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A B S T R A C T   

High-resolution topographic mapping is essential for scientific investigations and operational exploration of 
planets, such as Mars. Photoclinometry, which uses light scattered from a surface to reconstruct 3D topography, 
can retrieve subtle topographic details from monocular images. However, its performance is affected by the 
atmosphere of Mars, which alters surface reflectance mechanisms due to the scattering and absorption by 
aerosols. Therefore, specific treatments accounting for these atmospheric effects are needed to enable photo
clinometric mapping of Mars. This paper presents a novel photoclinometric approach incorporating a radiative- 
transfer model of atmospheric scattering effects for pixel-wise 3D reconstruction of the Martian surface. The 
approach requires a high-resolution image, a corresponding coarse-resolution digital elevation model (DEM), and 
information of the optical depth as inputs. A radiative transfer model adapted to the Martian atmosphere is used 
to account for the atmospheric effects. The approach also allows directly adopting optical depth estimates from a 
global database (e.g., the Mars Climate Database). The approach was validated using different types of Mars 
orbiter images collected by cameras on-board the Mars Reconnaissance Orbiter and the Tianwen-1 Orbiter. The 
results indicate that the approach can achieve a geometric accuracy (in terms of root-mean-squared error (RMSE) 
of the elevation) of approximately 2 pixels of the image resolution and significantly enhances topographic de
tails. In addition, we evaluated the approach using different settings for the optical depths and spatial resolutions 
of the input DEMs. The results show that overestimating the optical depth leads to overestimation of topographic 
amplitudes (e.g., deeper craters). On the other hand, underestimating the optical depth by the same amount as 
overestimation leads to a smaller increase in the RMSE. Moreover, coarsening the resolution of an input DEM 
increases the RMSE of the photoclinometric results. Nevertheless, photoclinometry improves both the RMSE and 
the resolution of the input DEM. This new approach serves as an effective means for applying photoclinometry 
for pixel-wise 3D topographic mapping of the Martian surface. This will facilitate exploitation of the large 
number of high-resolution monocular images of Mars in 3D topographic mapping of the planet.   

1. Introduction 

High-resolution topographic maps (such as digital elevation models, 
DEMs) of the Martian surface are essential for many aspects of Mars 
exploration. For instance, DEMs of the Martian surface have supported a 
spectrum of scientific investigations, such as the characterisation of 
surface landforms (Goudge et al., 2017), atmospheric dust (Petrova 
et al., 2012), and the deduction of the geologic history of regions of 
interest (Schon et al., 2012; Bell et al., 2022). DEMs also play a vital role 
in landing-site mapping and selection (Kirk et al., 2008; Wu et al., 

2021a, 2021b, 2022; Lorenz, 2023), and navigation and path planning 
for surface-operating rovers (Carsten et al., 2007), to ensure successful 
Mars exploration and maximise the scientific value of such missions. 

Remote sensing observations are the predominant data sources for 
deriving the topography of the red planet. Image data collected by 
orbiter cameras, such as the High-Resolution Stereo Camera (HRSC) 
(Neukum et al., 2009) on-board the Mars Express, the Context Camera 
(CTX) (Bell et al., 2013) and the High-Resolution Imaging Science 
Experiment (HiRISE) (McEwen et al., 2007) on-board the Mars Recon
naissance Orbiter, are important remote-sensing observations. With the 
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success of China’s Tianwen-1 Mars mission, the High-Resolution Imag
ing Camera (HiRIC) (Meng et al., 2021) and Moderate Resolution Im
aging Camera (Tan et al., 2021) on board the Tianwen-1 orbiter have 
emerged as new data sources for mapping Mars. Traditionally, images 
are processed by stereo photogrammetry to extract three-dimensional 
(3D) information of a surface from multi-perspective overlapping im
ages (Shan et al., 2005; Gwinner et al., 2009; Li et al., 2022). However, 
photogrammetry requires stereo coverage of a given region. Photo
clinometry (Rindfleisch, 1966; Kirk, 1987) is an alternative method that 
derives 3D topographic information from image brightness and can be 
implemented using a single image. The technique has been applied to 
landing site mapping in previous planetary missions (Beyer et al., 2003; 
Beyer & Kirk, 2012; Beyer, 2017; Wu et al., 2021a). Photoclinometry is 
more effective than photogrammetry in retrieving subtle surface details 
(e.g., of a boulder that is a few pixels wide), while photogrammetry is 
better at retaining the overall geometric accuracy (Kirk, 1987; Wu et al., 
2018). In this context, photoclinometry and photogrammetry are com
plementary and have been integrated to realise effective 3D mapping of 
the lunar surface. However, to apply photoclinometry to Mars, it is 
necessary to address the effects of the atmosphere on the brightness of 
image pixels. Previous works have devised different solutions to account 
for such effects (e.g., Gehrke, 2008; Jiang et al., 2017; Hess et al., 2022). 
On the other hand, the Martian sky exhibits significant forward scat
tering characteristics, so the brightness of the sky is not uniform 
(Thomas, 2001). This non-uniformity has not been thoroughly consid
ered in previous solutions, which is therefore worth understanding its 
effects on the application of photoclinometry on Mars. 

Therefore, in this study, we developed a novel photoclinometric 
approach for pixel-wise 3D reconstruction of the Martian surface 
considering the photometric effects of the Martian atmosphere. This 
approach requires a high-resolution image, a corresponding coarse- 
resolution DEM, and information of the optical depth (when the image 
is captured) as inputs. A radiative transfer model is used to account for 
the anisotropic scattering effects of the atmosphere. The approach was 
validated using three types of orbital images of Mars, i.e., those captured 
by HiRISE, HiRIC and CTX. In addition, we evaluated the effects of the 
optical depth, a key parameter for characterising the photometric effects 
of the atmosphere, and the spatial resolution of the input DEM on the 
reconstruction performance of the approach. 

The remainder of the paper is organised as follows. Section 2 pro
vides a brief review of the related works. Section 3 describes the 
atmosphere-aware photoclinometry approach for the 3D reconstruction 
of the Martian surface. Section 4 describes the validation of the 
approach using images from different Mars orbiters. Section 5 provides 
extended analyses and comparisons. Section 6 presents the concluding 
remarks. 

2. Related work 

2.1. Photoclinometry for planetary 3D mapping 

Photoclinometry relies on the photometric relationship between the 
topography of the surface and the radiance that it reflects or scatters and 
is detected by a sensor to reconstruct surface topography from an image. 
Photoclinometry is also known as shape-from-shading and is a photo
metric method that was applied to planetary 3D mapping more than half 
a century ago (van Diggelen, 1951; Rindfleisch, 1966). This approach 
estimates topographic slopes from images by using a bidirectional 
reflectance distribution function (BRDF) model (Nicodemus et al., 
1977), which correlates the surface slopes with pixel intensities, and 
then integrates the pixel-wise slopes to a surface model (e.g., a DEM). In 
this manner, photoclinometry can produce pixel-wise high-resolution 
DEMs of the surface from a single image. Photoclinometry is comple
mentary to classical 3D mapping techniques, such as photogrammetry 
(Gwinner et al., 2009; Henriksen et al., 2017) and laser altimetry (Smith 
et al., 2001, 2010; Barker et al., 2021). The integration is usually 

realised by applying the technique to the DEMs produced by the later 
methods (Kirk et al., 2003a, Kirk et al., 2003b, 2022; Grumpe et al., 
2014; Alexandrov & Beyer, 2018; Wu et al., 2018). Other types of 
integration use photoclinometry to handle specific challenges in clas
sical methods, such as image matching in photogrammetry (Heipke, 
1992; Liu & Wu, 2020). The integration with photoclinometry improves 
the limitations in conventional planetary 3D mapping, such as limited 
photogrammetric stereo coverage and sparse laser measurements due to 
orbital constraints. Notably, photoclinometry is often mentioned in 
works dedicated to the emerging deep-learning-based 3D mapping 
methods (Chen et al., 2021; Chen et al., 2022; Tao et al., 2021) since 
they share similar capabilities, such as being applicable to a single 
image. A method of applying photoclinometry to deep-learning derived 
DEMs is also found as an attempt to enhance the recovery of topographic 
details (Chen et al., 2022). 

Photoclinometry can be applied to a single image (Grumpe et al., 
2014; Kirk et al., 2003a,b; Liu and Wu, 2020; Wu et al., 2018, 2020) or 
multiple overlapping images (i.e., photometric stereo) (Woodham, 
1980; Lohse et al., 2006; Alexandrov & Beyer, 2018; Liu et al., 2018). 
Early applications of planetary photoclinometry (van Diggelen, 1951; 
Horn, 1977) focused on single-image cases due to limited observations, 
which generated one-dimensional topographic profiles parallel to the 
solar direction; these are known as characteristic strips because the 
topographic slopes along such directions significantly affect the 
observed image radiance (Horn, 1977, 1990). A photoclinometric DEM 
can be produced by combining adjacent characteristic strips. However, 
this combination results in inconsistencies between adjacent strips due 
to albedo variations and the lack of connections between strips (Kirk, 
1987; Kirk et al., 2003a, Kirk et al., 2003b). Single-image photo
clinometry was later developed to directly generate DEMs (Wildey, 
1975; Kirk, 1987; Horn, 1990) by considering geometric constraints, 
such as smoothness and integrability terms (Kirk, 1987; Frankot & 
Chellappa, 1988; Horn, 1990). 

Photoclinometry is sensitive to variations in surface albedo (Kirk 
et al., 2003a, Kirk et al., 2003b; Bertsatos & Makris, 2010; Grumpe et al., 
2014; Liu & Wu, 2021), less effective in reconstructing low-frequency 
topographic trends (Grumpe et al., 2014; Wu et al., 2018), and re
quires additional information to preserve the absolute elevation refer
ence. In the single-image case, variations in surface albedo have been 
addressed by using images with desirable illumination conditions (Liu & 
Wu, 2021) and imposing statistical constraints (Lee & Rosenfeld, 1983; 
Huang & Mumford, 1999; Barron & Malik, 2011). Moreover, the per
formance can be improved by incorporating existing coarse-resolution 
DEMs (Grumpe et al., 2014; Jiang et al., 2017; Alexandrov & Beyer, 
2018; Korokhin et al., 2018; Wu et al., 2018; Liu & Wu, 2020), such as 
those derived from photogrammetry and/or laser altimetry. Specifically, 
coarse-resolution DEMs provide plausible initial estimates of surface 
topography and its corresponding surface albedo and constrain topo
graphic trends as well as an absolute elevation reference to the photo
clinometric reconstruction. Thus, their introduction can facilitate the 
reconstruction of fine-scale surface details with high accuracy. Methods 
integrating photoclinometry and photogrammetry and/or laser altim
etry have been successfully applied to the 3D mapping of celestial 
bodies, such as those of the Moon (Grumpe et al., 2014; Jiang et al., 
2017; Korokhin et al., 2018; Wu et al., 2018; Liu & Wu, 2020), Mars 
(Jiang et al., 2017; Li et al., 2021; Hess et al., 2022), Mercury (Tenthoff 
et al., 2020), and several asteroids (Gaskell et al., 2008). There are also 
planetary photoclinometry software publicly available, such as the pcsi/ 
pc2d tool in the Integrated Software for Imagers and Spectrometers 2 
(ISIS2) of the United States Geological Survey (USGS) (Kirk et al., 2003a, 
Kirk et al., 2003b) and the sfs tool in NASA’s Ames Stereo Pipeline (ASP) 
(Alexandrov & Beyer, 2018). Both tools offer the option to incorporate a 
priori DEM and deal with albedo variations to a certain extent. Partic
ularly, ASP’s sfs tool can be applied to multiple overlapping images. 
However, the sfs tool is currently not available for Mars mapping 
because of the atmospheric effects (Alexandrov & Beyer, 2018). An 
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extensive comparison between the two software tools can be found in 
Kirk et al. (2022). 

2.2. Influences of atmospheric scattering on photoclinometry 

When applying photoclinometry to Mars or other celestial bodies 
with atmospheres, it is necessary to account for the atmospheric scat
tering process, as this affects photometric interpretations of surface 
geometries (e.g., Davis & Soderblom, 1984; Jankowski & Squyres, 1991; 
Kirk et al., 2001; Kirk et al., 2003a, Kirk et al., 2003b; Hess et al., 2022). 
For Mars, there are several practical ways to minimise such effects. They 
include subtracting from the image the pixel values of shadows (Davis & 
Soderblom, 1984; Jankowski & Squyres, 1991), using a linear approxi
mation model for atmospheric correction (Kirk et al., 2003a, Kirk et al., 
2003b; Gehrke, 2008), and iteratively search for the appropriate at
mospheric correction parameters until photoclinometry best fits an a 
priori DEM (Kirk et al., 2003a, Kirk et al., 2003b). To this end, the surface 
BRDF model and photometric processes of atmospheric dust and gas can 
be incorporated into a top-of-the-atmosphere (TOA) photometric model 
to mimic the radiance observed by a sensor above a celestial body’s 
atmosphere. TOA photometric models are essential for a range of ap
plications in Mar science, such as cartography and mapping (Kirk et al., 
2001; Gehrke, 2008; Hess et al., 2022), and atmospheric studies 
(Hoekzema et al., 2011; Petrova et al., 2012; Liu et al., 2022). A TOA 
model may be simple or complex, depending on the use case, but all such 
models require optical depth as a parameter, as it is related to the 
turbidity of an atmosphere. Optical depth can be retrieved using cam
eras onboard landers and rovers such as Viking landers, Mars Explora
tion Rovers (MERs) and Mars Science Laboratory (MSL) (Lemmon et al., 
2015; Chen-Chen et al., 2019 ) or sensors onboard satellites such as Mars 
Color Imager (MARCI), CRISM and OMEGA (Ceamanos et al., 2013; 
Vincendon, 2007). 

Sophisticated TOA models (Petrova et al., 2012; Fernando et al., 
2015, 2016; Liu et al., 2022) require the scattering properties of atmo
spheric dust (Tomasko et al., 1999; Wolff et al., 2009; Chen-Chen et al., 
2019) and introduce radiative transfer models (RTMs) (e.g., Stamnes 
et al., 1988; Mishchenko & Travis, 1997) to simulate the radiance 
propagation of an atmosphere. TOA models of Mars typically assume 
that it has a uniform skylight (i.e., the sky is equally bright in all viewing 
directions) (Petrova et al., 2012; Hess et al., 2019, 2022; Liu et al., 
2022). However, the Mars atmosphere exhibits apparent anisotropic 
skylight (Davis & Soderblom, 1984; Thomas, 2001; Spiga & Forget, 
2008). Its implications for Mars photoclinometry have been explicitly 
discussed by Kirk et al. (2001). Yet applications of Mars photoclinometry 
with considerations to anisotropic skylight are not common and there
fore worth further investigation. 

3. An atmosphere-aware photoclinometric approach 

3.1. Overview of the approach 

The workflow of the approach is illustrated in Fig. 1. First, a high- 
resolution image and corresponding initial coarse-resolution DEM are 
provided as inputs, of which the latter can typically be obtained from 
existing DEM data generated from photogrammetry or laser altimetry. 
The image is ortho-rectified and co-registered with this DEM. Then, the 
image and DEM are forwarded to a DEM-constrained hierarchical pho
toclinometric 3D reconstruction module, which reconstructs the 
detailed topography observed in the image to a high-resolution DEM. 
The photoclinometric process involves the following steps. Based on the 
image and known illumination and imaging geometry, the surface al
bedo and reflectance per image pixel are iteratively refined, and the 
DEM is optimised according to the surface reflectance. A TOA photo
metric model, with specific considerations pertaining to the scattering 
anisotropy of the atmosphere, is used to account for the disturbance of 
surface reflectance due to the atmosphere of Mars to obtain the most 

plausible surface reflectance. The input coarse-resolution DEM provides 
the initial condition and constraints. The output is a photoclinometri
cally refined high-resolution DEM with topographic details up to the 
pixel level of the image. 

3.2. TOA photometric model for Mars imaging observations 

3.2.1. A TOA model considering atmospheric scattering and anisotropic 
skylight effects 

The TOA photometric model describes the radiance observed by a 
sensor after it interacts with a planetary atmosphere and surface. In 
general, the radiance propagation process of bodies with atmospheres 
can be broken down into several components (Petrova et al., 2012), 
encompassing the direct and indirect reflectances at the surface and 
photometric interactions with the aerosols. 

The TOA photometric model requires the optical depth and aerosol 
scattering properties of the Martian atmosphere, which can be obtained 
through image-based methods (Hoekzema et al., 2011; Liu et al., 2022), 
from the Mars Climate Database (MCD) (Montabone et al., 2015), and 
from other studies that have been dedicated to the scattering parame
terisation of Martian dust (Ockert-Bell et al., 1997; Tomasko et al., 1999; 
Wolff et al., 2009; Chen-Chen et al., 2019). An RTM is then built to 
model the angular distribution of the solar radiation reaching the sur
face and the radiation that reaches the sensor without interacting with 
the surface. These two quantities are used to construct the TOA photo
metric model for the imaging scene. 

For practical reasons, the TOA models used for Mars remote sensing 
are often simplified (i.e., only the important components of the full 
model are implemented) (Gehrke, 2008). Based on the formulations by 
Hess et al. (2019, 2020), which represent the more rigorous versions 
among the available strategies, we further develop the TOA model by 
incorporating the scattering characteristics of Martian aerosols and 
resultant anisotropic skylight (Davis & Soderblom, 1984; Thomas et al., 
1999; Kirk et al., 2001). Our TOA model is formulated as follows: 

ITOA = ωe
− τ

(

1
μ0F

+ 1
μF

)

Rdd(μ0, μ)+ωe− τ 1
μF Rhd(μ0, μ, τ)+α(τ) (1)  

where ITOA is the TOA radiance factor observed by the sensor, ω is the 
surface albedo, and τ is the atmospheric optical depth. μ0F and μF are the 
incident and emission angle cosines relative to the local geodesic flat 
surface, respectively. Rdd is the bidirectional surface reflectance, and Rhd 
is the atmospherically-illuminated-directional reflectance (i.e., the 

Fig. 1. Workflow of the atmosphere-aware photoclinometric approach.  
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reflectance of the surface illuminated by the scattered light of the at
mosphere), which is similar to hemispherical-directional reflectance but 
considered anisotropic skylight instead of a diffuse uniform skylight. 
Because the anisotropy of the Martian skylight is considered, Rhd de
pends on the surface orientation (i.e., μ0 and μ) unlike that used by Hess 

et al. (2019, 2020). e− τ 1
μ0F and e− τ 1

μF are the atmospheric attenuation 
factors of the incident and reflected light, respectively, modelled based 
on the Beer-Lambert law. Because Rdd is affected by the atmospheric 
attenuation of both incoming and outgoing light, its attenuation factor is 

e− τ 1
μ0F × e− τ 1

μF = e
− τ
(

1
μ0F

+ 1
μF

)

. In contrast, Rhd is affected only by the 
attenuation of the outgoing light because the scattering and attenuation 
of the incoming light are considered by Rhd. α(τ) corresponds to aerosol 
path scattering that never interacts with the surface. The contribution of 
Rhd becomes more significant as τ increases, implying an increase in the 
turbidity of the atmosphere (Spiga & Forget, 2008). If τ is too large, the 
contributions of both Rdd and Rhd decrease because the atmosphere is too 
thick and tends to block most of the incoming sunlight, with α increasing 
monotonically with τ. Rhd and α(τ) can be modelled 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. It is important to note that Eq. (1) still neglects some scattering 
processes. The first component that becomes evident is the scattered 
beam resulting from Rdd and Rhd being further scattered by the atmo
sphere before reaching the sensor. This indirect scattering of the re
flected beam is neglected due to computation complexities. The second 
ignored component is the light that is scattered by the surface to the 
atmosphere and then scattered back to the surface (i.e., surface-sky- 
surface scattering). This component is ignored to avoid prior knowl
edge of surface albedo. A brief estimate of the effects of neglecting the 
second component is given in Section 3.2.2. 

3.2.2. Photometric modelling of the Martian surface 
The TOA model described by Eq. (1) exhibits two types of photo

metric processes related to the Martian surface: Rdd and Rhd. Rdd is used 
to model the surface reflectance that is illuminated by direct sunlight 
and then propagated directly to the sensor, whereas Rhd models the 
surface reflectance that is illuminated from multiple directions by the 
atmosphere and then propagated directly to the sensor. Rdd and Rhd are 
theoretically related because they are governed by the scattering 
mechanisms of the same surface. 

Rdd can be described using various photometric models (Fairbairn, 
2005; Soderblom et al., 2006; Shkuratov et al., 2011; Hapke, 2012). In 
Eq. (1), Rdd and Rhd are linearly dependent on the surface albedo ω; 
therefore, we select a photometric model with similar properties, i.e., 
the lunar Lambert model (LL model) (McEwen, 1991, 1996) to model 
the bidirectional reflectance, which has also been applied to Mars 
studies (Soderblom et al., 2006). Other photometric models that are 
linearly dependent on ω can also be used (e.g., Minnaert, 1941; Fair
bairn, 2005). However, for photometric models that are non-linearly 
dependent on ω, such as the Hapke model (Hapke, 2012), Eq. (1) 
should be modified to account for the non-linearity. The LL model, 
which is a linear combination of the Lambert model and Lommel- 
Seeliger model, is formulated as 

Rdd(μ0, μ, g) =
[

(1 − λ(g) )μ0 + 2λ(g)
μ0

μ0 + μ

]

p(g) (2)  

where μ0 and μ are the incident and emission angle cosines relative to 
the surface normal, respectively. λ(g) depends on the phase angle g and 
controls the relative contribution of the two major components within 
the model. λ(g) and p(g) dedicated to Mars are derived using the pa
rameters from the documentation of the Photomet application in USGS’s 
ISIS: (https://isis.astrogeology.usgs.gov/Application/presentation/ 
Tabbed/photomet/photomet.html, example 7). The adopted parame
ters are a list of values corresponding to a definite set of g, hence 

interpolation is necessary to compute the desired function outputs for 
Rdd. 

Rhd describes the light reflectance of a surface that is illuminated by 
the atmosphere. As illustrated in Fig. 2, we consider a hemispherical sky- 
dome in which sunlight propagates downwards (Fig. 2a). The local 
terrain (Fig. 2b) forms an angle with the sky-dome based on its surface 
orientation, and therefore only part of the sky-dome irradiance reaches 
the surface (Fig. 2c), and the rest is occluded (Fig. 2d). Illumination from 
below the horizon reaching the surface (Fig. 2e) is assumed to be 
negligible. We model Rhd by integrating Rdd over all possible illumina
tion directions in the upper hemisphere of the surface for the same 
outgoing direction, as follows: 

Rhd(μ0, μ, τ) =
∫ 2π

ϕ=0

∫ π/2

θ=0
β(ϕ, θ, τ)Rdd(μ0, μ, g) (3) 

where ϕ is the illumination azimuth and θ is the illumination zenith 
in radians. β(ϕ, θ, τ) denotes the illumination propagated by the atmo
sphere to the direction defined by ϕ and θ, which can be modelled using 
RTMs similar to α(τ) in Eq. (1). The integration over the sky-dome covers 
all of the illumination azimuths (0 ≤ ϕ ≤ 2π) and zeniths (0 ≤ θ ≤ π/2). 
β(ϕ, θ, τ) below the horizon (Fig. 2e) is considered to be negligible and is 
thus not included. μ0 depends on the surface orientation and skylight 
illumination vector defined by ϕ and θ. Illumination directions beyond 
the visible range of the surface yield an invalid μ0, and so the corre
sponding Rdd is nullified. Therefore, Eq. (3) naturally accounts for the 
sky-view factor. Because the illumination direction varies, the phase 
angle g changes with ϕ and θ. To account for the complexity of β(ϕ, θ, τ) 
and Rdd, Rhd is computed based on numerical integration of a set of 
predefined μ0 and μ, with (0 ≤ μ0, μ ≤ 1) and a known τ. Rhd for any 
specific μ0 and μ is then interpolated from the set. 

3.2.3. Photometric modelling of the Martian atmosphere 
Photometric modelling of the Martian atmosphere requires two 

components: (1) single scattering characteristics of the aerosols, which 
governs how light is absorbed and scattered by the Martian atmospheric 
dust; and (2) an RTM that reproduces how light is propagated through 
the atmosphere, given the aerosol scattering properties. 

The scattering properties useful for the photometric modelling of 
Martian aerosols include the single scattering albedo of the aerosols 
ωatm, phase function patm(g), and parameters used to characterise patm(g). 
ωatm determines the amount of light absorbed by the aerosols and 
propagated onwards. patm(g) describes how aerosol particles or clusters 
scatter incoming light at different phase angles. The parameters required 
by patm(g) depend on the chosen model. We select the single Henyey- 
Greenstein phase function (Pollack et al., 1995) over the alternative 
models (Chen-Chen et al., 2019; Mishchenko, 2020) owing to its 
simplicity and the availability of parameters dedicated to Mars. The 
single Henyey-Greenstein function is formulated as follows: 

patm(g) =
1 − ε2

[1 + ε2 + 2εcos(g) ]3/2 (4)  

where g is the phase angle, and − 1 ≤ ε ≤ 1 is the asymmetry factor 
characterising the directional preference of the scattering particle. ε >
0 implies more forward scattering and ε < 0 suggests the opposite. The 
parameters ε and ωatm vary with the wavelength and should therefore be 
chosen according to the radiometric properties of the target image. The 
centre wavelengths of the HiRISE, HiRIC and CTX images considered in 
this research are 700 nm (McEwen et al., 2007), 675 nm (Meng et al., 
2021), and 611 nm (Bell et al., 2013), respectively. Thus, we use the 
scattering parameters of Martian aerosols at similar wavelengths re
ported by Ockert-Bell et al. (1997): ωatm = 0.94 and ε = 0.65, which have 
also been used by Spiga and Forget (2008) and Liu et al. (2022). 

We apply the Discrete Ordinate Radiative Transfer (DISORT) pro
gram (Stamnes et al., 1988), which has been widely adopted in plane
tary photometry (McGuire et al., 2008; Doute & Ceamanos, 2010; 

W.C. Liu and B. Wu                                                                                                                                                                                                                           

https://isis.astrogeology.usgs.gov/Application/presentation/Tabbed/photomet/photomet.html
https://isis.astrogeology.usgs.gov/Application/presentation/Tabbed/photomet/photomet.html


ISPRS Journal of Photogrammetry and Remote Sensing 204 (2023) 237–256

241

Hapke, 2012; Ceamanos et al., 2013; Jiang et al., 2017; Chen-Chen et al., 
2019), to calculate α(τ) in Eq. (1) and β(ϕ, θ, τ) in Eq. (3). We consider a 
single layer of the atmosphere characterised by the abovementioned 
photometric properties of the aerosols and a known τ. A perfectly 
absorbing surface (i.e., ω = 0) is assumed to be present at the lower 
boundary of the atmosphere. For simplicity, we do not consider more 
complex aspects, such as multiple atmospheric layers, air temperature, 
and pressure. Such a simplified configuration is considered valid for τ ≤
1 (Vincendon et al., 2007; Petrova et al., 2012; Liu et al., 2022). In 
addition, we assume that β(ϕ, θ, τ) is independent of surface scattering, i. 
e., the surface-sky-surface scattering is ignored, an assumption also used 
by several other works (e.g., Hess et al., 2022; Liu et al., 2022). 
Consequently, prior knowledge of the surface is not required to 
construct the atmospheric model. Subsequently, we configure the di
rections of the incident and emerging beams according to the illumi
nation and imaging geometry of the image to be analysed. Based on the 
constructed RTM, we extract the quantities α(τ) and β(ϕ, θ, τ). α(τ) is 
characterised by the intensity of the emerging beam leaving the TOA (i. 
e., the upper boundary of the atmosphere) and travelling towards the 
sensor. For β(ϕ, θ, τ), we first discretise the downward propagating 
hemisphere into multiple streams (i.e., ϕk∈K, θk∈K, where K is the number 
of streams) and use DISORT to compute the flux of each stream reaching 
the bottom layer. The resulting set of β(ϕ, θ, τ) produces a panorama of 
the sky-dome (Fig. 3), which is then used to compute Rhd. Here we 
briefly analyse the impacts of ignoring the surface-sky-surface scat
tering, βsks. We first approximate βsks as the product of the bi- 
hemispheric reflectance (Bond Albedo) of the Martian surface Bondsurf, 
which is 0.25 for Mars, and that of the Martian atmosphere, Bondatm(τ). 
That is βsks(τ) = Bondsurf × Bondatm(τ) = 0.25Bondatm(τ). For reference, 
using the selected aerosol scattering parameters, ωatm = 0.94 and ε =
0.65, we get Bondatm(1.0) = 0.2 and Bondatm(2.0) = 0.284. We also 
compute the total amount of incident light on a surface, which is the sum 
of direct sunlight and total β (i.e., the angular integral of Fig. 3) and βsks. 
The ratio of βsks relative to the total incident light then gives an estimate 
of how much light is ignored when neglecting βsks. We simulated several 
practical scenarios: incidence angle = {40◦, 50◦, 60◦} and emission 
angle = 0◦. We then found that at a 40◦ incidence angle, 10 % of total 
incident light is ignored for neglecting βsks when τ = 1.43. The 10 % limit 
becomes τ = 1.15 for the 50◦ case and 0.87 for the 60◦ case, respectively. 
This is because at a larger incidence angle, incoming light travels a 
longer path which leads to a reduction in total light reaching the surface. 
As a result, the relative effects of neglecting βsks increase. This analysis 
gives a brief estimate of the effects of ignoring βsks, which can be within 

10 % when the optical depth is lower than the aforementioned limits of 
the respective cases. 

As exemplified in Fig. 3, the skylight produced by the Martian at
mosphere (i.e., the set of β(ϕ, θ, τ)) is anisotropic: Incoming skylight 
concentrates around the solar aureole and diminishes outwards. 
Therefore, Sun-facing surfaces naturally receive more skylight than 
surfaces facing away from the Sun. As τ increases, more multiple scat
tering and absorption occur within the atmosphere, resulting in more 
dispersed skylight illumination. The TOA model used in this study 
provides a more comprehensive treatment of the Martian skylight 
anisotropy, which has been typically simplified in other TOA models 
(Gehrke, 2008; Hess et al., 2019, 2020; Liu et al., 2022). 

3.3. Photoclinometric 3D reconstruction of the DEM 

The photoclinometric reconstruction module performs two key tasks: 
(i) refinement of the surface reflectance, and (ii) photoclinometric 
refinement of the DEM. The module iterates both steps consecutively 
until the topographic details are effectively imprinted onto the resulting 
DEM. First, we factorise Eq. (1) as follows: 

ITOA = ω
[

e
− τ

(

1
μ0F

+ 1
μF

)

Rdd(μ0, μ)+ e− τ 1
μF Rhd(μ0, μ, τ)

]

+ α(τ)

ITOA − α(τ) = ωRsurf (μ0, μ, τ) (5) 

This form enables the direct computation of the unknown surface 
albedo because the combined surface reflectance (i.e., Rsurf, defined in 
the square brackets) and α(τ) can be obtained from the inputs. The op
tical depth τ can be obtained from the MCD (Montabone et al., 2015) or 
image-based methods (Hoekzema et al., 2011; Liu et al., 2022). There 
are also other practical methods to estimate τ such as dark pixel 
correction (Kirk et al., 2001) and iterative photoclinometry-based 
analysis (Kirk et al., 2003a, Kirk et al., 2003b; 2008). Then, based on 
Eq. (5), we initialise ω and Rsurf for each pixel using the input DEM and 
image. At each iteration, pixel-wise albedo ω is refined by a local 
smoothing process, a strategy that has proven effective in previous 
works (Grumpe et al., 2014; Wu et al., 2018; Liu & Wu, 2020). Then, 
pixel-wise Rsurf is gradually refined by enforcing Eq. (5). The DEM is then 
photoclinometrically adjusted by minimising the following term: 

Eimg =
(
Rrefined − RDEM

)2 (6)  

where Rrefined is the refined Rsurf, and RDEM is the corresponding value 
calculated from the DEM. 

The input DEM provides the initial conditions and constrains the 
DEM refinement throughout the process. To this end, a coarse-resolution 
constraint is introduced, as follows: 

EDEM = [g(Zini, σ) − g(Zcurrent, σ) ]2 (7)  

where Zini is the input DEM, and Zcurrent is the DEM being photoclino
metrically optimised. g(*, σ) is a Gaussian smoothing operator with σ as 
its predefined standard deviation. This constraint ensures that the 
resulting DEM is close to the input DEM at a coarse scale (Grumpe et al., 

Fig. 2. Conceptual illustration of sky-dome illumination.  

Fig. 3. Panorama of the Martian sky simulated by DISORT (The angle of 
incidence is set as 56.19◦ and τ is 0.43). 
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2014; Jiang et al., 2017; Wu et al., 2018). Therefore, the complete error 
term becomes 

ETotal = Eimg +wDEMEDEM (8)  

where wDEM is the weight for EDEM. This weight is determined such that 
the DEM adjustments resulting from EDEM do not neutralise those 
resulting from Eimg; i.e., when Eimg considerably affects the DEM, wDEM is 
set high to ensure overall control, whereas when Eimg modifies only 
subtle surface details, wDEM is set low to provide sufficient freedom. This 
setting is incorporated automatically at the start of each iteration by 
statistically evaluating DEM adjustments of the previous iteration, 
thereby achieving self-adaption. 

We introduce a relaxation strategy that discretises the complex 
global refinement task into pixel-wise local refinement tasks. Local 
optimisation of Eq. (8) is performed using the Levenberg-Marquardt 
algorithm. In addition, we apply a hierarchical refinement pipeline 
that initiates photoclinometry at a coarse spatial resolution and then 
gradually enhances the resolution until it reaches the pixel-scale of the 
image. 

4. Experimental analysis 

The proposed approach was tested using various Mars imaging data, 
namely HiRISE and CTX from the MRO and HiRIC from the Tianwen-1 
orbiter. This section provides a demonstration of the method in 
applying to the aforementioned imaging data. In addition, the experi
mental datasets also laid a foundation for the extended analysis in sec
tion 5, which addresses several key issues related to photoclinometry. 

4.1. HiRISE image of the Victoria crater 

We first tested the photoclinometric approach using HiRISE data. 
The test site was the Victoria Crater, which has been extensively studied 
and was visited by the Opportunity rover. The inputs are a HiRISE image 
(0.25 m/pixel) (ID: TRA_000873_1780_RED, http://viewer.mars.asu. 
edu/planetview/inst/hirise/TRA_000873_1780_RED#P=TRA_000 
873_1780_RED&T=2) and a photogrammetric DEM (1 m/pixel) (ID: 
DTEEC_001414_1780_001612_1780_U01, https://www.uahirise.org/dt 
m/dtm.php?ID=PSP_001612_1780) generated from stereo HiRISE im
ages. The HiRISE DEM was down-sampled to 8 m/pixel to account for 
local high-frequency noise. We extracted a subset of the region (5177 ×
6856 pixels on the HiRISE image) for which the HiRISE DEM is avail
able. The original HiRISE DEM also served as a reference. However, it is 
important to note that the photogrammetric generation of this reference 
HiRISE DEM was very challenging (Kirk et al., 2008): the area is almost 
featureless and there are vertical outcrops that are also affected by 
shadows, unfavoured for stereo image matching. As a result, the refer
ence HiRISE DEM has a high level of noises at fine-scale and cannot 
resolve detailed topography such as Aeolian bedforms. The optical depth 
of the image was obtained from the direct measurements by the Op
portunity rover (Lemmon et al., 2015). The characteristics of the 
selected HiRISE image are summarised in Table 1. 

The experimental results are shown in Fig. 4. First, we visually 
compared the photoclinometric DEM (Fig. 4b) and photogrammetric 
DEM that serves as a reference (Fig. 4c). Both DEMs exhibited high 
correspondence, which is highly desirable. Further inspection revealed 

significant improvements in surface details, such as the sand ripples at 
the bottom of the Victoria Crater. Close-up views in Fig. 4d indicate that 
the photoclinometric result has more plausible surface details and less 
high-frequency noise than that based on the photogrammetric DEM. We 
derived an elevation difference map (Fig. 4e) between the reference 
DEM and photoclinometric DEM. The inconsistencies between the two 
were limited, with large differences observed near the rim of Victoria 
Crater, which has abrupt elevation changes. The overall geometric ac
curacy was also confirmed by the root-mean-squared deviations (RMSD) 
and maximum absolute elevation differences, which were approxi
mately 0.5 m (2 pixels in the image space) and 6.8 m, respectively 
(Table 2). In addition to the elevation assessments, we computed the 
Pearson correlation coefficient (PCCimg) to assess the similarity between 
the shaded relief image generated from the DEM based on the same Sun 
illumination angles and the HiRISE image. The metric highlights the 
improved similarity (PCCimg = 0.785) of the photoclinometirc DEM with 
the input image compared with that associated with the photogram
metric DEM (PCCimg = 0.453). Note that the improved PCCimg means 
photoclinometry is reconstructing a DEM that is more visually desirable 
than the input and should not be taken as the sole indicator of improved 
geometric accuracy. The actual geometric correctness of the topographic 
details recovered by photoclinometry has to be assessed by geometri
cally comparison with a reference DEM. 

Results of the examination of the two topographic profiles depicted 
in Fig. 4a are shown in Fig. 5. Profile 1 was a cross-section of the Victoria 
Crater, which can provide an overview of the overall geometric con
sistency. The profiles of the photoclinometric DEM (blue line) and the 
reference DEM (green dotted line) were highly overlapping, which in
dicates that the photoclinometric result was effectively constrained over 
coarse scales. The inset of profile 1 showed the magnified view of the 
bottom of the crater, which is characterised by groups of sand ripples. 
This indicates that the photoclinometric DEM recovered visually plau
sible geometries of the sand ripples, whereas the photogrammetric DEM 
exhibited noisy cross-sections, possibly due to challenges in image 
matching during photogrammetric processing such as repetitive pat
terns or homogeneous local textures on images. These results demon
strate the effectiveness of the photoclinometric approach in recovering 
surface details. Profile 2 crossed a group of small sand ripples and two 
small craters (marked by black arrows) southeast of Victoria. On the 
reference HiRISE DEM, these subtle landforms were either not visible or 
overwhelmed by noise, likely because of the challenges in photogram
metric image matching. In contrast, they were reconstructed in the 
photoclinometric result while maintaining overall consistency with the 
input. To better understand the 3D reconstruction accuracy of the fine- 
scale topography (e.g., sand ripples) of this area in the absence of an 
ultra-high resolution reference DEM, we briefly analysed the Aeolian 
bedforms distributed over the region. We found that the average slope of 
the sand ripples is ~5◦. For reference, the reported average slope of 
Transverse Aeolian Ridges (TARs) on Mars is ~15◦ (Zimbelman, 2010). 
Although it may be possible that the sand ripples inside the Victoria 
crater are different from the typical Mars TARs, one cannot rule out the 
possibility that these features were underestimated due to suboptimal 
optical depth or other factors affecting photoclinometry. This also 
highlights the importance of a detailed and reliable reference DEM when 
assessing the performance of photoclinometry. 

4.2. HiRIC image of the Zhurong landing site 

For the second experimental dataset, we selected the region sur
rounding the Tianwen-1 (Zhurong rover) landing site (Wu et al., 2022). 
The inputs include the Tianwen-1 HiRIC image (0.7 m/pixel) (Fig. 6a) 
and a photogrammetric DEM (3.5 m/pixel) (Fig. 6b) generated from 
stereo HiRIC images (Li et al., 2022). As can be noticed in Fig. 6b, we 
identified on the photogrammetric HiRIC DEM a line of artefact running 
vertically across the region. This artefact, which is likely produced 
during photogrammetric processing of multiple overlapping image 

Table 1 
Information of the tested HiRISE image (ID: TRA_000873_1780_RED).  

Acquisition time 2006-10-03T12:44:13.425 

Optical depth (from 
Opportunity rover 
measurements)  

0.43 Resolution 
(m/pixel)  

0.25 Sub-solar 
azimuth (◦)  

299.14 

Angle of incidence (◦)  56.19 Angle of 
emission (◦)  

3.84 Phase 
angle (◦)  

59.31  
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strips, introduces height discontinuities of up to 2 m in the E-W direc
tion. While the 2 m amplitude is not severe, the flat terrain of the region 
and the length of the artefact have made it distinctive. Therefore, to 
avoid photoclinometry inheriting this artefact and also to account for 
the lack of subtle surface details in this particular region, we down- 
sampled the HiRIC DEM to 35 m/pixel as the input DEM. We extrac
ted a subset of the region (2711 × 3809 pixels on the HiRIC image) near 
the Zhurong landing site. Moreover, we obtained the overlapping 
HiRISE DEM (Fig. 6d) to serve as a reference (ID: 

DTEEC_069665_2055_069731_2055_A01, 1 m/pixel). The optical depth 
of the image was inferred from an image-based approach presented by 
Liu et al. (2022). The characteristics of the selected HiRIC image are 
summarised in Table 3. 

As shown in Fig. 6, the photoclinometric result (Fig. 6c) exhibited 
high visual correspondence with the reference photogrammetric DEM 
generated from the stereo HiRISE images (Fig. 6d). The magnified views 
of a local region (the box in Fig. 6d) in Fig. 6e show that the photo
clinometric DEM revealed local scale landforms (e.g., small craters and 
Aeolian bedforms) and possessed less noise than the photogrammetric 
DEM from HiRISE images. The elevation difference maps (Fig. 6f and g) 
showed limited inconsistencies with the reference, larger elevation dif
ferences were observed on the photoclinometric DEM near the rim of the 
crater in the lower-left region, as in the case of the Victoria Crater. Closer 
inspection of this region revealed a group of small ripple-like bedforms, 
which were light-toned and accumulated near the crater rim. The 
presence of these bedforms, which exhibited increased surface rough
ness and albedo, may account for the higher overall brightness of this 
area. Table 4 shows that the overall RMSE of the photoclinometric DEM 
with respect to the reference DEM was about 0.8 m (less than 2 pixels in 
the HiRIC image space), similar to that of the photogrammetric HiRIC 

Fig. 4. Photoclinometric results for the Victoria Crater dataset.  

Table 2 
Overall quality metrics for the HiRISE dataset.   

Photoclinometric DEM (0.25 
m/pixel) 

Photogrammetric HiRISE DEM as 
reference  
(1 m/pixel) 

RMSD (m)  0.5 N/A 
Max. Abs. 

(m)  
6.8 N/A 

PCCimg  0.785 0.453 

*PCCimg is the Pearson correlation coefficient of the computed shaded relief and 
input image. 
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DEM. The maximum absolute error of the photoclinometric DEM was 
approximately 7.9 m, slightly higher than that of the photogrammetric 
HiRIC DEM (5.2 m) and attributable to the aforementioned crater rim 
areas. As indicated by the PCCimg, the photoclinometric result exhibited 
a much higher similarity with the input HiRIC image than other DEMs. 
Note that the HiRISE DEM’s PCCimg and Fig. 6(e) have indicated that the 
DEM cannot provide a reliable reference for assessing the geometric 
correspondence of surface details up to the scale of the image. The sit
uation can also be seen in the scale variations of RMS computed based on 
0.7 m/pixel and plotted in Fig. 7. The two curves did not exhibit sig
nificant differences in the range of smaller k. A careful look would find 
that the reference DEM has partial topographic details (e.g., crests of 
Aeolian bedforms) mixed with greater uncertainties. The SNR is sub
optimal which makes it less capable of assessing fine scale geometries. 
Nevertheless, the photogrammetric HiRIC DEM has the lowest RMS 
deviation of 0.733 m when the reference DEM is smoothed by a boxcar 
of width k ≈ 89 pixels (~62 m), while the photoclinometric result has its 
lowest RMS deviation of 0.747 m at k ≈ 106 pixels (~74 m). 

Fig. 8 presents the profiles depicted in Fig. 6a. Profile 1 crossed two 
shallow craters west of the landing site. The two craters, that were not 
fully captured by the photogrammetric HiRIC DEM (red dashed line), 
were successfully reconstructed in the photoclinometric DEM (blue 
line), and their dimensions are consistent with those obtained using the 
photogrammetric HiRISE DEM (green dashed line). In addition, the 
overall geometry was similar to that obtained using the photogram
metric HiRISE DEM, owing to the high consistency between the input 
and the reference DEMs. Profile 2 shows the reconstruction result of a 
feature particularly challenging for photoclinometry. It presented the 
cross-section of a Traverse Aeolian Ridge (TAR) southwest of the landing 
site that is only partially resolved by the photogrammetric HiRIC DEM, 

but successfully reconstructed in the photoclinometric DEM. The TARs 
in this area are challenging for photoclinometry owing to the inherent 
characteristics of the technique (Jankowski & Squyres, 1991; Liu & Wu, 
2021): they have a distinctively higher albedo than the surroundings, 
and the dominating topographic strike is along the north–south direc
tion, nearly perpendicular to the illumination azimuth of the image 
(248◦). The heights of the TAR measured from the profile of the pho
toclinometric DEM and photogrammetric HiRISE DEM were ~0.66 m 
(blue line) and ~0.72 m (green dashed line), respectively. The height of 
the TAR, based on measurements from the ground images by the 
Zhurong rover, was ~0.6 m (Liu et al., 2021), consistent with both 
measurements (with our result slightly closer). This finding shows that 
the photoclinometric approach recovered plausible dimensions of the 
TAR. Although the reconstruction of the right side of the TAR is not as 
desirable as its left side, its height is within a factor of 2 for this chal
lenging feature. 

4.3. CTX image of the Columbus Crater 

The third experimental dataset focused on a region north-eastern of 
the Columbus Crater (Fig. 9). The inputs are a CTX image (5 m/pixel) 
(ID: J01_045278_1498_XN_30S165W, https://viewer.mars.asu. 
edu/viewer/ctx#P=J01_045278_1498_XN_30S165W&T=2) and the 
HRSC DEM (75 m/pixel) (http://viewer.mars.asu.edu/viewer/hrsc#T 
=0) covering the same region. We extracted a subset of the region 
(1576 × 3142 pixels on the CTX image) covered by a HiRISE DEM (1 m/ 
pixel) (ID: DTEEC_010492_1510_045278_1510_A01, https://hirise.lpl.ar 
izona.edu/PDS/DTM/PSP/ORB_010400_010499/PSP_010492_1510_ES 
P_045278_1510/DTEEC_010492_1510_045278_1510_A01.IMG) to serve 
as a reference. Because the reference HiRISE DEM has a much higher 

Fig. 5. Selected topographic profiles of the HiRISE dataset.  
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spatial resolution than the input CTX image, we believe this experiment 
could help to clarify the absolute accuracy of the photoclinometric 
approach in Mars mapping applications. The optical depth of the image 
was obtained from the MCD (Montabone et al., 2015). The 

Fig. 6. Photoclinometric results for the HiRIC dataset.  

Table 3 
Information of the input HiRIC image (Orbit No. 0324).  

Acquisition time 2021-03-24 

Optical depth (Liu 
et al., 2022)  

0.5 Resolution (m/ 
pixel)  

0.7 Sub-solar 
azimuth (◦)  

248.0 

Angle of incidence 
(◦)  

48.64 Angle of 
emission (◦)  

0.0 Phase angle 
(◦)  

48.64  

Table 4 
Overall quality metrics of the HiRIC dataset.   

Photogrammetric 
DEM (HiRIC) 
(3.5 m/pixel) 

Photoclinometric 
DEM (HiRIC) 
(0.7 m/pixel) 

Photogrammetric DEM 
(HiRISE) as reference 
(1 m/pixel) 

RMSE 
(m)  

0.80  0.83 N/A 

Max. 
Abs. 
(m)  

5.2  7.9 N/A 

PCCimg  0.228  0.783 0.245 

*PCCimg is the Pearson correlation coefficient of the computed shaded relief and 
input image. 

Fig. 7. DEM RMS at different scales for the HiRIC dataset.  
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characteristics of the selected CTX image are summarised in Table 5. 
The reconstruction results are presented in Fig. 9. Visual inspection 

revealed that the surface details presented on the CTX image (Fig. 9a) 
were successfully reproduced in the photoclinometrically reconstructed 
DEM (Fig. 9c), which exhibited strong correspondence with the HiRISE 
DEM (Fig. 9d). Fig. 9e shows the elevation difference map between the 
HRSC DEM used as the input and reference HiRISE DEM (i.e., error 
map), which exhibited considerable elevation differences along the 
transition zone between the highlands and lowlands and the patch of 
highlands located in the south. The photoclinometrically reconstructed 
DEM also exhibited similar spatial distributions (Fig. 9f), which implies 
that the result inherits the overall geometric quality of the input DEM. 
Fig. 9f also shows the strips associated with the down-Sun direction, 
which is known to be a challenge for single-image photoclinometry 
(Barron & Malik, 2011; Wu et al., 2018; Kirk et al., 2022). Moreover, the 
elevation differences of the photoclinometric result were lower than that 
of the input HRSC DEM, which indicates that the approach considerably 
enhances the geometric quality. 

The overall absolute elevation differences are compared in Table 6. 
The RMSE decreased from 15.7 m for the HRSC DEM to 11 m (approx
imately 2 pixels in the image space) for the photoclinometirc CTX DEM, 
and the maximum absolute difference decreased from 63.8 m to 47 m for 
the corresponding entities. The metric PCCimg indicates there was a 
significant improvement in correspondence between the DEM and the 

input image after photoclinometry. In particular, the photoclinometric 
result outperforms the input HRSC DEM and the reference HiRISE DEM 
by a considerable margin in terms of the PCCimg. To assess the shape 
correspondence of the added topographic details, we extracted the 
highpass components of the photoclinometric result and computed its 
proportionality with that of the reference DEM. The highpass propor
tionality coefficient (HPC) of ideal shape correspondence would yield 
(HPC = 1). The highpass components were obtained by subtracting the 
DEMs from their lowpass filtered version. Here we used a 75 m × 75 m 
boxcar averaging kernel for lowpass filtering, echoing the resolution of 
the HRSC DEM. The computed proportionality measure (HPC75 = 1.04) 
is close to unity, which is desirable since the highpass components at this 
scale had similar geometric shapes. 

The scale variations of RMS deviations were computed based on 5 m 
spatial resolution. Therefore, all the DEMs were first interpolated to 5 
m/pixel. The results were plotted in Fig. 10 to allow evaluation of how 
RMS deviations of the DEMs change over scales. The green crosses 
indicate that the photoclinometric DEM has reached minimal RMS de
viation (10.471 m) when the reference DEM is smoothed by a boxcar of 
width k ≈ 55 pixels (~275 m), while the HRSC DEM has its minimal 
RMS of 11.908 m when the reference DEM is smoothed by a boxcar of k 
≈ 200 pixels (~1000 m). The RMS curve for the photoclinometric result 
(blue line) has indicated a significant improvement over the HRSC DEM 
(red line) at all finer scales until approximately k ≈ 200 pixels, where the 

Fig. 8. Selected topographic profiles from the HiRIC dataset.  
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photoclinometric DEM remains a similar but slightly higher (less than 
0.5 m) RMS than the HRSC DEM. The RMS increase found in scales k ≤
55 pixels can be interpreted as a decrease in signal-to-noise ratio (SNR): 
Photoclinometry adds topographic details to the DEM but also in
troduces uncertainties. At finer scales, the proportion of noise added to 
the result increases slightly, as indicated by the small RMS increase (~6 
% at pixel scale, k = 1), hence having a reduced SNR. 

Fig. 11 presents the cross-sections of two profiles depicted in Fig. 9a. 

The first profile passed through the region across the NE-SW direction, 
which enabled the assessment of the overall reconstructed topography. 
The local topographic features, including craters and depressions of as 
large as ~50 m, were missing in the HRSC DEM (red dashed lines). These 

Fig. 9. Photoclinometric results of the CTX dataset.  

Table 5 
Information of the input CTX image (ID: J01_045278_1498_XN_30S165W).  

Acquisition time 2016-03-24T13:08:24.377 

Optical depth 
(from MCD)  

0.11 Resolution (m/ 
pixel)  

5 Sub-solar 
azimuth (◦)  

316.58 

Angle of 
incidence (◦)  

70.66 Angle of 
emission (◦)  

30.0 Phase angle 
(◦)  

51.75  

Table 6 
Overall quality metrics of the CTX dataset.   

HRSC 
DEM 
(75 m/ 
pixel) 

Photoclinometric CTX DEM 
(5 m/pixel) 

HiRISE DEM as 
reference (1 m/pixel) 

RMSE (m)  15.7  11.0 N/A 
Max. Abs. 

(m)  
63.8  47.0 N/A 

PCCimg  0.215  0.950 0.887 

*PCCimg is the Pearson correlation coefficient of the computed shaded relief and 
input image. 
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features were successfully reconstructed in the photoclinometric CTX 
DEM (blue lines), with high correspondence with the HiRISE DEM 
(green dotted lines). 

The second profile in Fig. 11 ran approximately along the cross-Sun 
direction across the region. This profile enabled the assessment of the 
performance of our approach along directions perpendicular to illumi
nation, which is one of the known limitations in single-image photo
clinometry (Liu et al., 2021). The result indicates that the approach 
successfully reconstructed the three bulges not captured by the input 
HRSC DEM. The reconstructed profile exhibited high correspondence 
with the reference HiRISE DEM, indicating that our approach is effective 
along the cross-Sun direction. 

Here we also report the time used to compute our experimental 
datasets. The 3D reconstruction processes of the three experimental 
datasets required from 0.5 h (for the HiRIC image of 2711 × 3809 pixels 
and CTX image of 1576 × 3142 pixels) to approximately 1 h (for the 
HiRISE image of 5177 × 6856 pixels) on an ordinary computer (running 
Windows 11 and equipped with a 4-core CPU of 3.2 GHz and 16 GB 
RAM, without using the GPU). 

5. Extended analysis 

5.1. Comparison with the linear approximation method 

5.1.1. Model comparison 
The described TOA model (Eq. (1)) is compared with a linear 

approximation of the kind {aRdd + b} where a and b are respectively the 
scale and offset parameters that linearly transform Rdd to fit ITOA. The 
linear approximation method is simple and does not require an RTM, 
hence often being selected to account for the atmospheric scattering 
effects. The goal of this comparison is to understand the fitness of the 
linear method in approximating the more sophisticated TOA model. We 
computed ITOA and its corresponding linear approximation for a range of 
practical settings of Mars satellite images. The specific settings were 
summarised in Table 7. The albedo ω is normalised to 1 so that a = 1 
when τ = 0, setting ω ∕= 1 linearly affects the parameter a and the ab
solute deviation of the fitted line. On the other hand, the relative fitness 
of the line, such as correlation and relative deviation, is not affected. We 
only included pairs of (ITOA, Rdd) in the linear fitting where Rdd > 0 (i.e., 
sun-lit surfaces). A few such fittings were exemplified in Fig. 12. It is 
trivial to notice the linear distributions of the samples and how the 
slopes flatten (implying a decrease in contrast) as τ increases. Further, 

Fig. 10. DEM RMS at different scales for the CTX dataset.  

Fig. 11. Selected topographic profiles of the CTX dataset.  
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because of the atmospheric scattering, the ITOA of self-shadowed surfaces 
(red crosses in Fig. 12) still contain limited information and are thus not 
constant, resulting in a deviation from parameter b. 

The linear fitting results were summarised in Table 8 and plotted in 
Fig. 13. As expected, the approximations were highly linear: Most of the 
R2 values were above 0.9, except the cases for 60 incidence angle at τ >
1.6, where R2 values were still greater than 0.8. For all scenarios, the 
parameters a and b (Fig. 13a and b) changed monotonically with τ. 
Scenarios with greater incidence angles have parameter a dropping 
more quickly (i.e., fitted lines flattened faster) as τ increases, possibly 
due to a longer optical path. In contrast, parameter b increases more 
slowly with τ for greater incidence angles. The absolute deviations are 
presented in Fig. 13(c), for each incidence angle, the absolute deviation 
first increases and then decreases as a function of τ. Cases with higher 
incidence angles have smaller overall deviations and their peak devia
tion was found at smaller τ. The peak deviations for all cases were found 
at τ ≤ 0.5 in this test. 

Since the photometric contrast produced by topography decreases 
with τ, as can be seen by the flattening of linear approximations, the 
same amount of deviation may constitute a greater relative deviation. 
Therefore, in Fig. 13(d), we normalised the absolute deviation by the 
value range of ITOA samples (i.e., max(ITOA) – min(ITOA)) to understand 
the deviations relative to photometric contrast. The results follow a non- 
monotonic yet generally increasing trend with τ. Relative deviations for 
higher incidence angles were at first (approximately τ ≤ 0.8) lower than 
that of lower incidence angles but then gradually catch up and surpass 
their lower-incidence counterparts. In this test, these surpassing points 
were all found at τ > 0.8. The 40-incidence case has the highest relative 
RMS deviation among all for τ ≤ 0.9 and the highest relative max de
viation for τ ≤ 1.4, after which the 60-incidence case took over. The 60- 
incidence case reached 10 % relative RMS and 20 % relative max de
viations at τ ≈ 1.8, the earliest of the three, and exceeded thereafter, 
while the other two cases have their 10% RMS and 20% maximum lines 

Table 7 
Settings used to compute ITOA and Rdd.  

Incidence angle 40◦, 50◦, 60◦

Topographical slopes − 80◦ ≤ x slopes ≤ 80◦

− 80◦ ≤ y slopes ≤ 80◦

Emission angle 0◦

Optical depth 0 ≤ τ ≤ 2  

Fig. 12. Examples of linear approximation fitting results.  

Table 8 
Fitting results of the linear approximation method.  

Incidence Angle: 40◦ , Emission angle: 0◦

τ a b R2 Abs. RMS (Rel. 
RMS) 

Abs. Max (Rel. 
Max) 

0.0 1 0 1.000 0 (0 %) 0 (0 %) 
0.2 0.801898 0.015939 0.999 0.001257 (1.06 %) 0.006641 (5.58 

%) 
0.4 0.626241 0.032225 0.997 0.001496 (1.63 %) 0.008327 (9.08 

%) 
0.6 0.477648 0.047514 0.995 0.001419 (2.05 %) 0.007826 (11.33 

%) 
0.8 0.358099 0.061719 0.993 0.001262 (2.47 %) 0.006512 (12.74 

%) 
1.0 0.264831 0.074902 0.990 0.001110 (2.98 %) 0.005040 (13.53 

%) 
1.2 0.193906 0.087181 0.985 0.000980 (3.65 %) 0.003711 (13.83 

%) 
1.4 0.140819 0.098658 0.978 0.000868 (4.47 %) 0.002621 (13.50 

%) 
1.6 0.101554 0.109402 0.968 0.000766 (5.43 %) 0.001881 (13.34 

%) 
1.8 0.072817 0.119422 0.952 0.000670 (6.52 %) 0.001568 (15.26 

%) 
2.0 0.051981 0.128805 0.932 0.000580 (7.71 %) 0.001293 (17.19 

%)  

Incidence Angle: 50◦, Emission angle: 0◦

τ a b R2 Abs. RMS (Rel. 
RMS) 

Abs. Max (Rel. 
Max) 

0.0 1 0 1.000 0 (0 %) 0 (0 %) 
0.2 0.773616 0.016305 0.999 0.001111 (1.02 %) 0.005527 (5.08 

%) 
0.4 0.5828 0.033105 0.997 0.001210 (1.49 %) 0.006505 (7.99 

%) 
0.6 0.429345 0.048523 0.996 0.001075 (1.81 %) 0.005744 (9.67 

%) 
0.8 0.311273 0.062409 0.995 0.000930 (2.18 %) 0.004466 (10.49 

%) 
1.0 0.222976 0.074862 0.992 0.000827 (2.75 %) 0.003203 (10.66 

%) 
1.2 0.158245 0.086071 0.987 0.000754 (3.58 %) 0.002149 (10.22 

%) 
1.4 0.111426 0.096211 0.978 0.000688 (4.68 %) 0.001715 (11.67 

%) 
1.6 0.078009 0.105439 0.963 0.000621 (5.94 %) 0.001452 (13.88 

%) 
1.8 0.054319 0.113855 0.942 0.000551 (7.39 %) 0.001209 (16.19 

%) 
2.0 0.037651 0.121568 0.911 0.000481 (8.95 %) 0.000997 (18.55 

%)  

Incidence Angle: 60◦, Emission angle: 0◦

τ a b R2 Abs. RMS (Rel. 
RMS) 

Abs. Max (Rel. 
Max) 

0.0 1 0 1.000 0 (0 %) 0 (0 %) 
0.2 0.716631 0.017112 0.999 0.000830 (0.89 %) 0.004080 (4.36 

%) 
0.4 0.503719 0.034018 0.998 0.000810 (1.24 %) 0.004310 (6.58 

%) 
0.6 0.348649 0.048608 0.997 0.000701 (1.56 %) 0.003403 (7.58 

%) 
0.8 0.238819 0.060931 0.995 0.000649 (2.14 %) 0.002318 (7.65 

%) 
1.0 0.16236 0.071334 0.990 0.000632 (3.08 %) 0.001637 (7.99 

%) 
1.2 0.109749 0.080210 0.980 0.000609 (4.40 %) 0.001458 (10.51 

%) 
1.4 0.073836 0.087895 0.962 0.000569 (6.07 %) 0.001258 (13.43 

%) 
1.6 0.049483 0.094624 0.934 0.000514 (7.95 %) 0.001061 (16.42 

%) 
1.8 0.033043 0.100590 0.891 0.000452 (9.96 %) 0.000881 (19.44 

%) 
2.0 0.021994 0.105980 0.830 0.000388 (12.00 

%) 
0.000757 (23.43 
%) 
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beyond τ = 2. For convenience, a brief summary of relative deviations 
for all three cases at particular τ is provided below: At τ = 0.5, the 
relative RMS deviation is < 2% and the relative max deviation is < 11% 
for all three cases. At τ = 1, the relative deviations are < 4% (RMS) and 
< 14% (maximum), respectively. At τ = 1.5, they are < 7% and < 15%, 
respectively. These values can be used as rough references in assessing 

the potential fitness of the linear approximation method. 
Note that our RTM model is considered valid for small optical depth 

(τ ≤ 1), as supported by past references (Vincendon et al., 2007; Liu 
et al., 2022). Therefore, the specific values of τ should be taken as ref
erences instead of hard bounds. Nevertheless, the analysis here improves 
our understanding of the fitness of the linear model in approximating the 
more sophisticated ITOA model under various practical scenarios. 

5.1.2. Experimental comparison 
We tested the linear approximation method by replacing the 

*Rel. RMS and Rel. Max refer to the RMS and Maximum deviations relative to 
the maximum contrast available by the ITOA samples (i.e., max(ITOA) − min 
(ITOA)). 

Fig. 13. Fitting results of the linear approximation method.  

Fig. 14. The Elevation difference between photoclinometric DEM created using the TOA model presented in this paper: “Phcl DEM (RT-based)”, and that using a 
linear approximation method to atmospheric treatment: “Phcl DEM (Linear Approx.)”. 
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radiative transfer-based (RT-based) TOA model in Eq. (1) with the linear 
model {aRdd + b}. The scale parameter a is considered as ‘albedo’ that 
will be optimised within the system whereas the offset parameter b is 
obtained by averaging pixel values within shadows. We used the Co
lumbus crater dataset in section 4.3 to perform this test since we believe 
it has the most reliable reference DEM among all. By averaging shad
owed pixel values we obtained b = 0.0167 for this dataset. The results 
are shown in Fig. 14, for clarity only the elevation difference between 
the two photoclinometric DEMs was presented. From section 5.1.1 one 
would expect similar photoclinometric results. This is supported 
experimentally by the limited amplitudes: the difference between the 
two photoclinometric DEMs ranges from − 1.52 m to 2.05 m, with the 
RMS deviation of 0.378 m. The histogram in Fig. 14(b) showed that the 
elevation differences can be considered normally distributed. The dif
ference map (Fig. 14a) did not show signs of systematic patterns. An 
overlay with the original CTX image would find that the linear 
approximation method resulted in steeper slopes, deeper craters and 
higher bulges. From the later section 5.2, the greater amplitudes of local 
landforms might imply that the chosen parameter b might correspond to 
a higher optical depth (τ > 0.11) than that of the RT-based model. The 
result based on the linear approximation model has an RMS deviation 
with the reference DEM of 11 m, similar to that based on the proposed 
RT-based model. The scale variations of RMS plotted in Fig. 15 showed 
similar trends with the RT-based model but with a larger RMS from k ≈
13. Its optimal RMS is 10.5 m when k ≈ 50. 

This test showed that photoclinometry based on the RT-based and 
the linear approximation models produced similar results, which is 
reasonable since the dataset’s optical depth is low (τ = 0.11 according to 
the MCD). Larger differences are expected when the atmosphere is more 
opaque (larger τ) but extra tests are needed to confirm and quantify the 
differences. Using the linear method provides a quick treatment for at
mospheric effects. However, the offset value (normally from shadowed 
pixels) has to be chosen carefully since pixel values might vary consid
erably with the choice of shadows (Liu et al., 2022). Also, its connection 
with optical depth is less intuitive since the model is further simplified. 
Using the proposed RT-based TOA model, on the other hand, allows for a 
more intuitive treatment since the TOA model is directly related to op
tical depth. It also allows for directly adopting optical depth values from 
external sources, such as the MCD. Moreover, the test also indicates that 
the proposed photoclinometric approach can be applied to both more 
sophisticated and simplified models, which offers flexibility in actual 
applications. 

5.2. Effects of optical depth on the reconstructed DEMs 

5.2.1. Analysis based on rover measurements 
We evaluated the effects of the optical depth by using the HiRISE 

dataset at the Victoria Crater (Section 4.1), because its optical depth has 
been measured by the Opportunity rover at the same date of the HiRISE 
image acquisition (Hoekzema et al., 2011; Lemmon et al., 2015). We 
used the photoclinometric approach to create DEMs with different op
tical depths. Next, we considered the optical depth measured by the 
Opportunity rover (τ = 0.43) and the resulting photoclinometric DEM as 
a reference, the elevation differences between which we considered as 
errors. The value of the optical depth varied from the underestimation 
scenario (0.0 ≤ τ < 0.43) to the overestimation scenario (0.43 < τ ≤
0.8). The optical depth was overestimated to a limit such that α(τ) ≤
[minimum ITOA of the image]. Exceeding this limit led to negative pixel 
values when α(τ) was subtracted from the image, resulting in increased 
errors. The limit of optical depth for the HiRISE dataset was approxi
mately 0.8, and therefore we did not analyse situations with τ > 0.8. 

In Fig. 16 we visualised the topographic cross-sections estimated 
under a range of τ. One would notice that the topography created from 
an underestimated optical depth (e.g., τ = 0.0, red dashed lines) results 
in an underestimation of topographic amplitudes, hence leading to such 
situations as shallower craters and flatter boulders. In contrast, the 
cross-section created from an overestimated optical depth (e.g., τ = 0.8, 
green dashed lines) results in greater topographic amplitudes, such as 
steeper slopes, deeper craters and taller boulders. This might have been 
because overestimating the optical depth led to a larger α(τ), which 
increased the contrast between the image pixels. Therefore, the local 
slopes and resulting DEM were exaggerated. 

To better understand how the topographic amplitudes change with 
optical depth, we extracted the highpass components of the DEMs. This 
is realised by subtracting from each DEM a Gaussian smoothed version 
of itself. The sigma of the Gaussian smoothing kernel is set as 32/6 ≈
5.33 pixels, approximately corresponding to the initial resolution of 8 m. 
We then analysed the level of over- or underestimation and plotted the 
results in Fig. 17. The plot exhibits an exponential pattern, which may 
correspond to the atmospheric attenuation factors (exponential func
tions of τ) in Eq. (1). Increasingly underestimating optical depth yielded 
a gentler increase in underestimation of topographic amplitudes, 
whereas overestimating the optical depth by the same amount typically 
resulted in a greater overestimation. This is also observed in Fig. 16, 
where results from overestimation are more deviated from the reference 
than that from underestimation. These results highlight that if the op
tical depth of an image is unknown, it is preferable to use a smaller value 
if only the overall accuracy needs to be maintained. However, for ap
plications such as landing site assessments where steep slopes would 
pose extra risks to landing, a reasonable overestimation might be 
appropriate so as not to overlook potential risks. For reference, the er
rors in optical depths provided by the MCD can be up to 50 % (Mon
tabone et al., 2015), the corresponding bounds at ±50 % were marked in 
Fig. 17 (grey band). For this particular dataset, a 50 % underestimation 
of τ results in an underestimation of topography by up to 26 % (e.g., the 
crater depths would be 26 % shallower), while a 50 % overestimation of 
τ corresponds to an overestimation of topography by up to 48 %. Note 
that in practice, the errors in topographic amplitudes are affected by 
illumination and imaging geometries, actual optical depth, and the 
initial DEM available. The results presented here serve as an example to 
illustrate the general behaviour. In addition, because the atmospheric 
RTM is configured for small τ (τ < 1) (Petrova et al., 2012), this 
implication is expected to hold for images with a clear sky. Nevertheless, 
a comprehensive test involving various optical depths must be per
formed to assess the universality of the implication, especially for im
ages with large optical depths, because they have more room for 
underestimation than those with small optical depths. 

5.2.2. Analysis based on estimates from the MCD model 
We further analyse the effects of optical depth using the CTX dataset 

for the Columbus Crater  where a reliable reference DEM is available. We 
created photoclinometric DEMs based on optical depths τ = 0.11, 0.2 
and 0.3, respectively. Following Kirk et al. (2022), the scale variations of 

Fig. 15. DEM RMS at different scales for the CTX dataset with the results based 
on linear approximation method included. 
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RMS deviations of each photoclinometric result are plotted in Fig. 18. 
The results showed that the RMS deviations for τ = 0.11 and 0.2 were 
very close at fine scales (k ≤ 20). Afterwards, the result for τ = 0.2 has 
visibly higher RMS deviations than that of τ = 0.11. Nevertheless, such 
deviations do not exceed 2.3 m. The case for τ = 0.3 has the highest RMS 

deviation for all scales analysed. It differed from the rest by at least 3.7 m 
and isolated, an apparent sign of unreasonable optical depth. The curves 
suggest that the best optical depth estimate should be close to τ = 0.11 
and 0.2. 

At pixel resolution (5 m) the RMS deviation relative to the reference 
HiRISE DEM is 10.96 m for τ = 0.11, 10.85 m and 14.57 m for τ = 0.2 
and 0.3, respectively. We then estimated the optimal optical depth by 
applying a least-squares approach on the three RMS values and yielded 
τ ≈ 0.158, about 44 % higher than the estimate from MCD (τ = 0.11), 
within the reported uncertainties of ±50 %. We performed such esti
mation for each scale k and the optimal optical depths were plotted in 
Fig. 19 (blue line). For reference, the MCD estimate τ = 0.11 was also 
overlaid on the plot (black dashed line). The results showed that the 
optimal τ is monotonically decreasing with scale k (i.e., finer scales 
suggest higher τ while coarser scales suggest lower). This suggests that 
fine-scale topography is more sensitive to optical depth than coarser 
scales, which we believe is reasonable since the reconstruction of fine- 
scale topography relies almost solely on photoclinometry. At coarser 
scales, the DEMs are smoother (lower topographic amplitudes) and thus 
favoured lower optical depths. From this test, choosing a specific value 
for τ would favour reconstruction quality at a certain scale at the 
expense of other scales. If the pixel-wise topography is of concern, then 
estimates based on higher resolution should be appropriate. Neverthe
less, if the choice for τ is within a reasonable range, photoclinometric 
results are unlikely to deviate from each other drastically, although RMS 

Fig. 16. Selected topographic profiles from the experimental results.  

Fig. 17. Scale error of topographic amplitude produced by photoclinometry 
under different optical depths (the reference optical depth was set as τ = 0.43). 
The grey band indicates a ±50 % error in optical depth. The green dashed line 
indicates the line of zero error. 

Fig. 18. Scale variations of RMS deviation relative to the reference 
HiRISE DEM. Fig. 19. Optical depths estimated using RMS deviations at multiple scales.  

W.C. Liu and B. Wu                                                                                                                                                                                                                           



ISPRS Journal of Photogrammetry and Remote Sensing 204 (2023) 237–256

253

deviation at specific scales may vary. 

5.3. Effects of spatial resolutions of the initial DEMs 

Next, we attempted to clarify the effects of the spatial resolution of 
the input DEM on the photoclinometric results. The test was performed 
using the CTX dataset for the Columbus Crater (Section 4.3) because the 
reference HiRISE DEM (1 m/pixel) has sufficient resolution to provide 
quality assessments. It is important to note that the actual errors 
resulting from photoclinometry can be affected by a range of factors 
(Jankowski & Squyres, 1991; Wu et al., 2018; Kirk et al., 2021, 2022; Liu 
& Wu, 2021), such as illumination and imaging conditions, the relief 
characteristics of the area of interest, variations in surface albedo, and 
other prior information available (e.g., photometric model, initial DEM). 
Therefore, this experimental test serves as an example of an overall 
behaviour. The exact values resulting from the test (e.g., RMSE, reso
lutions) should be interpreted with care. We first down-sampled the 
HiRISE DEM into a set of predefined spatial resolutions: 25, 50, 100, 200 
and 400 m/pixel, which are equivalent to 5, 10, 20, 40, and 80 grid 
spacing with respect to the CTX image resolution (5 m/pixel), respec
tively. These down-sampled HiRISE DEMs were used as inputs to the 
photoclinometric approach, and the resulting DEMs (5 m/pixel) were 
compared with the original reference HiRISE DEM. 

Again, following Kirk et al. (2022) we have computed the scale 
variations of RMSE for different initial resolutions and identified the 
optimal scales where the RMSE is minimal, as exemplified in Fig. 20(a). 
The results were summarised in Table 9 and plotted in Fig. 20(b). For all 
initial resolutions, the optimal scale k identified on the photoclinometric 
DEMs is lower than that of their initial DEMs. Such reductions in optimal 
scale are signs of improvements in spatial resolutions and topographic 
details. At a 5-pixel initial resolution, the improvement is about 22%, the 
improvements then increased with the initial resolution. At the 80-pixel 
initial resolution case, the improvement is up to about 73%. On the other 
hand, the RMSE of photoclinometry DEMs at optimal scales were higher 
than that of the initial DEMs. We believe this is reasonable since pho
toclinometric DEMs have incorporated the information provided by and 
the uncertainties inherited from the image and the technique, while the 
initial DEMs are simply smoothed versions of the reference DEM. 
Nevertheless, from Fig. 20a one could notice the improvements in RMSE 
at finer scales. 

When considering the situation at pixel scale, as summarised in 
Table 10 and plotted in Fig. 21. Both initial DEMs’ and photoclinometric 
DEMs’ RMSE increased monotonically relative to the initial resolution. 

However, the RMSE values decreased after photoclinometry as 
compared with the initial DEMs’, except for the slight increase when the 
initial resolution was 5-pixel. In addition, compared with the photo
clinometric DEMs using finer initial resolutions, those using coarser 
initial resolutions resulted in a larger reduction in the RMSE. This trend 
became generally stable when the initial resolution reached 40 pixels 
(200 m), the reduction then fluctuated at approximately 30%. We then 
examined the error map of the 400 m/pixel (i.e., 80 pixels coarsened) 
initial DEM in Fig. 22(a) to understand the spatial patterns of the errors. 
We found that most of the significant errors are bulges and pits (e.g., 
craters) of size ranging approximately from 100 m to 400 m. We pro
ceeded to apply SIFT (Lowe, 2004) on the error map and extracted 1021 
keypoints. We then summarised the size distribution of these keypoints 
in Fig. 22(b), which helps us to briefly understand the size distribution of 
the error patches. The results showed that error patches of size 10–40 
pixels constitute almost 85% of all detected error patches, while errors 
≤10 pixels and >40 pixels in diameter constitute less than 11% and 5% 
of the population, respectively. The statistical findings may have 

Fig. 20. Optimal smoothing kernel size of the DEMs at different initial grid spacing (values are summarised in Table 9).  

Table 9 
Optimal smoothing kernel size (k) and corresponding RMSEs with different 
initial grid spacings.  

Initial Resolution / 
Grid spacing (pixel/ 
grid) 

Initial DEM Photoclinometry DEM 

Optimal k 
(pixel) 

RMSE at 
optimal k 
(m) 

Optimal k 
(pixel) 

RMSE at 
optimal k 
(m) 

5  10.67  0.103  8.33  0.494 
10  21.25  0.195  15.87  0.981 
20  42.10  0.435  24.48  1.981 
40  82.22  0.881  35.59  3.724 
80  161.53  1.475  43.85  6.412  

Table 10 
RMSE of input DEM and photoclinometric results with different initial grid 
spacing.  

Initial Resolution/ 
Grid spacing (pixel/ 
grid) 

Initial RMSE 
at pixel-scale 
(m) 

Photoclinometry RMSE 
at pixel-scale (m) 

RMSE 
reduction at 
pixel-scale 

5  0.63  0.66  3.9 % 
10  1.47  1.34  − 9.0 % 
20  3.25  2.47  –23.8 % 
40  6.20  4.34  − 30.1 % 
80  9.68  6.93  − 28.4 %  
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provided clues to explain the stable RMSE improvements when the 
initial resolution (grid spacing) exceeds 40 pixels: when the initial DEM 
is coarsened to 40 times the original, most of the significant local to
pographies were removed. Therefore, further coarsening of the initial 
DEM did not further remove local topography significantly, but only 
flattened the overall terrain. As a result, the improvements that can be 
made by photoclinometry become stable when the initial resolution 
reaches 40 pixels for this particular dataset. Further increment in initial 
resolution (e.g., from 40-pixel to 80-pixel grids) may in turn lead to a 
steady increase in actual RMSE due to the weakening of the DEM 
constraint and the flattening of overall terrain by the input DEM. These 
results highlight that the “critical initial resolution” where photo
clinometry may reach its improvement limit depends likely on the 
terrain of the region of interest, such as the size distribution of land
forms, and also the size distribution of the errors of the input DEM, 
which is related to the input DEM’s effective spatial resolution. In 
practice, one could infer the size distribution of landforms by inspecting 
the image, or by using image-based feature detection methods (e.g., 
crater detection). The effective spatial resolution of the input DEMs can 
be analysed by the method explained in Kirk et al. (2022), which is also 
used in this paper. Another way would be to infer by inspecting the sizes 
of resolvable landforms in the DEM. Understanding these properties 
would help create realistic expectations on the extent photoclinometry 

will be useful for particular studies, thereby maximising the potential of 
the technique in scientific applications. 

6. Conclusions and discussions 

This paper presents an atmosphere-aware photoclinometric 
approach for pixel-wise 3D mapping of the Martian surface. The 
approach takes a high-resolution image and a corresponding coarse- 
resolution DEM as inputs to produce a pixel-wise high resolution 
DEM. It incorporates a radiative transfer model to describe the unique 
photometric behaviour of the Martian atmosphere, thereby allowing 
consideration of the non-uniform skylight of Mars. The time-varying 
atmospheric parameter required by the approach, optical depth, can 
be obtained by the globally available MCD (Montabone et al., 2015) or 
image-based methods (Hoekzema et al., 2011; Liu et al., 2022). The 
approach was evaluated using images collected by the HiRISE, CTX, and 
HiRIC. The experimental results show that the high-resolution DEMs 
reconstructed using the photoclinometric approach achieved an overall 
geometric accuracy (RMSE of the elevation) of approximately 2 pixels of 
the image resolution. In addition, the approach significantly improved 
the topographic details of the reconstructed DEMs and their similarity 
with the input images. Analysis of topographic profiles confirms that the 
high-resolution surface details were effectively imprinted to the 

Fig. 21. Plot of RMSEs of DEMs and decrease in the RMSE after photoclinometry with the initial grid spacing (values are summarised in Table 10).  

Fig. 22. The error map of the initial DEM (400 m /pixel) and the size distribution of the detected SIFT keypoints. The total number of SIFT keypoints is 1021.  
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resulting DEMs. 
Moreover, the effects of the optical depth and spatial resolution of 

the input DEMs on the performance of the approach were evaluated. The 
results indicate that underestimating optical depth leads to flattened 
local topography and vice versa for overestimation. Further, the overall 
RMSE increase for overestimation is higher than that of an underesti
mation of optical depth by the same amount. This is potentially because 
the topographic exaggeration resulting from an overestimation yielded 
larger topographic deviations than those resulting from an underesti
mation. This implication is expected to hold for images obtained in clear 
sky conditions (optical depth < 1), considering the datasets used and 
configured atmospheric RTM. Further testing is required to ensure 
scalability over higher optical depths. Regarding the effects of spatial 
resolution, the RMSE monotonically increased with the coarsening of 
the input DEMs. Nevertheless, photoclinometry improved the overall 
resolution and RMSE of the input DEMs. A turning point is identified 
where the ratio of improvements becomes stable even when the input 
DEM is further coarsened. This turning point is likely related to the size 
distribution of the features in the area and the spatial quality of the 
initial DEM (e.g., effective spatial resolution). It is important to 
emphasise that the actual error in photoclinometry is affected by a 
multitude of factors: illumination and imaging geometry, relief and al
bedo characteristics of the region, quality of the input image and DEM, 
etc. The tests provided here serve as examples to demonstrate the overall 
patterns. 

The developed atmosphere-aware photoclinometric approach pro
vides an effective solution for applying photoclinometry to the pixel- 
wise 3D topographic mapping of Mars, which will have great potential 
for exploiting the large amount of high-resolution monocular images of 
Mars for 3D topographic mapping. Our additional tests provide insights 
into the performance characteristics of the approach and, to a broader 
extent, the class of methods used in planetary photoclinometry. Further 
research can be aimed at extending our approach to enable automated 
large-scale pixel-resolution 3D mapping of Mars. 
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