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A B S T R A C T   

The atmosphere of Mars has complex photometric processes due to multiple scattering and absorption by the 
suspended aerosols. The atmospheric optical depth is an indicator of the aerosol concentrations and can be used 
to model the contribution of atmospheric scattering, thereby correcting surface spectra. The atmospheric optical 
depth is also important in analysing the variations of atmospheric dust and evaluating the risks facing landing 
and roving missions. Retrieving the atmospheric optical depth from a single image is desirable as simultaneous 
stereo observations of the Martian surface are not common. However, most of the existing single-image-based 
methods rely on shadows in the image, which can be challenging to identify when the site is smooth or when 
the atmosphere becomes turbid. In this paper, we present a method of retrieving the atmospheric optical depth 
from a single image based solely on non-shadowed surfaces. This method was validated using HiRISE images and 
measurements acquired by rovers on the Martian surface. The method achieved an RMSE of 2%–7% in most 
cases, depending on the different surface photometric models used. The results indicated that aerosol scattering 
parameters have less impact on the retrievals than the surface photometric properties, likely due to the fact that 
the data is optically thin. The optical depths at the Zhurong landing site before and after landing were estimated 
using the proposed method. The results show that the optical depths first decreased and then increased, with the 
turning point being around the landing date, indicating that the Zhurong rover landed at an appropriate time. 
The proposed method is of significance for the analysis of Martian atmospheric dust and surface spectra with 
better spatio-temporal resolutions.   

1. Introduction 

Mars is engulfed by a thin atmosphere that gives rise to its climatic 
variations and prevailing aeolian processes. Aerosols (e.g., dust and ice) 
suspended in the atmosphere scatter the incoming solar radiation and 
thus affect the amount of energy received by the surface. This process 
affects the planet's photometry and energy budget and may pose risks to 
lander and rover operations (e.g., a decrease in solar energy production 
and a loss of contact) (Gebhardt and Abuelgasim, 2019). The aerosol 
concentration can be characterised by the optical depth, which describes 
the transmissivity of light within an atmosphere. Therefore, the optical 
depth is often of interest in clarifying the spatio-temporal distributions 
of Martian aerosols and their implications for the planet's weather and 
climate (Montabone et al., 2015), photometric characteristics, and 

hazard assessments. 
Optical depth measurements have been widely used in Martian 

climatology. This includes studies such as inferring the microphysical 
structure of aerosols (e.g., Lemmon et al., 2004; Wolff et al., 2009), 
temporal variations of the Martian atmosphere (e.g., Colburn et al., 
1989; Montabone et al., 2015; Tang et al., 2021; Wolkenberg and 
Giuranna, 2021), and characterisation of dust storms and dust devils (e. 
g., Reiss et al., 2014; Viúdez-Moreiras et al., 2019). Optical depth 
measurements have also been used for cartographic purposes such as 
photometric normalization (e.g., Kirk et al., 2000). In addition, the op
tical depth is critical for photoclinometric 3D reconstruction of the 
Martian surface (e.g., Wu et al., 2018; Hess et al., 2019; Doute and Jiang, 
2020; Liu and Wu, 2020; Chen et al., 2021) because of the light scat
tering by the atmosphere. 
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The atmospheric optical depth can be estimated using various 
methods. For example, limb-geometry observations, acquired by orbiter 
payloads such as the Thermal Emission Spectrometer (TES) of the Mars 
Global Surveyor, the Planetary Fourier Spectrometer and Observatoire 
pour la Minéralogie, l'Eau, les Glaces et l'Activité (OMEGA) of Mars 
Express. Measurements from the Mars Climate Sounder of the Mars 
Reconnaissance Orbiter (MRO) are ideal for understanding the vertical 
structure of the Martian atmosphere (Smith, 2008; D'Aversa et al., 
2021). However, these data are usually of lower spatial resolution and 
are thus more suitable for global analysis. Nadir pointing thermal data 
(e.g., TES nadir observations) were widely used for dust and water-ice 
aerosol optical depth retrieval since the scattering component of these 
two types of aerosols can be neglected in the thermal spectrum (Smith, 
2004). Multi-view observations such as those obtained by the Compact 
Reconnaissance Imaging Spectrometer for Mars (CRISM) of MRO and 
OMEGA of Mars Express provide simultaneous acquisitions of the exact 
surface location at multiple viewing angles, allowing the analysis of the 
emission phase function (Doute and Ceamanos, 2010; Vincendon, 
2013). Because light scattered to each emission angle travels along 
different optical paths through the atmosphere, a more reliable esti
mation of the atmospheric optical depth can be obtained (Ceamanos 
et al., 2013). Since CRISM and OMEGA data are often used to analyse the 
surface spectral characteristics (Ceamanos et al., 2013; Vincendon, 
2013), the optical depth and Radiative Transfer Models (RTMs) of the 
atmosphere have to be determined for the optimal retrieval of surface 
spectra. There are several ways to construct an RTM for the atmosphere, 
such as the discrete ordinate method (McGuire et al., 2008; Doute and 
Ceamanos, 2010) and Monte-Carlo simulations (Vincendon et al., 2007; 
Vincendon, 2013). Different methods require knowledge of the scat
tering characteristics of the aerosols, which have been studied using 
rover observations (Ockert-Bell et al., 1997; Tomasko et al., 1999) and 
satellite observations (e.g., Wolff et al., 2009, 2010). 

Mars landers and rovers provide in-situ observations for retrieving 
optical depths. The Sun-viewing images obtained by the landers or ro
vers were used to measure the direct extinction of sunlight (Lemmon 
et al., 2004). Optical depths measured by sensors on-board the Viking 
landers and Mars Exploration Rovers (MERs) (i.e., Spirit and Opportu
nity rovers) were used for understanding the characteristics and evolu
tion of the Martian atmosphere (Colburn et al., 1989; Lemmon et al., 
2004, 2015). Optical depth observations provided by the Mars Science 
Laboratory (MSL) (i.e., Curiosity rover) (Lemmon, 2014; Chen-Chen 
et al., 2019) have been studied for various applications such as the 
impact of dust storms (Viúdez-Moreiras et al., 2019). In addition, 
ground-based observations provide essential constraints on the forward 
scattering characteristics of the aerosols (Chen-Chen et al., 2019). Op
tical depths measured from the surface are usually accurate and often 
treated as references for validating retrievals based on orbital data 
(Hoekzema et al., 2011; Petrova et al., 2012; Tang et al., 2021). How
ever, such measurements are highly limited by the locations and oper
ation times of the landers and rovers. 

Among methods of retrieving the optical depth, methods based on 
optical images such as images of the High Resolution Stereo Camera 
(HRSC) (Neukum et al., 2009) and High Resolution Imaging Science 
Experiment (HiRISE) (McEwen et al., 2007) are of interest for applica
tions such as photoclinometry. The stereo method proposed by Hoek
zema et al. (2010) exploits the difference in the optical path between the 
nadir and off-nadir HRSC images acquired simultaneously. Li et al. 
(2021) adopted this method to obtain an initial estimate of the optical 
depth for photoclinometric reconstruction based on simultaneously ac
quired stereo HRSC images. However, the method is not suitable for 
applications when only a single image is available. Hoekzema et al. 
(2011) proposed a single-image optical depth retrieval method, known 
as the shadow method, which relies on the intensity difference between 
illuminated and shadowed pixels. Although this method does not require 
additional data, the resulting optical depths deviated from actual depths 
because of the simplifications and assumptions made. Therefore, the 

retrieved optical depth must be corrected empirically using in-situ ob
servations made by rovers (Hoekzema et al., 2011). Tang et al. (2021) 
applied this method to characterise the temporal variations in the op
tical depth near the Tianwen-1 (Zhurong rover) landing site (Wu et al., 
2021; Wu et al., 2022) before the landing. A more sophisticated shadow 
method (Petrova et al., 2012) incorporates a digital elevation model 
(DEM) and an RTM to model the atmosphere. The method uses a nu
merical scheme to simultaneously obtain the surface albedo and optical 
depth from imagery samples. Hess et al. (2019) used a similar but 
simplified method in their photoclinometric reconstruction approach. 
They used a DEM and a simplified Top-of-Atmosphere (TOA) model to 
estimate an image's most probable optical depth. To ensure plausible 
results, their method requires fitting over a large number of sample 
points and useful shadows. 

The aforementioned single-image-based methods require shadows 
for parameter retrieval. However, true shadows are not always common 
on the Martian surface. Additionally, it can be challenging to accurately 
detect shadows when the sky becomes turbid because one may not be 
able to distinguish a shadowed surface from an illuminated surface 
facing away from the Sun, or dark albedo patches. Moreover, the radi
ance observed in areas of shadows is affected by various factors, such as 
the size of and distance from the shadow caster, the spatial resolution of 
the image, and circumsolar aureole (Thomas et al., 1999). These factors 
introduce additional uncertainty to the determination of shadow 
photometry, and hence optical depth retrieval. 

In contrast, illuminated surfaces of different orientations can easily 
be found on Mars. Therefore, in this paper, we present a novel approach 
of retrieving the optical depth from a single image that does not require 
shadows or observations made by other sensors. The proposed method 
models the TOA photometry of an image using a co-registered DEM, and 
then characterises the optical depth using an RTM of the Martian at
mosphere. The DEM can be obtained through photogrammetry or laser 
altimetry or from historical data (e.g., Kirk et al., 2008; Li et al., 2021). 
The RTM can be built using radiative transfer solutions (e.g., Stamnes 
et al., 1988) and the photometric properties of the Martian aerosols (e. 
g., Ockert-Bell et al., 1997). The approach does not require observations 
acquired by other sensors (e.g., OMEGA and CRISM), and it is thus not 
limited by the extra data availability or spatial resolution of additional 
data. Moreover, the method is convenient to apply as it uses only illu
minated surfaces. We expect the proposed method will enable more 
automated measurement of optical depths on Mars from the vast amount 
of available high-resolution image datasets, which will contribute to the 
more localised and detailed characterisation of the Martian atmosphere 
and facilitate Mars climate studies and other research topics related to 
the atmosphere. 

This paper is organised as follows. Section 2 describes the rationale 
and the details of the proposed approach, and validates the proposed 
approach using HiRISE images and optical depth measurements ob
tained from MERs and the MSL rover. Section 3 applies the proposed 
approach in deriving and analysing the temporal trend of the atmo
spheric optical depths at the Tianwen-1 (Zhurong rover) landing site 
before and after landing. In Section 4, we summarise the findings and 
provide concluding remarks. 

2. Single-image-based atmospheric optical depth retrieval 
approach 

2.1. Overview of the approach 

The rationale of the approach is as follows. It uses two ways to 
compute the same atmospheric scattering quantity which is related to 
the optical depth. The first way relies solely on an RTM and no infor
mation about the surface is required. The second way derives the same 
quantity from the image and the corresponding topography. The 
approach then estimates the most likely optical depth such that the 
resulted quantities from the two ways converge. 
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The overall workflow of the approach is illustrated in Fig. 1. It is 
assumed that an image is orthorectified and co-registered with a DEM. 
The imaging conditions (i.e., the illumination and viewing geometries) 
must be known. We first extract multiple samples from the image and 
their corresponding topography from the DEM. The surface reflectance 
of each sample is then computed using a surface photometric model and 
the known imaging conditions. We calculate two types of surface 
reflectance per sample: the bidirectional reflectance, which describes 
surface reflectance from direct illumination, and the hemispherical- 
directional reflectance, which describes surface reflectance from 
diffuse illumination (i.e., skylight). Using the computed surface reflec
tance of each sample and the corresponding image intensity, a linear 
model is fitted for the set of samples. The aerosol scattering component 
is then estimated for a predefined optical depth. Additionally, an at
mospheric scattering model can be built using an RTM, such as DISORT 
(Stamnes et al., 1988), with known imaging conditions and photometric 
properties of the Martian atmosphere. The atmospheric scattering model 
describes the levels of diffuse illumination and aerosol scattering for 
various optical depths. The model therefore offers an independent way 
of obtaining the aerosol scattering component for any predefined optical 
depth. Furthermore, the diffuse illumination component derived from 
the RTM is used to increase the robustness and reliability of the DEM 
estimation routine. 

The optical depth can then be derived by minimising the difference 
between the aerosol scattering component estimated from the DEM data 
and that simulated using the RTM. The aerosol scattering component is 
selected for the optimisation criterion because it is independent of sur
face scattering. The aerosol scattering component can thus be effectively 
simulated using the RTM and estimated from DEM samples without 
prior knowledge of the surface albedo. Additionally, the strategy has a 
computational advantage over methods that require the surface albedo 
and optical depth to be numerically simulated (e.g., Petrova et al., 
2012). 

2.2. Estimation of atmospheric aerosol scattering from a single image 
using a DEM 

2.2.1. TOA photometric model of the Martian surface 
The TOA photometric model describes the radiance observed by the 

sensor after scattering and absorption by the atmosphere and the sur
face. Orbiter images are often considered TOA observations because 
they are acquired far above the topmost layer of the planetary atmo
sphere. With the presence of the atmosphere, the scattering of the sur

face becomes complex. In general, the overall process can be broken 
down into several components (Petrova et al., 2012), encompassing 
direct and indirect illumination and scattering at the surface, multiple 
scattering in the atmosphere, and photometric interactions occurring 
solely with aerosols. For practical reasons, not all of the components are 
included to formulate the TOA model: e.g., Gehrke (2008) only 
considered bidirectional reflectance of the surface and aerosol scat
tering, whereas Hess et al. (2019) also included diffuse illumination of 
the surface. We followed the convention of Hess et al. (2019) and 
formulated the TOA model as follows: 

ITOA = ωe
− τ

(

1
μ0F

+ 1
μF

)

Rdd +ωβ(τ)e− τ 1
μF Rhd +α(τ), (1)  

where ITOA is the TOA radiance factor (I/F) observed by the sensor and 
normalised by a perfectly reflecting lambert surface (Hapke, 2012). ω is 
the surface albedo, and τ is the atmospheric optical depth. μ0F and μF are 
respectively the incidence and emission angle cosines relative to a flat 
surface. Rdd and Rhd are the bidirectional and hemispherical-directional 

reflectances of the surface, respectively. e− τ 1
μ0F and e− τ 1

μF are the atmo
spheric attenuation factors of the incident and reflected light according 
to the Beer-Lambert law. Because Rdd is affected by the atmospheric 
attenuation of both incoming and outgoing light, and its attenuation 

factor is thus e− τ 1
μ0F × e− τ 1

μF = e
− τ
(

1
μ0F

+ 1
μF

)

. Rhd is the reflection of the 
surface under diffuse illumination, hence it is only affected by the 
attenuation of outgoing light. β(τ) is the diffuse illumination received by 
the surface. α(τ) is the irradiation that is scattered by aerosols and never 
interacts with the surface. For simplification, we made two assumptions 
for β(τ): First, we ignore that the Martian skylight is not uniform (Davis 
and Soderblom, 1984; Thomas et al., 1999) and assume β(τ) is inde
pendent of the surface orientation. Second, we ignore the light scattered 
from the surface that is re-scattered diffusely back onto the surface, 
hence β(τ) is independent of surface albedo. Furthermore, α(τ) and β(τ) 
can be constructed using RTMs (Petrova et al., 2012) or Monte-Carlo 
simulations (Vincendon et al., 2007). In either case, the photometric 
properties of the atmosphere must be known. 

2.2.2. Estimation of the aerosol scattering parameter 
Several samples need to be collected from the image and their cor

responding topography obtained from the DEM for the estimation of the 
aerosol scattering parameter. The sample set has the following charac
teristics. (1) The sample set has a relatively homogenous surface albedo 
such that ω can be assumed constant. (2) The sample set consists of 
multiple surface orientations such that Rdd and Rhd are different for each 
sample. (3) The sample set is not shadowed, such that Rdd is valid for 
each sample. Typical examples of such samples include the inner part of 
a crater, a peak, or a cone. The goal is to use Eq. (1) to search for the 
aerosol scattering parameter α that best fits the sample set, for a given τ. 
The parameter α depends on τ and is additive in nature and independent 
of surface scattering (i.e., independent of ω, Rdd and Rhd). The parameter 
α can therefore be effectively delineated from the rest of Eq. (1) and can 
be used to estimate the optical depth τ. To this end, Eq. (1) is further 
factorised as: 

ITOA(τ) = ω
[

e
− τ

(

1
μ0F

+ 1
μF

)

Rdd + β(τ)e− τ 1
μF Rhd

]

+ αDEM . (2) 

The equation shows that the relative contribution of Rdd and Rhd 
depends only on τ and β(τ), which can be modelled using the RTM 
without prior knowledge of ω under our assumptions. Note that such 
factorisation is only possible for surface photometric models linearly 
dependent on the albedo; several typical models are discussed in the 
next section. More complex considerations are needed for models that 
depend non-linearly on the albedo, such as the Hapke model (Hapke, 
2012). Then, using a photometric model to compute Rdd and Rhd from 

Fig. 1. Overall workflow of the optical depth retrieval approach. It computes 
the same atmospheric quantity (i.e., aerosol scattering) using two methods. The 
most likely optical depth is obtained by converging the two computed aero
sol scattering. 
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the DEM, Eq. (2) is applied to each of the samples and an equation set is 
constructed. As a result, for any given τ, only ω and αDEM remain un
known, and they can be estimated by taking the least-squares approach: 

argminω,αDEM

∑

k∈K

[
ITOA(τn)k − Ik

]2
, (3)  

where τn is a given τ. The fitting is linear, and ω and αDEM are essentially 
the slope and the y-intercept of the fitted line. The surface albedo ω is not 
used by the approach. We deliberately avoid using an RTM to model 
αDEM and leave αDEM to be fitted by a linear least-squares approach. This 
is because αDEM will be used as an observation constraint in searching for 
the best τ, as further explained in the following section. However, to 
ensure optimisation stability, an RTM is still used to constrain αDEM by 
providing an estimated β(τ). 

2.2.3. Surface photometric models 
The bidirectional reflectance of the surface Rdd can be described 

using various photometric models (e.g., Fairbairn, 2005; Shkuratov 
et al., 2011; Hapke, 2012). In this study, we test several models 
commonly used in Martian photometry (Soderblom et al., 2006), namely 
the Lambert model, the Lunar-Lambert model (LL model) (McEwen, 
1991, 1996) and the Minnaert model (Minnaert, 1941). The Lambert 
model is defined by the incidence angle cosine between the vector 
pointing to the Sun and the normal vector of the surface: 

Rdd(μ0) = μ0. (4) 

The Minnaert model is defined as (Soderblom et al., 2006): 

Rdd(μ0, μ, g) = πp(g)μk(g)
0 μ1− k(g), (5)  

where μ0 and μ are respectively the incidence and emission angle cosines 
relative to the surface normal. k(g) depends on the phase angle g and 
determines the relationship between μ0 and μ of the model, and p(g) is a 
single-scattering phase function that describes the scattering preference 
of the Martian regolith. For Mars, we adopted the parameters for k(g) 
and p(g) from USGS's Integrated Software for Imagers and Spectrometers 
(ISIS) documentation (https://isis.astrogeology.usgs.gov/Application 
/presentation/Tabbed/photemplate/photemplate.html). 

The LL model is a linear combination of the Lambert model and the 
Lommel-Seeliger model and is formulated as 

Rdd(μ0, μ, g) =
[

(1 − λ(g) )μ0 + 2λ(g)
μ0

μ0 + μ

]

p(g), (6)  

where the phase-dependent function λ(g) controls the relative contri
bution of the two major components within the model. We also adopted 
the parameters for λ(g) and p(g) from the ISIS documentation. The above 
models have far fewer parameters than other more sophisticated models 
(e.g., the Hapke model). This is desirable for single-image applications 
where the observations are limited. Furthermore, the models are linearly 
dependent on surface albedo ω, which can be factorised to simplify the 
optical depth retrieval. 

The hemispherical-directional reflectance Rhd describes the scat
tering by a surface that is diffusely illuminated by the atmosphere. Rhd 
can be modelled by integrating Rdd over all possible illumination di
rections in the upper hemisphere of the surface for the same outgoing 
direction. 

Rhd(μ) =
∫ 2π

ϕ=0

∫ 1

μ0=0
Rdd, (7)  

where ϕ is the illumination azimuth in radians. The integration over the 
upper hemisphere covers all illumination azimuths (0 ≤ ϕ ≤ 2π) and 
incidence angles between 0◦ and 90◦, translating to (0 ≤ μ0 ≤ 1). 
Because the phase-dependent functions adopted from the ISIS docu
mentation (k(g), λ(g) and p(g)) are expressed as tabulated lists of func
tion outputs with respect to a list of specified phase angles (0◦-180◦ with 

10◦ interval), analytical forms of these functions are not straightfor
ward. Therefore, to avoid the potentially complicated analytical for
mulations resulting from the phase-dependent components, we 
approximated a set of Rhd(μ) numerically by using the trapezoidal rule 
for a set of predefined μ within the range 0 ≤ μ ≤ 1. Rhd(μ) for any 
specific μ is then interpolated from the set. 

2.3. Derivation of Martian atmospheric quantities using a radiative 
transfer model 

2.3.1. Discrete ordinate method for atmospheric light scattering 
We used the discrete ordinate method to model the radiative transfer 

processes of the Martian atmosphere. The approach solves radiative 
transfer equations of a plane-parallel medium by discretising all prop
agation directions into multiple streams (Stamnes et al., 1988; Hapke, 
2012) and computes the intensity of light travelling along any desig
nated path, accounting for radiative processes such as multiple scat
tering and absorption by the aerosols. The approach is widely adopted to 
solve the radiative transfer equations (Hapke, 2012) and has been 
adopted in studying the photometry of planetary surfaces and atmo
spheres (e.g., McGuire et al., 2008; Doute and Ceamanos, 2010; Cea
manos et al., 2013). 

We customised the discrete ordinate method package implemented 
by Stamnes et al. (1988), known as DISORT (version 4, http://www.rtat 
mocn.com/disort/), to our use case on Mars. The main quantities 
required for our approach are β(τ), the amount of diffuse illumination 
from the sky, and α(τ), the aerosol path scattering component that does 
not interact with the surface. The two quantities can be directly 
computed using DISORT from the illumination and imaging geometry 
and the photometric properties of the atmosphere (e.g., the single- 
scattering albedo and phase characteristics). To construct the atmo
spheric model using DISORT, we consider a single layer of the atmo
sphere characterised by the average photometric properties of the 
contained aerosols and a given total optical depth τ. Using a single- 
layered atmosphere has been demonstrated in previous works (e.g., 
Vincendon et al., 2007). The photometric properties can be adopted 
from previous studies on the Martian atmosphere (e.g., Pollack et al., 
1995; Ockert-Bell et al., 1997). The quantities α(τ) and β(τ) are not 
affected by the surface photometry and can thus be obtained by 
configuring a perfectly absorbing surface (i.e., ω = 0) at the lower 
boundary of the atmosphere. As a result, the construction of the atmo
spheric model does not require prior knowledge of the surface. We then 
configure the directions of the incident and emerging beams according 
to the illumination and imaging geometry of the image to be analysed. 
To ensure flexible and convenient applications, we do not consider more 
sophisticated properties, such as multiple atmospheric layers, air tem
perature and pressure. However, whenever necessary, DISORT is 
capable of modelling complicated atmospheres given sufficient 
information. 

2.3.2. Scattering properties of Martian aerosols 
The scattering properties of the aerosol particles have to be known 

for DISORT to simulate Martian atmospheric scattering. Such properties 
include the single scattering albedo of the aerosols ωatm, the phase- 
dependent scattering model patm(g), and the parameters used to char
acterise patm(g). ωatm is used to determine the amount of light absorbed 
by the atmosphere and propagated downward or upward. patm(g) de
scribes how a single aerosol particle scatters incoming light at different 
phase angles and can be modelled using the Single Henyey-Greenstein 
function (Pollack et al., 1995; Ockert-Bell et al., 1997; Tomasko et al., 
1999): 

patm(g) =
1 − ε2

[1 + ε2 − 2εcos(g) ]3/2, (8)  

where g is the phase angle and − 1 ≤ ε ≤ 1 is the asymmetry factor 
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characterising the directional preference of the scattering particle. ε >
0 implies a forward scatterer whereas ε < 0 implies a backward scat
terer. The parameters ε and ωatm vary with wavelength and should 
therefore be chosen according to the target image's radiometric prop
erties. The present study used HiRISE red-band images with a central 
wavelength of 700 nm (McEwen et al., 2007). Previous analyses have 
provided scattering parameters at this wavelength as (ε = 0.65; ωatm =

0.94) (Pollack et al., 1995; Ockert-Bell et al., 1997). Another analysis 
reported slightly more forward scattering parameters (ε = 0.68; ωatm =

0.95) (Tomasko et al., 1999). More recently, Chen-Chen et al. (2019) 
reported parameters (ε = 0.687; ωatm = 0.975) based on MSL images and 
the analysis made by Wolff et al. (2009). We tested all three sets of 
parameters when validating our approach using MER and MSL data. 
When applying our approach to the Zhurong landing site, on the other 
hand, we selected (ε = 0.65; ωatm = 0.94) because this set of parameters 
was estimated from Viking lander images acquired at solar incidence 
angles of 53◦-64◦, which is consistent with that of the HiRISE images 
that we used (having solar incidence angles of approximately 50◦-60◦). 
In contrast, the other two sets were estimated respectively from Path
finder and MSL images acquired at a solar incidence angle of approxi
mately 75◦. 

2.3.3. Modelled Martian atmospheric quantities based on DISORT 
After constructing the atmospheric model using a predefined τ, the 

quantity β(τ) is characterised by the relative downward flux, per solid 
angle, computed from DISORT whereas α(τ) is characterised by the in
tensity of the emerging beam leaving the TOA (i.e., the upper boundary 
of the atmosphere) towards the sensor. Fig. 2 gives examples of the 
curves of α(τ) and β(τ) versus τ. We measured the coefficient of varia
tions (i.e., standard deviation divided by mean) for α(τ) and β(τ) and 
found that different scattering parameters resulted in variations of <5% 
for α(τ) and <8% for β(τ). α(τ) increases monotonically with τ, whereas 
β(τ) first increases and then decreases with τ. These trends agreed with 
the analysis results obtained by other studies (e.g., Petrova et al., 2012). 

2.4. Optimisation scheme for the retrieval of the atmospheric optical depth 

As aforementioned, this approach uses two ways to compute α(τ). 
One way models α(τ) independently using DISORT. The other way es
timates α(τ) from samples collected from the image and the corre
sponding DEM, with minimal input (i.e., an estimated β(τ)) from 
DISORT as a constraint for stable optimization. The two estimates 
represent the same quantity and there exists a τ such that the 

discrepancy between the two estimates is minimal. The optical depth τ 
that corresponds to the image can thus be obtained by the least-squares 
approach: 

argminτ E(τ) = (αDISORT(τ) − αDEM(τ) )2
, (9)  

where αDISORT(τ) is the aerosol scattering modelled by the RTM, which is 
DISORT in this case, and αDEM(τ) is that estimated from DEM samples. In 
actual practice, because of the complexity of DISORT or any other 
radiative transfer models, the least-squares optimisation is performed 
numerically. First, a predefined set of optical depths, τn∈N, is con
structed, where τn is the nth predefined optical depth within a total of N 
elements. The range of τ must contain the actual optical depth of the 
image, where 0 ≤ τn ≤ 2 is an appropriate range for our experimental 
datasets but a greater upper limit is preferred for dusty seasons. Second, 
for each τn, we compute αDISORT(τn) and β(τn) using DISORT. Then, we 
compute αDEM(τn) using Eq. (3) and β(τn). Afterwards, we compute E(τn) 
using Eq. (9). After computing E(τn) for each τn, we identify τbest, which 
is the τn that obtained the minimal E(τn). The final optical depth τ is 
obtained by refining τbest in a least-squares solution. 

2.5. Validation of the approach using MER and MSL observations 

To validate the proposed method, we have used the red-band images 
of the High Resolution Imaging Science Experiment (HiRISE) (McEwen 
et al., 2007) and the corresponding DEMs constructed through photo
grammetry (Kirk et al., 2008) to derive optical depths. In addition, we 
obtained optical depth observations from the MERs (Opportunity and 
Spirit) and MSL rover (Curiosity) for reference. The HiRISE images have 
a spatial resolution of 0.25 m/pixel whereas the photogrammetrically 
derived DEMs have a spatial resolution of 1 m/pixel. We used HiRISE 
images acquired at times when the rover was located in the acquisition 
zone of the sensor. Such images provide observations that are nearly 
time-synchronous with those of the ground rovers. The accuracy can 
thus be assessed by comparing the optical depth retrieved using the 
proposed method with that obtained from rover measurements (Lem
mon et al., 2015). 

The information of the HiRISE images and their reference optical 
depths are listed in Table 1. The images were first georeferenced to their 
corresponding DEMs. The reference optical depths were then obtained 
from rover observations according to the acquisition date and time, and 
the relevant rover. For the Opportunity and Spirit rovers, the reference 
optical depth values were derived from solar filter images of the rover's 
Panoramic Camera (Pancam) (Lemmon et al., 2004). The optical depth 
data are available from NASA's Analyst Notebook (https://an.rsl.wustl. 
edu/). The sol number corresponding to the HiRISE observations is also 
provided. Both the Opportunity and Spirit rovers have two solar filters, 
which have a central wavelength of 440 nm (L8 filter) and 880 nm (R8 
filter), respectively. However, it is known that the 440 nm filters have 
suffered red leaks, resulting in the actual central wavelength being 
approximately 719 nm (Lemmon et al., 2004; Tang et al., 2021). 
Therefore, the optical depth data from the L8 filter can be used as a 
reference for analysing HiRISE red band images. To account for the time- 
of-day variations in optical depth (Colburn et al., 1989), we interpolated 
the reference values from mid-day and late-afternoon observations of 
the same sol using the local time of the images. For the Curiosity rover, 
we used the optical depth reported by Chen-Chen et al. (2019), which 
was derived from the Sun-viewing images of the rover's Navigation 
Camera (Navcam) at an effective wavelength of 650 nm (Maki et al., 
2012). The reported optical depths did not cover exactly the date of the 
HiRISE image (sol 597 of Curiosity) and therefore we identified the 
closest available data points (sols 589 and 631) (Chen-Chen et al., 2019) 
and interpolated the reference τ using the solar longitude. 

We extracted different samples from each of the images and DEMs, as 
shown in Fig. 3. We selected regions with distinctive topographic vari
ations, such as craters and hills, and sampled Sun-facing and Sun-facing- 

Fig. 2. Curves of α(τ) and β(τ) versus τ computed by DISORT based on several 
published aerosol scattering properties assuming a fully absorbing surface (i.e., 
ω = 0). The imaging conditions are set as an incidence angle of 56.19◦, emission 
angle of 3.84◦ and phase angle of 59.31◦. 
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away slopes of these landforms. Another selection criterion was that we 
choose landforms with a ‘common’ albedo, which we believe can be 
adequately modelled by adopting the default photometric parameters 
used by ISIS for the Martian surface (Johnson et al., 1999; Kirk et al., 

2000). To account for the resolution difference between the images and 
the DEMs, we created a circular buffer zone centred at each sample point 
(i.e., circles in Fig. 3) and averaged the required quantities (e.g., light 
intensity and surface gradients) over the buffer zone for the proposed 

Table 1 
Information on the HiRISE images used in experimental analysis.  

HiRISE 
Image ID 

PSP_003900_1650_RED TRA_000873_1780_RED ESP_036128_1755_RED 

Acquisition Date 27 May 2007 3 October 2006 11 April 2014 
Local Time 15.31 15.45 15.45 
Solar Longitude (Ls) 245.87◦ 115.34◦ 114.98◦

Incidence Angle 47.56◦ 56.19◦ 57.45◦

Emission Angle 2.60◦ 3.84◦ 2.68◦

Phase Angle 44.99◦ 59.31◦ 59.59◦

Rover Spirit Opportunity Curiosity 
Reference Optical Depth 0.8319 

(Lemmon et al., 2015) 
0.4289 
(Lemmon et al., 2015) 

0.4435 
(Chen-Chen et al., 2019)  

Fig. 3. Samples collected for each experimental dataset.  
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method. When determining the buffer radius, we considered such fac
tors as the sizes of landforms and the quality of the DEMs in representing 
the local topography. We then computed the optical depth τ using the 
proposed method and tested the three surface photometric models and 
the three sets of atmospheric scattering parameters. Each sample set has 
nine possible retrievals based on combinations of surface photometric 
model and scattering parameters. 

The results are summarised in Table 2, with the percentage error of 
each estimate presented in brackets. We also examined the linear fit 
between the modelled reflectance (i.e., the square bracketed term in Eq. 
2) and those measured on the images in Fig. 4. The linear fits have R2 

values ranging from 0.8 to 0.99, meaning the model adequately de
scribes the data. All samples except for the Hill 1 set achieved <7% Root 
Mean Square Error (RMSE). Switching atmospheric scattering parame
ters had less significant effects on retrieval performance, accounting for 
not more than a few percent. In contrast, switching surface photometric 
models had a greater impact on the performance, as exemplified by the 
Hill 1 sample set and the Crater 2 sample set. The greater dependence on 
surface photometric models is reasonable because the imaged locations 
are optically thin (i.e., surface features can be clearly seen) and therefore 
surface photometry has greater effects on the observed radiances. When 
analysing individual surface photometric models, all of them had a mean 
error of <7%. The Lambert and Minnaert models had <5% errors in 
most cases, with the Lambert model slightly outperforming the Minnaert 
model. A possible reason for the performance of the Lambert model is 
that the sampled surfaces had smoothed by processes such as erosion 
and degradation. A consideration of smoothness may also explain why 
the Lambert model had larger errors for Crater 1 and Crater 2 samples, 

which had small sand ripples affecting the surface smoothness. In 
contrast, the parameters used by the LL model and the Minnaert model 
assume a roughness of 30◦ (Kirk et al., 2000), which may explain the 
performances of these models. Another possible reason for the perfor
mance of the Lambert model could be that the simplifications made for 
the TOA model resulted in the overall radiance being better described by 
the Lambert model. The LL model performed better when the optical 
depth τ was smaller, which suggests that this model relies more on direct 
scattering (Rdd) than indirect scattering (Rhd). 

Note that the proposed approach did not consider several skylight- 
related factors, such as the skyview factor and inhomogeneous 
skylight, which dictate the amount of skylight received by a surface 
(Spiga and Forget, 2008; Petrova et al., 2012). The TOA model is also 
simplified by neglecting a few multiple scattering processes (Hess et al., 
2019). Despite these simplifications, the experimental results showed 
desirable retrieval. One possible reason for desirable retrieval results is 
the use of non-shadowed samples, where direct illumination and scat
tering dominate and outweigh the uncertainties introduced by the 
simplifications made in the indirect scattering domain. 

3. Pre and post-landing atmospheric optical depths at the 
Zhurong landing site 

The Chinese Mars rover Zhurong, onboard the Tianwen-1 probe, 
successfully landed on Mars on 15 May 2021 (Wu et al., 2022). HiRISE 
had imaged the Zhurong landing site and its surrounding regions before 
and after the landing. The landing site was relatively smooth, and most 
shadows were thus created by boulders and rocks around the flanks of 
craters. The shadows were therefore small in size and mainly located on 
slopes. In contrast, there are plenty of landforms that can be used by the 
proposed method. We applied our method to analyse the optical depth of 
the Zhurong landing site before and after the landing using the HiRISE 
images and the corresponding DEMs. Fig. 5 presents the images and 
samples we used. The North Craters sample set is closest to the landing 
site, being approximately 500–800 m to the north. The South Crater 
sample set is approximately 6 km away from the landing site and the 
South Crater 2 sample set is approximately 13 km south-southwest of the 
landing site. The Pitted Cone sample set is located approximately 25 km 
south-southeast of the landing site, among a cluster of possible pitted 
cones. Table 3 summarises the information of the HiRISE images and 
Table 4 lists the optical depths derived using the proposed method. 

Fig. 6 presents the linear fit between modelled reflectance and that 
measured on the images. All dates have R2 > 0.94, meaning the model 
describes the data well. The Pitted Cone set acquired on 7 October 2020, 
having a solar longitude (Ls) of 291.62◦, was determined to have an 
optical depth of 0.670–0.779, depending on the photometric models. 
The South Crater 2 set acquired on 24 April 2021 (Ls of 36.02◦), about 3 
weeks before the landing, yielded an optical depth of 0.448–0.503, 
which implies a decrease from that of the Pitted Cone set. Almost a 
month after the landing, on 11 June 2021 (Ls of 57.51◦), the optical 
depth estimated using the North Craters set ranged from 0.498 to 0.537, 
showing an increase. The South Crater set was collected from the HiRISE 
image acquired on 23 June 2021, when the Ls had increased to 62.44◦. 
The resulting optical depth was 0.511–0.602, slightly higher than that 
obtained for the Ls of 57.51◦. The average values and trend of the optical 
depth were plotted against days in Fig. 7. The results agree well with the 
results of previous studies for a large region around the Zhurong landing 
site before landing (Tang et al., 2021). 

The retrieved optical depths were also compared with the dust col
umn visible optical depth (DOD) at a wavelength of 670 nm predicted by 
the Mars Climate Database (MCD), which computes global meteoro
logical parameters using the General Circulation Model (GCM) and 
observational data (Forget et al., 1999; Millour et al., 2018). The MCD 
predictions on the four sample dates (i.e., 7 October 2020, 24 April 2021 
and 11 and 23 June 2021) were 0.869, 0.401, 0.362 and 0.351, 
respectively. These values are in general agreement with the results of 

Table 2 
Optical depth derived from various samples using the proposed approach. 
Numbers in brackets are percentage errors relative to the rover observations.   

Lambert 
Model 
Ock/Tom/ 
Chen 

LL Model 
Ock/ 
Tom/ 
Chen 

Minnaert 
Model 
Ock/Tom/ 
Chen 

RMSE 

Spirit 
τ = 0.8319 
for reference 

Ramon 
Hill 

0.809/ 
0.815/ 
0.787 
(2.8/ 2.0/ 
5.4%) 

0.900/ 
0.914/ 
0.882 
(8.2/ 
9.9/ 
6.0%) 

0.869/ 
0.882/ 
0.851 
(4.5/ 6.0/ 
2.3%) 

0.048 
(5.8%) 

Hill 1 0.868/ 
0.876/ 
0.845 
(4.3/ 5.3/ 
1.6%) 

0.967/ 
0.981/ 
0.945 
(16.2/ 
17.9/ 
13.6%) 

0.941/ 
0.955/ 
0.922 
(13.1/ 
14.8/ 
10.8%) 

0.101 
(12.1%) 

Opportunity 
τ = 0.4289 
for reference 

Victoria 
Crater 

0.426/ 
0.432/ 
0.421 
(0.7/ 0.7/ 
1.8%) 

0.414/ 
0.423/ 
0.414 
(3.5/ 
1.4/ 
3.5%) 

0.436/ 
0.445/ 
0.436 
(1.7/ 3.8/ 
1.7%) 

0.010 
(2.4%) 

Crater 1 0.450/ 
0.456/ 
0.444 
(4.9/ 6.3/ 
3.5%) 

0.428/ 
0.436/ 
0.427 
(0.2/ 
1.7/ 
0.4%) 

0.453/ 
0.462/ 
0.452 
(5.6/ 7.7/ 
5.4%) 

0.020 
(4.7%) 

Curiosity 
τ = 0.4435 
for reference 

Crater 2 0.399/ 
0.401/ 
0.390 
(10.0/ 
9.6/ 
12.1%) 

0.462/ 
0.469/ 
0.456 
(4.2/ 
5.7/ 
2.8%) 

0.431/ 
0.437/ 
0.426 
(2.8/ 1.5/ 
3.9%) 

0.030 
(6.8%) 

Mean 
Deviation  

4.7% 6.3% 5.7%  

Note: “Ock” stands for the used scattering parameters reported by Ockert-Bell 
et al. (1997); “Tom” stands for those from Tomasko et al. (1999); and “Chen” 
stands for those from Chen-Chen et al. (2019). 
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the proposed method, and the differences are within the reported de
viations between MCD predictions and observations made by the MERs 
and CRISM (Montabone et al., 2015). We also tested the MCD pre
dictions using the observations from the MERs and MSL as listed in 
Table 1, and found that the discrepancies can be up to >40%. Further
more, the MCD is a global simulation model with a sparse spatial reso
lution (larger than 3◦) whereas the proposed method is adopted for a 
specific time and location of the imagery, which may also contribute to 
the deviations. Nevertheless, in-situ observations acquired by the 
Zhurong rover would be helpful in further validating the findings and 
providing additional constraints for the GCM and the MCD. 

We also tested the shadow method (Hoekzema et al., 2011; Tang 
et al., 2021) using this dataset. The shadows cast by the Tianwen-1 
lander and the Zhurong rover were among the most distinctive 
shadows in the HiRISE imagery collected on 11 June 2021 (see Fig. 5) 
and they were used to derive optical depths. Using the shadow method 
and a correction factor (0.638 ± 0.071) (Tang et al., 2021), the resulting 
optical depth was found to lie between 0.666 and 0.832. We compared 
the values obtained by the shadow method and those reported by Tang 
et al. (2021) who also used the shadow method but with a different 
choice of shadows. Their results at a similar location and time showed an 
optical depth of approximately 0.4–0.6, in good agreement with our 
results (τ = 0.498–0.537). In contrast, τ = 0.666–0.832 obtained based 
on rover shadows are improbably large and do not agree with Tang et al. 
(2021)’s results. A possible reason for the large values is related to the 
correction factor, which was calibrated using shadows cast by relatively 
large landforms (Tang et al., 2021). However, such large shadows are 
not common at the Zhurong landing site. For further testing, we turned 
to the large crater located south-southeast of the landing site (see Fig. 5), 
which appears on the image acquired on 7 October 2020. The large 
crater has approximately 1 km in diameter and has a distinctive cast 
shadow within. Using the shadow method and the correction factor by 
Tang et al. (2021), we obtained τTang = 0.756–0.946, in agreement with 
but slightly higher than the results from our approach (τ =

0.670–0.779). When considering the correction factor proposed by 

Hoekzema et al. (2011) (i.e., 0.71 ± 0.06), we obtained τHoekzema =

0.697–0.825, consistent with our results. This analysis indicates that the 
correction factor for the shadow method might vary according to the 
types and characteristics of shadows used for calibration. 

The above analysis of optical depths at the Zhurong landing site 
shows that the optical depths first decreased and then increased, with 
the turning point being around the landing date on 15 May 2021, 
indicating that the Zhurong rover landed at an appropriate time. This is 
in general consistent with seasonal variations of atmospheric dust ac
tivities on the northern hemisphere of Mars (Lemmon et al., 2015). If 
Zhurong had landed a few weeks later, the potentially more intense dust 
activity, as implied by the increased optical depth, may have posed an 
additional challenge to the landing mission. As the mission has 
continued, the Zhurong rover may have already observed in detail the 
dust activity of the southern Utopia Planitia. In this regard, repeated 
orbiter observations with Zhurong can provide further opportunities for 
joint space-ground analysis of Mars and its atmosphere. 

4. Conclusions and discussion 

This paper presented a method of retrieving the atmospheric optical 
depth from a single image for evaluating the pre and post-landing optical 
depths at the Zhurong landing site. The proposed method relies on a 
DEM co-registered to the image and an RTM that describes the photo
metric processes of the Martian atmosphere. Data for both the DEM and 
RTM are often readily available thanks to previous efforts of the scien
tific community. The proposed method uses only the illuminated regions 
of the Martian surface in the target image to calibrate aerosol path 
scattering parameters with the assistance of the DEM and then optimises 
the most probable optical depth using the RTM. The proposed method 
does not require additional observation data (e.g., CRISM data) acquired 
at a time similar to the acquisition time of the target image, nor does it 
require any effective shadows in the target image. The proposed method 
is therefore not limited by the availability of additional observations and 
does not require an abundance of shadows. We used a simplified TOA 

Fig. 4. Best fit lines of all sample sets at the retrieved τ based on the Lambert Model and scattering properties from Ockert-Bell et al. (1997). The data points are 
presented as red dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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model for the DEM calibration procedure and the DISORT program as 
the RTM. We validated the proposed method using HiRISE red-band 
images and the co-registered HiRISE DEMs derived from photogram
metry. Measurements made from MERs and MSL observations at or near 
the time of image acquisition were used as a reference to assess the 
accuracy of the proposed method. We obtained sample sets from typical 
landforms such as craters and hills, the range of reflectance modelled 
from the DEM for each sample set is about 15–35%. We tested the 
approach using different sets of aerosol scattering Henyey-Greenstein 
phase function parameters and surface photometric models (i.e., the 
Lambert model, Lunar-Lambert model, and Minnaert model). The 
approach achieved RMSEs of <7% in most cases. The results showed 
that the optical depth retrievals are more sensitive to surface photo
metric models than to aerosol scattering parameters, which is reason
able because the data is optically thin and hence surface photometry has 

a greater influence on observed radiances. When analysing according to 
surface photometric models, the mean errors for all models were <7%. 
The Lambert and Minnaert models performed slightly better (having 
respective errors of <5% and <6% in most cases), possibly owing to the 
simplifications made to the TOA model and the representativeness of the 
photometric model used for the samples. 

We applied the proposed method to the Zhurong landing site and 
presented the first optical depth estimate before and after the landing of 
Zhurong. The resulting optical depth was 0.670–0.779 on 7 October 
2020, 0.448–0.503 on 24 April 2021, 0.498–0.537 on 11 June 2021, and 
0.511–0.602 on 23 June 2021, having a first decreasing then increasing 
trend. The values and trends were in good agreement with the results of 
previous studies for similar regions and another retrieval method. The 
trend implies that there was a low optical depth when the lander landed 
on 15 May 2021 and that Zhurong may have since observed more 

From left to right:

ESP_069876_2055_RED (purple box)

ESP_069731_2055_RED (cyan box)

ESP_069111_2050_RED (green box)

ESP_066551_2050_RED (yellow box)

North Craters

(10m buffer)

South Crater

(10m buffer)

South Crater 2

(5m buffer)
Pitted Cone

(10m buffer)

Tianwen-1 Landing 

Site.

Samples near the 

Zhurong rover used for 

the shadow method.

Large Crater used for 

the shadow method. 

The red line indicates 

the shadowed pixels

and the green line 

indicates the sunlit 

pixels.

Fig. 5. Samples collected from the HiRISE images for analysing the Zhurong landing site. The images were overlaid on a Viking colour mosaic using JMARS 
(Christensen et al., 2009). 

Table 3 
Information of the HiRISE images used to analyse the Tianwen-1 landing site and the corresponding optical depth computed using the proposed method.  

HiRISE 
Image ID 

ESP_066551_2050_RED ESP_069111_2050_RED ESP_069731_2055_RED ESP_069876_2055_RED 

Acquisition Date 7 October 2020 24 April 2021 11 June 2021 23 June 2021 
Local Time 14.71 15.24 15.60 15.56 
Solar Longitude (Ls) 291.62◦ 36.02◦ 57.51◦ 62.44◦

Incidence Angle 62.11◦ 46.64◦ 49.51◦ 48.69◦

Emission Angle 4.88◦ 3.09◦ 5.51◦ 3.68◦

Phase Angle 58.67◦ 49.72◦ 44.15◦ 52.24◦
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intense dust activity in the southern Utopia Planitia. Furthermore, the 
resulting values can be compared with in-situ measurements of the rover 
as the latter becomes available. 

The proposed approach is designed to be flexible to the configura
tions of the atmosphere. The current configuration considered the at
mosphere as a single layer which is characterised by the Henyey- 
Greenstein phase function and a uniform diffuse skylight. Similar con
figurations were found in several other works (e.g., Vincendon et al., 
2007; Petrova et al., 2012). Using a single-layered atmosphere is typi
cally suitable for optically thin data (τ < 1) (Petrova et al., 2012). This is 
in agreement with our results, in which the retrievals are more sensitive 
to surface photometry than to aerosol scattering parameters. There are 
more complex aerosol phase functions as alternatives to the Henyey- 
Greenstein function (e.g., the T-matrix model). Yet it is expected that 
using other choices has a limited impact on potential improvements 
because the data is optically thin and has low to moderate phase angles 
(Vincendon et al., 2013). On the other hand, sophisticated aerosol phase 
functions have explicit descriptions of the microphysical structure of the 
aerosols (e.g., effective grain size, shapes) (Wolff et al., 2009; Chen-Chen 

et al., 2019) and thus will be more suitable for in-depth analysis of the 
Martian atmosphere. 

That said, the current simplified configurations can be suitable for 
optically thin data, quick assessments of local optical depths, and 
cartographic applications such as photometric normalization and 3D 
reconstruction. More sophisticated atmospheric configurations (e.g., 
multi-layered atmosphere, inhomogeneous pressure and temperature, T- 
matrix phase function) can be considered for optically thick data, or for 
such atmospheric sciences as constraining regional or global circulations 
and budget. On the other hand, retrievals can be sensitive to the atmo
spheric model at certain observation geometries due to the scattering 
surge produced by specific types and sizes of aerosols (Petrova et al., 
2012). Ultimately, it is essential to understand the data and tinker with 
the model to improve robustness. 

The constant albedo assumption is required by the linear model used 
for the fitting of image and DEM samples. Fitting algorithms that are 
robust to outliers (e.g., RANSAC) can be used to handle minor albedo 
variations of the samples. If a large group of samples with inhomoge
neous albedo is used, ideally there still exists the most likely αDEM which 

Table 4 
Optical depth retrieved using the proposed method.   

Atmospheric Optical Depth 

Lambert 
Model 
Ock/Tom/ 
Chen 

LL Model 
Ock/ 
Tom/ 
Chen 

Minnaert 
Model 
Ock/Tom/ 
Chen 

Average 
± σ 

7 October 2020 
ESP_066551_2050_RED 

0.683/ 
0.692/ 
0.670 

0.764/ 
0.779/ 
0.751 

0.749/ 
0.764/ 
0.738 

0.732 ±
0.038 

24 April 2021 
ESP_069111_2050_RED 

0.457/ 
0.461/ 
0.448 

0.493/ 
0.503/ 
0.490 

0.458/ 
0.467/ 
0.455 

0.470 ±
0.019 

11 June 2021 
ESP_069731_2055_RED 

0.517/ 
0.523/ 
0.508 

0.527/ 
0.537/ 
0.524 

0.500/ 
0.511/ 
0.498 

0.516 ±
0.012 

23 June 2021 
ESP_069876_2055_RED 

0.522/ 
0.526/ 
0.511 

0.592/ 
0.602/ 
0.586 

0.554/ 
0.564/ 
0.549 

0.556 ±
0.031 

Note: “Ock” stands for the used scattering parameters reported by Ockert-Bell 
et al. (1997); “Tom” stands for those from Tomasko et al. (1999); and “Chen” 
stands for those from Chen-Chen et al. (2019). 

Fig. 6. Best fit lines of the samples used for the Zhurong landing site based on the Lambert Model. The data points are presented as red dots. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Trend of the derived average optical depth around the Zhurong landing 
site plotted in Earth dates. The blue shaded ribbon indicates the error range of 
one standard deviation. The landing date of the Zhurong rover is indicated by 
the red line (15 May 2021). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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can be used by the proposed approach. In this case, however, a linear 
model can no longer be used and a new model for estimating αDEM will 
be required. 

The proposed method is highly complementary to applications such 
as the photoclinometric reconstruction of the Martian surface. To this 
end, it is worth testing the performance of the proposed method at 
multiple scales and resolutions. Understanding the criteria of best 
retrieval can facilitate automation, which would be helpful to increase 
the spatio-temporal resolution of the analysis of atmospheric dust var
iations with the proposed method. 
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