
1. Introduction
Accurate three-dimensional (3D) mapping of the Martian surface is critical for geological characterization, safe 
landing, planning, and engineering operations of robotic missions and future human explorations. Over the past 
20 years, there has been a revolution in 3D mapping of the Martian surface since the successful launching of the 
ESA and NASA high-resolution imaging instruments. The spatial resolution of the available Mars 3D models 
has increased from hundreds of meters from the Mars Orbiter Laser Altimeter (MOLA) (Smith et al., 2001, p. 2. 
Neumann et al., 2001) to tens of meters from the Mars Express's High Resolution Stereo Camera (HRSC) (Gwinner 
et al., 2009; Neukum & Jaumann, 2004), and subsequently to meters and centimeters scale from the Mars Recon-
naissance Orbiter (MRO)'s Context Camera (CTX) (Malin et al., 2007; Tao et al., 2018) and High-Resolution 
Imaging Science Experiment (HiRISE) (McEwen et al., 2007; Tao et al., 2021a, 2022).

The NASA Mars 2020 mission required highly accurate 3D models of the Martian surface to support safe land-
ing, engineering operations, and the geological characterization of the landing site at Jezero crater (Mangold 
et al., 2020; Stack et al., 2020). In preparation for this mission, the United States Geological Survey (USGS) 
produced digital terrain model (DTM) and orthorectified image (ORI) mosaics using the MRO CTX and HiRISE 
stereo images for the new onboard landing system, called the Lander Vision System (LVS) and Terrain Relative 
Navigation (TRN) (Fergason et al., 2020). These products were carefully co-registered to accurately align the 
output DTMs (Fergason et  al.,  2020) with the ESA/DLR/FUB (European Space Agency/German Aerospace 
Centre/Free University Berlin) HRSC level 5 ORI and DTM mosaics, which are internationally recognized as 
the  most geodetically accurate global base map with respect to MOLA to date (Gwinner et al., 2016; Sidiropoulos 
et al., 2018).

However, the 1 m/pixel Mars 2020 TRN HiRISE DTM Mosaic (for brevity, hereafter referred to as HiRISE 
TRN DTM) from USGS has limitations in terms of fine-scale features such as dune textures, smaller craters 
(diameters less than 10 m), and rocks (diameter less than 5 m), as well as artifacts such as striping, contouring, 
and interpolated areas (refer to Section 3.2). In this work, we address these limitations and improve the quality 
and accuracy of fine-scale features using the proposed MADNet (Tao et  al.,  2021a) based DTM refinement 
processing pipeline. MADNet is a deep learning model designed for monocular height estimation from single 
images, with a particular focus on Mars orbital imagery. The network was initially demonstrated to create DTMs 
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from the ExoMars Trace Gas Orbiter (TGO) Color and Stereo Surface Imaging System (CaSSIS) images (Tao 
et al., 2021a), and subsequently extended to produce high-quality DTM products from HiRISE, CTX and HRSC 
images (Tao et al., 2021b, 2021c). In this work, we propose a light-weight DTM refinement processing chain 
using the pre-trained MADNet model as a backbone to refine the HiRISE TRN DTM product.

We use the 25 cm/pixel Mars 2020 TRN HiRISE ORI Mosaic (hereafter referred to as HiRISE TRN ORI) from 
USGS as an input for the inference of high-frequency topography. Subsequently, we use the 1 m/pixel HiRISE 
TRN DTM to retrieve the low-frequency topography of the final resultant 50 cm/pixel MADNet HiRISE Jezero 
DTM. This DTM product is now publicly available at http://dx.doi.org/10.17169/refubium-38359. We present 
detailed comparisons between the resultant MADNet HiRISE Jezero DTM and the originating HiRISE TRN 
DTM, leading us to believe that the published 50 cm/pixel MADNet HiRISE Jezero DTM is the most accurate 
3D model of the Mars 2020 landing site at Jezero crater to date.

2. Materials and Methods
2.1. Existing HiRISE, CTX, and HRSC DTMs and ORIs

Previous efforts have been undertaken by NASA/USGS/JPL and ESA/DLR/FUB to produce HiRISE, CTX, 
and HRSC DTMs and ORIs that cover the Jezero crater. In particular, the HiRISE TRN DTM was produced 
using the commercial SOCET SET® software following a standard USGS-ISIS (Integrated Software for Imag-
ers and Spectrometers) process for generating HiRISE DTMs. This involved manually designating tie-points, 
running relative bundle adjustments, extracting elevation information through stereo image matching, densifying 
the control network, extracting single-strip DTMs at a resolution of 1 m/pixel. The NASA Ames Stereo Pipeline 
(ASP) was then utilized for point-cloud co-alignment and DTM mosaicing (Fergason et al., 2020). The HiRISE 
TRN ORI and DTM mosaics have been co-aligned with the Mars 2020 TRN CTX DTM and ORI mosaics, which 
themselves are co-aligned with the HRSC Mars Chart 30 (hereafter referred to as HMC30) level 5 DTM and 
ORI mosaics. The HMC30 DTMs and ORI mosaics were co-aligned with the MOLA global DTM (Gwinner 
et al., 2009). The MADNet HiRISE Jezero DTM product itself is strictly matching the HiRISE TRN ORI and 
DTM products pixel-by-pixel as they are used as the direct input and reference, respectively, in the DTM produc-
tion process. Table 1 provides a summary of the existing relevant data sets over the Jezero crater and their product 
pages (last assessed on 24 March 2023).

The HiRISE and CTX TRN DTMs and ORI mosaics exhibit superior horizontal and vertical accuracies compared 
to each other and to the HMC30 MC-13 DTM and ORIs, meeting the requirements for TRN. According to 
Fergason et al. (2020), the median horizontal and mean vertical differences between the HiRISE and CTX TRN 
products are 2.1 and 0.4 m, respectively, with 95.4% of the tested feature correspondences having horizontal 
differences less than 6 m. On a coarser scale, the mean horizontal and vertical differences between the CTX 
TRN and the HMC30 MC-13 products are 9.6 and 3.8 m, respectively. Comparing the HMC30 MC-13 DTM 
(specifically, the first of four tiles: HMC_13E10_DA5) to the interpolated MOLA DTM (refer to Table 1), the 
average vertical differences are 0.161 and 8.618 m, for the entire mosaic and the area covered by the HiRISE 
TRN DTM, respectively. It should be noted that there also exists another CTX data set by the USGS with a larger 
extent, called the Mars 2020 Science Investigation CTX DEM Mosaic, which has been extended by adding more 
CTX orbits which have not been co-aligned to HRSC, but only to the MOLA data set, and for which we observe 
significant pixel offsets from HRSC.

2.2. An Overview of the MADNet Monocular Height Estimation Network

The processing backbone of this work is the deep learning based MADNet monocular height estimation 
network, developed at University College London (UCL) as described in Tao et  al.  (2021a). The MADNet 
network employs a relativistic average Generative Adversarial Network (RaGAN) (Goodfellow et  al.,  2014; 
Jolicoeur-Martineau, 2018) and a fully convolutional U-net (Ronneberger et al., 2015) generator network that 
is constructed using dense convolution (Huang et al., 2017) and up-projection blocks (Laina et al., 2016). The 
training process of this network involved utilizing a combination of post-processed Planetary Data System 
(PDS) HiRISE ORIs and DTMs at their effective resolution of 4 m/pixel, and iMars CTX ORIs and DTMs (Tao 
et al., 2018) at their effective resolution of 36 m/pixel. In the context of DTMs and geospatial image data sets, 
the term “effective resolution” refers to the actual spatial resolution at which the smallest distinguishable feature 
can be accurately represented, taking into account factors such as sensor quality, processing techniques, and 
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other variables that may affect the clarity of the data. This is distinct from the “nominal resolution,” which is 
the resolution at which the data is sampled or intended to be represented. It should be noted that down-sampling 
of the training DTMs produced from photogrammetric methods (i.e., from 1 m/pixel into 4 m/pixel for the PDS 
HiRISE DTMs and from 18 m/pixel into 36 m/pixel for the iMars CTX DTMs) helps to remove high-frequency 
photogrammetric artifacts and bring their nominal resolution closer to their effective resolution in order to train 
the network to perform per-pixel image-to-height inference. The loss function for the training process was a 
weighted combination of gradient loss, Berhu loss (Zwald & Lambert-Lacroix, 2012), and adversarial loss within 
the RaGAN framework (Tao et al., 2021a).

2.3. Overall Processing Chain

The overall process starts with the MADNet image-to-height inference process, which iteratively operates on 
each small overlapping tile (512 × 512 pixels) that is sliced from the input HiRISE TRN ORI mosaic. Instead of 
using the coarse-to-fine tiling and inference process as described in Tao et al. (2021a)), we perform the tiling and 
inference process only at the finest scale of the input image. This is because a photogrammetric DTM of the same 
image has already been generated and can be directly used to retrieve the low frequency topographic informa-
tion that is missing from the single-scale tiled image-to-height inference process. Consequently, the multi-scale 
co-alignment process described in Tao et al.  (2021a) is also not necessary for this study. We directly rescale 
the normalized minimum and maximum relative height values (i.e., 0.0–1.0) of each tiled height output from 
MADNet to the minimum and maximum height values derived from the corresponding tiles of the reference 
HiRISE TRN DTM. After converting the relative heights to absolute heights, a lowpass filtered version of the 
difference map between the reference HiRISE TRN DTM and the rescaled MADNet height map is directly added 
to the rescaled MADNet height map as the coarse-scale topographic information. These processes are repeated 
for each tiled height output from MADNet. Finally, the tiled, rescaled, and coarse-scale topography retrieved 
height outputs are mosaiced to form the initial version of the MADNet HiRISE DTM over Jezero crater. A flow 
diagram of the overall processing chain is provided in Figure 1.

The resulting DTM is subsequently being checked and refined in multiple iterations to eliminate all identified 
artifacts and gaps. Examples of these can be found in Section 3.3. In order to eliminate striping artifacts caused 

Product name Source Resolution Producer Product page

Mars 2020 TRN HiRISE DTM/
ORI mosaic

HiRISE 1 and 25 cm/pixel NASA/USGS/JPL https://doi.org/10.5066/
P9REJ9JN

Mars 2020 TRN CTX DTM/
ORI mosaic

CTX 20 and 6 m/pixel NASA/USGS/JPL https://doi.org/10.5066/
P9QJDP48

HMC30 HMC_13E10_DA5 
level 5 DTM/ORI mosaic

HRSC 50 and 12.5 m/pixel ESA/DLR/FUB https://hrscteam.dlr.de/public/
data/HMC30/quads.
php?quad=mc13e

Mars MGS MOLA DTM 
463m v2

MOLA 463 m/pixel MOLA team/USGS https://astrogeology.usgs.
gov/search/map/Mars/

GlobalSurveyor/MOLA/
Mars_MGS_MOLA_

DEM_mosaic_global_463m

Table 1 
Summary of the Existing DTM and/or ORI Products Over Jezero Crater

Figure 1. Processing chain of the MADNet based DTM refinement workflow.
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by the mosaicing and blending process of the HiRISE TRN ORI mosaic, as well as striping artifacts caused by 
problematic HiRISE images due to poor radiometric de-calibration, we manually select multiple overlapping 
HiRISE ORIs, use these for another iteration of DTM refinement resulting in refined single-strip HiRISE DTMs, 
and blend them with the improved versions of the MADNet HiRISE Jezero DTM mosaic. This process is repeated 
until no further issues are found by visual inspection. The HiRISE image IDs used in this process are listed in 
Table 2. It should be noted that the single-strip HiRISE images are the co-registered HiRISE images that are 
published alongside their DTM and ORI mosaics by USGS. They are available from the product pages listed in 
Table 1.

3. Results
3.1. An Overview of the Resultant MADNet HiRISE Jezero DTM Mosaic

Figure 2 provides an overview of the 50 cm/pixel MADNet HiRISE Jezero DTM mosaic over the Mars 2020 
landing site, which covers the same extent as the original products. The resultant DTM offers significant improve-
ments over the existing product in four main areas: (a) increased effective resolution, allowing for better resolution 
of fine-scale surface features such as dunes, ripples, small craters, small Transverse Aeolian Ridges (TARs), and 
rocks; (b) reduced striping artifacts; (c) elimination of matching artifacts (regions of low matching quality); and 
(d) elimination of interpolation artifacts. Examples for each of these improvements can be found in Section 3.2. 
While we have made these improvements, we also conducted a thorough check of the MADNet products to 
identify any remaining issues. Any issues that were found were corrected or refined either by using different 
processing parameters or by utilizing different repeated input HiRISE images, as described in Section 2.3 and 
Table 1. These refinements included eliminating small gaps, eliminating striping artifacts caused by brightness/
contrast differences of adjacent HiRISE images, and eliminating striping artifacts caused by image artifacts from 
the original HiRISE data. Examples for each of these refinements can be found in Section 3.3.

3.2. Improvements Compared to the Pre-Existing HiRISE TRN DTM Mosaic

In this section, we present examples of the improvements achieved in comparison to the original HiRISE TRN 
DTM. Figure  3 demonstrates the enhanced effective resolution over various fine-scale surface features, as 
depicted by shaded relief images of the HiRISE TRN DTM and our MADNet HiRISE Jezero DTM, with the 
HiRISE TRN ORI mosaic serving as a reference. Figure 3a shows an example of the fine-scale dunes and ripples, 
while Figure 3b shows two small craters with diameters less than 5 m. Figure 3c shows fine-scale TARs within a 
shallow crater, and Figure 3d highlights small rocks with lengths less than 3 m. We can observe that the HiRISE 
TRN DTM mosaic lacks these fine-scale features, whereas the resultant MADNet DTM offers a qualitatively 
good reconstruction of such features as revealed by visual comparisons with the HiRISE TRN ORI mosaic.

Figure 4 illustrates the improvement in reducing the striping and seamline artifacts identified in the HiRISE TRN 
DTM. These linear structures appear as local maxima or local minima on the original DTM. All recognizable 
striping issues have been successfully eliminated in the resultant MADNet DTM.

Figure 5 demonstrates the effectiveness of eliminating the matching artifacts that appeared in the HiRISE TRN 
DTM. These types of artifacts typically emerge on heavily shaded areas where stereo matching is difficult. 

Blending order Input HiRISE image IDs

1 ESP_037119_1985_NORTH_Edited_affine_25cm_Eqc_latTs0_lon0_offNadir.tif

2 ESP_037818_1990_Edited_affine_25cm_Eqc_latTs0_lon0.tif

3 ESP_048908_1985_Edited_affine_25cm_Eqc_latTs0_lon0_offNadir.tif

4 PSP_003798_1985_Edited_affine_25cm_Eqc_latTs0_lon0_offNadir.tif

5 ESP_046060_1985_Edited_affine_25cm_Eqc_latTs0_lon0_offNadir.tif

6 JEZ_hirise_soc_006_orthoMosaic_25cm_Eqc_latTs0_lon0_first.tif

Note. The final version of the resultant DTM is blended in the order that is shown on the first column (from front to back).

Table 2 
HiRISE Image IDs That Are Used to Improve the HiRISE MADNet DTM Mosaic
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Examples of these are displayed on the shaded floors of the bedrocks in Figure 5a and the shaded slopes of the hill 
in Figure 5c. Figure 5b shows an example of a medium-sized crater with a diameter of about 100 m that exhibits 
artifacts inside the crater, such as the small valley near the center, in the HiRISE TRN DTM. Such artifacts do not 
appear in the resultant MADNet DTM.

The photogrammetric approach used to generate the HiRISE TRN DTM also results in occasional gaps, in 
particular for areas that fail to match, which are subsequently interpolated based on neighboring topography. 
Such interpolation artifacts are not shown in the resultant MADNet DTM. Figure 6 shows examples where these 
interpolation artifacts have been successfully corrected.

3.3. Quality Checking and Refinements

After the initial production of the MADNet Jezero DTM, we carefully examined the entire map using shaded 
relief images and the original HiRISE TRN ORI mosaic for comparison. This scrutiny revealed several new 
issues in the MADNet version that were absent from the original mosaic. Subsequently, we corrected these issues 
using different processing parameters or by incorporating different input HiRISE images. The newly introduced 
issues included occasional gaps, with only three small gaps being found, and new striping artifacts that resulted 
from the brightness/contrast disparities between neighboring HiRISE images used to generate the input ORI 

Figure 2. An overview of the resultant 50 cm/pixel HiRISE MADNet Jezero DTM over the Mars 2020 landing site, 
colorized and hill-shaded (azimuth: 275°; altitude: 30°; no vertical exaggeration).
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Figure 3. Examples of crops of the HiRISE TRN ORI mosaic, shaded relief images (azimuth: 275°; altitude: 30°; vertical exaggeration: (1) of the HiRISE TRN DTM 
mosaic and the refined MADNet HiRISE Jezero DTM, showing improved effective resolution on the topography of fine-scale surface features.
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mosaic. Additionally, new striping artifacts were caused by similar artifacts in the original single-strip HiRISE 
ORI images. Examples of these issues can be seen in Figures 7, 8, and 9, where we present the initial MADNet 
HiRISE DTM and the final version of the MADNet HiRISE DTM as shaded relief images, compared to the 
original HiRISE TRN ORI mosaic. Figure 7 illustrates an issue where some entire tiles were removed during 
the MADNet processing due to the presence of a few nodata values in the reference DTM. This problem was 
rectified by reprocessing these tiles using bilinear interpolation and applying a threshold to disregard occasional 
nodata values before removing the entire tiles. Figure 8 shows an issue where the input HiRISE ORI mosaic 
exhibits a sharp brightness change between two mosaiced HiRISE ORIs. This issue was eliminated by reprocess-
ing the single-strip HiRISE ORIs (refer to Table 2) that cover the sharp edge of the mosaic, and then blending 

Figure 4. Examples of crops of the HiRISE TRN ORI mosaic, shaded relief images (azimuth: 275°; altitude: 30°; vertical exaggeration: (1) of the HiRISE TRN DTM 
and the refined MADNet HiRISE Jezero DTM, showing the striping artifacts being eliminated.

 23335084, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023E

A
003045 by Freie U

niversitaet B
erlin, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Earth and Space Science

TAO ET AL.

10.1029/2023EA003045

8 of 16

the single-strip HiRISE DTMs with the DTM mosaic. Figure 9 reveals the stripping artifacts caused by the same 
artifacts in the original HiRISE ORIs. In this case, multiple repeated HiRISE ORIs were reprocessed (refer to 
Table  2), manually cropped along the stripping artifacts, and mosaiced together. This approach was feasible 
because the stripping artifacts were not located in the exact same position in the different HiRISE ORIs, even 
though they appeared in similar locations in all of these HiRISE ORIs.

3.4. Quantitative Assessments

We conducted quantitative assessments by comparing the resultant 50 cm/pixel MADNet HiRISE DTM mosaic 
to the 1 m/pixel HiRISE and 20 m/pixel CTX TRN DTMs, as well as to the 50 m/pixel HMC30 MC-13 DTM 

Figure 5. Examples of crops of the HiRISE TRN ORI mosaic, shaded relief images (azimuth: 275°; altitude: 30°; vertical exaggeration: (1) of the HiRISE TRN DTM 
and the refined MADNet HiRISE Jezero DTM, showing improvements on matching artifacts.
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and the 463 m/pixel MOLA DTM. The difference maps are shown in Figure 10. The mean and standard devia-
tions of  the differences are summarized in Table 3. In general, we observed very good agreement between the 
MADNet and the originating TRN DTMs, with an average height difference as small as 0.009 m and a standard 
deviation of 0.63 m. The vertical difference between the MADNet HiRISE DTM mosaic and the CTX TRN DTM 
mosaic was slightly larger but still had a small mean difference of 0.386 m with a standard deviation of 3.83 m. 
It should be noted that we can observe some apparent vertical and horizontal stripping as well as contouring 
artifacts, in Figure 10b, which are originated from the CTX TRN DTMs. It seems that a non-rigid spatial trans-
formation was applied to the CTX TRN DTM, introducing vertical and horizontal interpolation artifacts into the 
DTM. The same vertical and horizontal stripping artifacts cannot be observed in the MADNet HiRISE DTM 
mosaic or the corresponding HRSC HMC30 MC-13 DTM.

Figure 6. Examples of crops of the HiRISE TRN ORI mosaic, shaded relief images (azimuth: 275°; altitude: 30°; vertical exaggeration: (1) of the HiRISE TRN DTM 
and the refined MADNet HiRISE Jezero DTM, showing interpolation artifacts being eliminated.
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When we compared the MADNet HiRISE DTM to the lower resolution HRSC DTM and the MOLA DTM, 
we observed much larger vertical differences of up to 3.256 and 21.483 m, respectively, when compared to the 
differences between the MADNet HiRISE DTM and the higher-resolution CTX and HRSC DTMs. However, as 
reported in Fergason et al. (2020), the horizontal and vertical accuracies of the HiRISE and CTX TRN DTMs 
have met and exceeded the standards for TRN. Given that our resultant MADNet HiRISE DTM mosaic is strictly 
co-aligned with the HiRISE TRN DTM mosaic (with the tiny abovementioned deviations), we did not perform 
any further co-alignment with respect to the HRSC DTM mosaic or the MOLA DTM.

To avoid interpolation issues associated with the gridded MOLA DTM, a direct comparison is made between 
the resultant MADNet HiRISE DTM mosaic and the raw MOLA height measurements. These measurements 
are extracted from the MOLA PDER (Precision Experiment Data Record) products, available at https://pds-geo-
sciences.wustl.edu/missions/mgs/pedr.html, for a rectangular area of 8 km × 8 km at the center of the MADNet 
HiRISE DTM mosaic. The mean difference and standard deviation between the MADNet HiRISE DTM and 
the MOLA spots are detailed in Table 3. These values are similar to the mean difference and standard deviation 
between the MADNet HiRISE DTM and the interpolated MOLA DTM. As previously stated, the comparably 
larger difference originates from the HiRISE TRN DTM, which was used as the reference DTM for the refine-
ment work.

4. Discussion
The resulting MADNet HiRISE DTM mosaic has demonstrated superior performance over the original HiRISE 
TRN DTM mosaic by USGS in terms of enhanced effective resolution, revealing the topography of fine-scale 
surface features and eliminating various artifacts. These improvements inevitably result in local differences 

Figure 7. Examples of crops of the HiRISE TRN ORI mosaic, shaded relief images (azimuth: 275°; altitude: 30°; vertical exaggeration: (1) of the initial and final 
version of the refined MADNet HiRISE DTM, showing occasional gaps and artifacts being corrected.

 23335084, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023E

A
003045 by Freie U

niversitaet B
erlin, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://pds-geosciences.wustl.edu/missions/mgs/pedr.html
https://pds-geosciences.wustl.edu/missions/mgs/pedr.html


Earth and Space Science

TAO ET AL.

10.1029/2023EA003045

11 of 16

between the MADNet and the TRN DTM mosaics. Although the averaged overall differences are as small as 
0.009  m, the local differences can vary. In theory, if the local differences are too small, then the fine-scale 
features may not be clearly resolved or may appear blurred. However, if the local differences are too large, 
then it indicates  that the results from the deep learning approach do not agree with the traditional photogram-
metric approach. In such cases, additional validation of the correctness will be required using high-resolution 
ground-truth data, which is currently unavailable for a sufficiently large area on Mars.

To investigate the local differences shown between the MADNet and the original DTM in Figure 10a, we selected 
two areas (locations are shown in Figure 10a) where large height differences are observed. Zoom-in views and 
profile measurements of these two areas are shown in Figures 11 and 12, respectively. Figure 11 shows patterned 
dune features. We can observe that the height differences shown in profile line A–A′ are mainly due to the better 
reconstruction of the fine-scale features by the MADNet DTM. However, potential overshoot and/or undershoot 
of these features are likely to exist, but they are likely to be smaller than 5 m for this example region since the 
maximum height difference found here is less than 5 m. Figure 12 shows a small plateau with small rocks at the 
edge and craters in the middle. We can observe that the major height differences shown in profile line B-B′ lie at 
the edges of the two ends of the plateau and the small crater (about 10 m diameter) at the center. The differences 
are approximately 4, 3, and 6 m at the peak of the north side edge, at the center of the small crater, and at the peak 
of the south side edge, respectively. These differences are reasonable, considering the different levels of detail 
resolved in the MADNet and the USGS HiRISE DTMs. However, overshoot and/or undershoot are still likely to 
exist, but they are considered minor, as shown in this example.

In the future, we plan to compare the MADNet HiRISE DTM mosaic with DTM mosaics from rover data, such as 
DTMs from Mastcam-Z and Navcam. This comparison will be possible once both sets of data become available 

Figure 8. Examples of crops of the HiRISE TRN ORI mosaic, shaded relief images (azimuth: 275°; altitude: 30°; vertical exaggeration: (1) of the initial and final 
version of the refined MADNet HiRISE DTM, showing new striping artifacts caused by the brightness/contrast differences of the neighboring HiRISE images of the 
input ORI mosaic being corrected.
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through the VRVis/Joanneum Research's Pro3D® viewer (Paar et  al.,  2023), in a common global geospatial 
coordinate system. Currently, we are encountering difficulties in reprojecting and/or matching the rover DTM 
products available from the PDS site with the HiRISE TRN/MADNet DTMs. Such inter-comparisons will help 
to evaluate the consistency and accuracy of the MADNet approach and the potential of extending it to other 
high-resolution data sources.

5. Conclusions
In this paper, we present an enhanced 50 cm/pixel HiRISE DTM mosaic of the Mars 2020 landing site at Jezero 
crater, generated using the MADNet monocular depth estimation network. Our DTM demonstrates significant 
improvements in effective resolution and artifact elimination over the publicly available USGS Mars 2020 
HiRISE TRN ORI and DTM mosaics used as inputs. The resultant MADNet HiRISE Jezero DTM is strictly 
(0.009 m mean difference with 0.63 m standard deviation) co-aligned with the original HiRISE TRN DTM and 
ORI mosaics, which are already co-aligned with the USGS CTX-based TRN DTM and ORI mosaics, as well as 
the HRSC MC-13 DTM and ORI mosaics that cover the same area. We demonstrate each of these improvements 
with examples and provide quantitative comparisons with respect to other DTM sources. The data are hosted on 
the FUB server and has been made publicly available http://dx.doi.org/10.17169/refubium-38359.

Figure 9. Examples of crops of the HiRISE TRN ORI mosaic, shaded relief images (azimuth: 275°; altitude: 30°; vertical exaggeration: (1) of the initial and final 
version of the refined MADNet HiRISE DTM, showing successful correction of the striping artifacts caused by similar artifacts from the original input single-strip 
images.
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Figure 10. Difference maps (a) between the resultant MADNet HiRISE Jezero DTM mosaic and the originating HiRISE TRN DTM mosaic at 1 m/pixel for the 
comparison; (b) between the resultant MADNet HiRISE Jezero DTM mosaic and the CTX TRN DTM mosaic at 20 m/pixel for the comparison; (c) between the 
resultant MADNet HiRISE Jezero DTM mosaic and the HMC30 MC-13 DTM at 50 m/pixel for the comparison; and (d) between the resultant MADNet HiRISE Jezero 
DTM mosaic and the MOLA DTM at 463 m/pixel for the comparison. The two areas (Area-A and Area-B) that are identified with larger differences between the 
HiRISE MADNet and TRN DTMs are labeled in subfigure (a) for the follow-up profile measurements.
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Figure 11. Examples of crops of the HiRISE TRN ORI mosaic, shaded relief images (azimuth: 275°; altitude: 30°; vertical exaggeration: (1) of the MADNet and 
HiRISE TRN DTM mosaics, and profile measurements, over one of the selected areas where large height difference between the MADNet and HiRISE TRN DTM 
mosaics are shown (Area-A of Figure 10a).

Comparison inputs Comparison resolution Mean difference (m) Standard deviation (m)

MADNet HiRISE Jezero DTM HiRISE TRN DTM 1 m/pixel 0.009 0.63

CTX TRN DTM 20 m/pixel −0.386 3.83

HMC30 13E DTM 50 m/pixel −3.256 18.83

Mars MGS MOLA DTM 463m v2 463 m/pixel −21.483 42.13

Mars MGS MOLA points n/a −18.252 36.44

Table 3 
Summary of the Mean and Standard Deviations of the Differences Between the Resultant MADNet HiRISE Jezero DTM, the Originating HiRISE TRN DTM Mosaic, 
the CTX TRN DTM Mosaic, the HRSC HMC_13E10 DTM, the MOLA DTM and the MOLA Points
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Data Availability Statement
The resultant data products are publicly available on the FUB server at http://dx.doi.org/10.17169/refubium-38359 
(under CC BY 4.0 license).
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HiRISE TRN DTM mosaics, and profile measurements, over one of the selected areas where large height difference between the MADNet and HiRISE TRN DTM 
mosaics are shown (Area-B of Figure 10a).
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