashed circles 
indicate the minimum in CI produced by the presence of clouds. Note that the shape 
of the CI signal strongly depends on cloud altitude and COD. Therefore, once a high 
cloud is detected by ODS, its altitude and optical depth can be estimated by searching 
the optimal values of these parameters that provides the best fit between simulated CI 
and ODS measured CI. 
 
4.2 Sampling strategy 
A major advantage of ODS instrument is its participation in several terrestrial 
campaigns through which the cloud properties retrieval procedure has been tested and 
evaluated. A good performance of ODS prototype on cirrus clouds detection and 
characterization was archived in Ouagadougou (Africa) during 2004-2005 (Toledo et 
al., 2016) and in Bauru (Brasil) from 2012 to 2013 (Toledo et al., 2015). Despite that 
in Earth the presence of high cloud produces a peak CI reddening instead of a 
minimum CI bluing, the principle of measurement is the same. As was done for the 
dust opacity retrieval procedure, we must evaluate the reliability of the retrieval 
procedure for different sampling frequencies. To this end, we analyzed different high 
clouds that were detected by ODS in Africa for five different days of measurements. 
Firstly, the COD and altitude for those clouds were retrieved using the original CI 
signals whose measurements were taken at 10-second interval. Subsequently, the 
COD and altitude for these cases were retrieved but using only the observations of 
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ODS signals that were taken at 1-minute interval, then at 2-minute interval and finally 
at 3-minute interval. We find that to be consistent with the retrievals undertaken using 
the original CI signals, ODS measurements must be taken at least at 1-minute interval. 
Figure 20 shows, as an example, the COD and cloud altitude retrieved by ODS using 
the original CI signals (black error bars) and those retrieved using the 1-minute, 2-
minute and 3-minute sampling frequencies. We observe that while the COD retrieved 
for the different sampling frequencies are consistent with ODS error bars, the 1-
minute sampling frequency is the only one that provides a cloud altitude within the 
error bars. Therefore, dual wavelength measurements must be obtained at least at 1-
min interval during the hour encompassing twilight. 
 
5 Conclusions 
In this paper we have demonstrated the capabilities of ODS (Optical Depth Sensor) to 
retrieve the daily average dust optical depth and the optical depth and altitude of 
clouds in the martian atmosphere. The procedure used to retrieve the dust optical 
depth is based on the modeling of the changes observed between the scattered flux at 
zenith and the sum of direct flux and scattered flux. By using radiative transfer 
simulations, the signals that should be observed by the instrument are simulated as a 
function of 4 free parameters: the dust optical depth in the blue and red wavelength 
ranges (τblue, τred) and the effective radius and effective width (reff, νeff) of the dust size 
distribution. The selection of these free parameters is based on the results obtained in 
different sensitivity analysis carried out on the ODS signals.  
The simulations of ODS color index (CI) also demonstrate its capability to retrieve the 
opacity and altitude of clouds during sunrise and sunset. The principle of 
measurement is based on the minimum in the time variation of CI produced by the 
presence of clouds at SZAs between 86º and 96º. As for dust opacity, the cloud 
parameters are retrieved using radiative transfer simulations but in this case the 
simulations are carried for the CI and at twilight. As demonstrated in different 
terrestrial campaigns, this procedure allows the detection of extremely thin clouds 
(Toledo et al., 2016) and at time periods for which cloud properties remain almost 
constant. However, it should be noted that ODS is designed rather for the 
characterization of ice aerosol layers partially homogeneous in space (at least within 
ODS field of view). This is to say, some limitations may be found in the 
characterization of clouds covering only a small part of ODS field of view or clouds 
with large spatial in-homogeneities. This assumption of spatial homogeneity (within 
ODS field of view) might not be a problem for the characterization of water ice 
aerosols, given the low-latitude aphelion season cloud belt (Clancy et al. 1996; Smith 
et al. 2013). However, we are realistic about the limitations of these measurements for 
the characterization of CO2 clouds for which the cloud cover can range between 20 
and 500 km (Montmessin et al., 2007). In such cases, cloud opacity retrievals are 
weighted by the fraction of ODS field of view covered by the cloud. 
In addition, the different retrieval procedures were tested against different sampling 
strategies. We found that dust opacities retrieved using single measurements at 60-
minute interval are consistent with the ODS error bars. Results also demonstrate the 
capability of measurements at 30-minute interval to retrieve the tilting and orientation 
of the instrument. For the estimation of cloud properties, results indicate that ODS 
measurements should be taken at least at 1-minute interval in both channels. The daily 
sampling strategy proposed here consists in high frequency measurements at time 
intervals of at least 1-minute at twilight, and single measurements at time intervals of 
at least 60-minute during the day. 
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Figure 1. Simulated solar flux on Mars surface as a function of dust opacity.  
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Figure 2. Phase functions of martian dust in the blue and red wavelength ranges 
calculated by the empirical formulation proposed by Pollack and Cuzzi (1980).   
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Figure 3. ODS optical head (on the left) made by two parabolic mirrors surrounded by 
black walls to avoid unwanted reflexions, a central mask supported by 3 small legs 
and a photodiode. Rays entering the entrance hole at the focal point F1 (black arrows), 
are reflected by the parabolic mirrors and focused on the photodiode focal point F2. 
Right: measured ODS field of view. White and black areas correspond to 100 % and 0 
% of transmission, respectively. Most light is collected between 25º and 50º. 
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Figure 4. (a) Simulated daytime ODS output voltage in the blue channel for different 
dust opacities: 0.3, 0.6, 0.9, 3 and 5. (b) is the same as (a) but for the red channel. The 
simulations are undertaken for fixed values of reff=1.6 µm, νeff=0.2, SLPblue=115, 
SLPred=120, θblue

min=138º and θred
min =150º. The bands delimited by black dashed lines 

represent the time intervals for which the sun is within the FOV of ODS. 
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Figure 5. (a) Simulated daytime blue ODS output voltage for a total opacity τ=0.4 and 
for different values of reff: 1. µm, 1.2 µm, 1.4 µm and 1.8 µm. (b) the same as (a) but 
for the red channel. The simulations are undertaken for same values of νeff, SLPblue, 
SLPred, θblue

min and θred
min as used in Figure 4.  
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Figure 6. Contours of χ2 in the τ-reff space, and where OMars signal in the blue and red 
channels was computed for τ=0.4 and reff=1.4 µm. The value of χ2 for the different 
contour lines is given by 

€ 

χ2 = 2k • χ2min (k =1,2...) . The dash-dot lines correspond to 
the case k=1. 
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Figure 7. (a) Simulated daytime blue ODS output voltage for a total opacity τ=0.4 and 
for different values of νeff: 0.2, 0.4 and 0.6. (b) is the same as (a) but for the red 
channel. The simulations are undertaken for same values of reff, SLPblue, SLPred, 
θblue

min and θred
min as used in Figure 4.  
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Figure 8. Contours of χ2 in the τ-νeff space, and where OMars signal in the blue and red 
channels was computed for τ=0.4 and νeff =0.6. The value of χ2 for the different 
contour lines is given by 

€ 

χ2 = 2k • χ2min (k =1,2...) . The dash-dot lines correspond to 
the case k=1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 25 

50 100 150

10−1

100

101

102

103

Scattering angle(degrees)

Ph
as

e 
fu

nc
tio

n

 

 

emin=138 degrees SLP=80
emin=138 degrees SLP=140
emin=110 degrees SLP=115
emin=170 degrees SLP=115

0 0.5 1 1.5

0

0.5

1

1.5

ODS signal emin=170 degrees SLP=115

O
DS

 s
ig

na
l e

m
in

=1
10

 d
eg

re
es

 S
LP

=1
15

Identity
relation

 
Figure 9. Left) Phase functions in the blue wavelength range calculated for different 
values of θmin and SLP. Right) Correlation between ODS signals simulated for 
θmin=170º and SLP=115, and θmin=110º and SLP=115. The grey dashed line represents 
the identity relation. 
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Figure 10. (a) Simulated daytime ODS output voltage for the blue channel for 
different values of reff: 1 µm, 2 µm and 3 µm. (b) is the same as (a) but for the red 
channel. The simulations are undertaken for νeff =0.4, τ=2 and SLPblue, SLPred, θblue

min 
and θred

min as used in Figure 4. 
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Figure 11. Same as Figure 6 but for τ=2. and reff=1.6 µm. 
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Figure 12. (a) Simulated daytime ODS output voltage for the blue channel for 
different values of νeff: 0.3, 0.6 and 0.9. (b) is the same as (a) but for the red channel. 
The simulations are undertaken for reff=2µm, τ=2 and SLPblue, SLPred,  and  
as used in figure 4.  
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Figure 13. Same as Figure 8 but for τ=1.4 and νeff =0.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 30 

 
Figure 14. Euler angles of rotation transforming the system L{x, y, z} into the new 
coordinate system O{x’, y’, z’}. The grey dashed line represents the line of nodes.  
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Figure 15. Simulated ODS signals for different angles of tilting and orientations of the 
instrument. 
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Figure 16. ODS measurements at Ouagadougou (Africa) on 23 December 2004 (black 
and grey lines) and best fit results of the angles of rotation (black dashed lines). The 
black and grey crosses represent ODS observations acquired at 60-minute interval.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 33 

5−min 10−min 15−min 30−min 60−min

Blue channel

0.39o±0.46o

86.77o±1.59o

Red channel

1.66o±0.52o

146.20o±2.6o

Orientation angle (\)

Tilt angle (`)

Tilt angle (`)

Orientation angle (\)

 
Figure 17. Euler angles and orientation angle Φ retrieved using the original ODS 
signals (grey bars) and those retrieved using only the observations that were taken at 
5-minute interval, 10-minute interval, 15-minute interval, 30-minute interval and 60-
minute interval. 
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Figure 18. Correlation between the dust optical depths retrieved using all observations 
of ODS signals (black error bars) and those retrieved using only the observations that 
were taken at 5-minute interval, 10-minute interval, 15-minute interval, 30-minute 
interval and 60-minute interval.  Black line (IR) represents the identity relation. 
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Figure 19. (a) Simulated colour index during twilight for cloud altitude h=35 km and 
cloud optical depth COD=0.05, 0.1 and 0.2. (b) same as (a) but for COD=0.1 and 
h=25 km, 30 km and 40 km.   
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Figure 20. Correlation between the retrieved cloud altitudes and CODs using all 
observations of ODS signals (red error bars) and those retrieved using only the 
observations that were taken at 1-minute interval, 2-minute interval and 3-minute 
interval.  
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Table 1. Single scattering albedo (ω) and asymmetry parameter (g) of the phase 
function calculated for different reff using the empirical method of Pollack and Cuzzi.  

reff 1.2 µm  1.4 µm    1.8 µm 
ωblue 0.79 0.77 0.74 
ωred 0.95 0.94 0.94 
gblue 0.75 0.76 0.79 
gred 0.70 0.70 0.71 
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Table 2. Single scattering albedo (ω) and asymmetry parameter (g) of the phase 
function calculated for different νeff using the empirical method of Pollack and Cuzzi.  

νeff 0.2  0.4  0.6  
ωblue 0.75 0.77 0.78 
ωred 0.94 0.94 0.94 
gblue 0.78 0.77 0.76 
gred 0.71 0.71 0.71 
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Table 3. Single scattering albedo (ω) and asymmetry parameter (g) of the phase 
function calculated for different reff using the empirical method of Pollack and Cuzzi. 

reff 1 µm 2 µm 3 µm 
ωblue 0.82 0.74 0.70 
ωred 0.96 0.93 0.90 
gblue 0.75 0.80 0.84 
gred 0.70 0.72 0.74 
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Table 4. Single scattering albedo (ω) and asymmetry parameter (g) of the phase 
function calculated for different reff using the empirical method of Pollack and Cuzzi. 

νeff 0.3  0.6  0.9  
ωblue 0.73 0.75 0.77 
ωred 0.93 0.93 0.93 
gblue 0.80 0.78 0.77 
gred 0.72 0.72 0.72 
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Table 5. Retrieved rotations: Euler angles (α, β, γ) and orientation angle Φ. 
Angles Blue channel  Red channel 
α 108.14º±2.18º 8.35º±0.82º 
β 0.39º±0.46º 1.66º±0.52º 
γ 38.05º±1.60º 78.41º±1.36º 
Φ 146.20º±2.6º 86.77º±1.59º 

 
 
 
 
 


