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The Chinese lunar probe Chang’E-3, carrying the “Jade Rabbit” lunar rover, successfully landed in the 
Sinus Iridum area on the Moon on December 14, 2013. This paper presents the characterization activities 
that were done for the selection of the landing area, including topographic modeling and analysis based 
on multisource lunar remote sensing data. Seven meter-resolution Chang’E-2 imagery and Lunar Orbiter 
Laser Altimeter data were integrated to generate a digital elevation model (DEM) with a resolution of 
20 m for the entire Sinus Iridum landing area. Long baseline slopes were assessed according to this 
DEM for all of this area. Lunar Reconnaissance Orbiter narrow-angle camera images and 1.5 m-resolution 
Chang’E-2 imagery were used to derive DEMs with higher resolution (4 m) at several local regions within 
the Sinus Iridum landing area. Slope analyses at lander footprint scale (∼8 m) were performed in these 
local regions. Craters were detected from the DEMs and the derived orthophotos, and size-frequency 
distributions were generated. Crater morphological statistics, including the depth/diameter ratios, rim 
height/diameter ratios and wall slopes, were analyzed. The results showed that the Sinus Iridum landing 
area is relatively flat. Most of the area has slopes of less than 15◦. The steeper slopes are mainly alongside 
craters and ridges. The crater size-frequency distribution is close to the equilibrium distribution. The 
crater ages, as indicated by their morphological statistics, vary from mature to relatively fresh in different 
regions. These topographic modeling and analysis results were used for strategic planning to identify the 
landing site for the Chang’E-3 and made a useful contribution to the success of the Chang’E-3 mission.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Chinese lunar probe Chang’E-3, carrying the “Jade Rabbit” 
lunar rover, successfully landed in the Sinus Iridum area on the 
Moon (Fig. 1) on December 14, 2013. This probe was the first 
spacecraft to make a soft landing on the Moon (since the Soviet 
Luna-24 mission in 1976). The Chang’E-3 lander and the “Jade Rab-
bit” rover explored the landing site in the eastern part of the Sinus 
Iridum.

Chang’E-3 is part of the second phase of the Chinese Lunar Ex-
ploration Program, which has an ultimate goal of manned flights 
to the Moon (Ouyang et al., 2010). This probe is a follow-up to 
the previous Chang’E-1 and Chang’E-2 missions. Chang’E-1 was 
launched on October 24, 2007 and operated until March 1, 2009. 
It collected orbiter images covering the entire lunar surface with 
a spatial resolution of 120 m (Li et al., 2010a). Chang’E-2 was 
launched on October 1, 2010 and remained in lunar orbit until 
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June 8, 2011 (Wang et al., 2012). Chang’E-2 collected orbiter im-
ages covering the entire lunar surface with a spatial resolution 
of 7 m and also took images with resolution of 1.5 m covering 
parts of the Sinus Iridum area (Zhao et al., 2011; Wu et al., 2014;
Di et al., 2014). The data gathered by Chang’E-1 and Chang’E-2 
were used in preparation for identifying favorable target areas for 
the landing of Chang’E-3.

To ensure a safe and successful landing, a careful analysis of 
the topography of the candidate landing areas had to be carried 
out. This task involved identifying favorable target areas and eval-
uating their surface conditions. To assess the risks to a successful 
touchdown associated with each potential landing site, terrain fea-
tures such as slopes and craters had to be identified. We modeled 
and analyzed the topography of the candidate landing areas using 
multi-source lunar remote sensing data collected by various sen-
sors from earlier missions, including Chang’E-2 imagery, data from 
NASA’s Lunar Reconnaissance Orbiter (LRO) Laser Altimeter (LOLA) 
and LRO narrow-angle camera (NAC) imagery. The modeling and 
analysis were carried out at two levels. We did an overall level 
analysis of the entire Sinus Iridum landing area to help us under-
stand its general topographic and morphological features. We also 
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Fig. 1. Chang’E-3 landing area. (a) The landing zone of Chang’E-3 in the Sinus Iridum area and (b) the Chang’E-3 landing location (19.51134◦W, 44.12196◦N according to the 
Planetary Mapping and Remote Laboratory of Chinese Academy of Sciences), marked on the 1.5 m-resolution Chang’E-2 image.
performed a local-level analysis within the Sinus Iridum landing 
area to gather detailed topographic information and identify the 
candidate landing sites.

This paper presents the lunar topographic modeling and anal-
ysis techniques that were developed and the results that were 
generated concerning the Chang’E-3 landing area. The overall to-
pographic modeling and analysis results for the Sinus Iridum area 
are described in the paper’s next section. In the paper’s third sec-
tion, we describe the results of the detailed topography modeling 
and analysis of two representative local regions within the Sinus 
Iridum area. Finally, our concluding remarks summarize what has 
been learned from this effort.

2. Topographic modeling and analysis of the Sinus Iridum 
landing area

Sinus Iridum (Latin for “Bay of Rainbows”) is a plain on the 
Moon that forms a northwestern extension of the Mare Imbrium. 
The scientific group of China’s Lunar Exploration Project chose this 
plain as the landing area for Chang’E-3 after a global comparison 
study based on the Chang’E-1 data sets and other lunar data. The 
potential landing area at Sinus Iridum covered 18.2◦ to 34.6◦W and 
42.6◦ to 45.6◦N, or an area of approximately 358 × 91 km2 (see 
Fig. 1). The next section presents the overall topographic model-
ing and analysis results for the entire landing area, based on the 
Chang’E-2 imagery with a resolution of 7 m/pixel and LRO LOLA 
data.

2.1. Topographic modeling of the Sinus Iridum landing area

2.1.1. Chang’E-2 imagery and LRO data sets of the Sinus Iridum landing 
area

Chang’E-2 uses its onboard CCD camera to collect lunar sur-
face imagery while orbiting at two altitude levels. The first level 
is a 100 × 100 km circular orbit, at which the CCD camera can 
image the lunar surface at a resolution of 7 m/pixel. The second 
level is a 100 × 15 km elliptical orbit, at which the CCD camera 
provides an imaging resolution of 1.5 m/pixel (Wu et al., 2014;
Zhao et al., 2011). The images collected during the circular orbit 
provide global image coverage of the Moon. The higher resolution 
images collected during the lower-level elliptical orbit cover only 
part of the Sinus Iridum area and these images were used mainly 
for the detailed analysis and selection of the Chang’E-3 landing 
site.
The CCD camera onboard the Chang’E-2 spacecraft is a two-line 
push-broom sensor, which enables the simultaneous acquisition 
of forward- and backward-looking imagery along the flight direc-
tion. The camera optical system has a focal length of 144.3 mm 
and each CCD line has 6144 pixels with a pixel size of 10.1 μm. 
The forward-looking imagery has a viewing angle of 8◦ and the 
backward-looking imagery has a viewing angle of 17.2◦ . The Sinus 
Iridum landing area was covered by 15 strips of Chang’E-2 im-
agery (orbits 0570 to 0584) with a resolution of 7 m/pixel. Each 
strip covered about 43 km in width and there was an overlap of 
about 45% between any two neighboring image strips.

The LRO is a lunar probe that was sent to the Moon by NASA 
on June 18, 2009. The LRO LOLA is a five-spot X-pattern pulse 
detection altimeter that measures the distance to the lunar sur-
face at five spots simultaneously (Smith et al., 2010). The five-spot 
pattern provides five adjacent profiles for each track. The spacing 
resolution in the along-track direction is 10 to 12 m. The aver-
age distance between the LOLA tracks is in the order of 1–2 km 
at the equator. At polar sites, the LOLA measurements are gener-
ally very dense (varying from a few meters to tens of meters). The 
LOLA measurements have a precision of about 10 m in the along-
track and cross-track directions and 1.5 m in the radial direction 
(Mazarico et al., 2011). LOLA DEMs (LDEMs) are built by binning 
all valid measurements into map grid cells and then generating 
models at multiple resolutions. The LDEM 1024, from the LOLA re-
lease 8 in the Planetary Data System, have the best resolution at 
1024 pixels per degree, which is equivalent to about 30 m/pixel in 
latitude.

The LRO is also equipped with two cameras, a wide-angle 
camera (WAC) and a narrow-angle camera (NAC). The WAC im-
ages provide global coverage with a resolution of 100 m/pixel 
(Scholten et al., 2012). The NAC images offer very high resolution 
(0.5–1.5 m/pixel), but they cover only small portions of the lunar 
surface, including complete coverage of both poles (Robinson et al., 
2012). Our survey relied mainly on the LOLA data and the available 
LRO NAC images in the Sinus Iridum area for topographic modeling 
and analysis.

2.1.2. Topographic modeling approaches
Lunar orbiter imagery and laser altimeter data are the two 

major data sources for lunar topographic modeling. Most of the 
previous studies have used imagery and laser altimeter data sep-
arately for lunar topographic modeling, and the various derived 
lunar topographic models usually result in inconsistencies at dif-
ferent levels (Li et al., 2010a, 2010b; Wu et al., 2013). In aiming 
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for consistent and precise topographic modeling by combining lu-
nar imagery and laser altimeter data from different sources, we 
developed an innovative approach based on a combined block ad-
justment of the multi-strip imagery and laser altimeter data (Wu 
et al., 2014).

Our combined block adjustment included the image orienta-
tion parameters, the intra-strip tie points, the inter-strip tie points 
and the laser altimeter points. Intra-strip tie points are the conju-
gate points representing each textural feature identified from the 
stereo images (both the forward- and backward-looking images) of 
an image strip. Inter-strip tie points are the corresponding points 
identified from the overlapping area in the stereo images of two 
neighboring image strips. The output of the combined block ad-
justment was an improved set of image orientation parameters and 
ground coordinates of the laser altimeter points. The adjustments 
to the image orientation parameters and the laser altimeter points 
were dependent on their a priori precision, which was controlled 
by assigning them appropriate weights in the adjustment process. 
The details concerning this approach can be found in Wu et al.
(2014) and Wu et al. (2011a). This approach was used to integrate 
the Chang’E-2 imagery and LOLA data sets in the Sinus Iridum area 
to obtain the improved orientation parameters.

After obtaining the improved orientation parameters of the im-
ages, we needed to carry out image matching to generate to-
pographic models, such as DEMs. However, image matching was 
challenging where the lunar surface imagery had poor texture 
conditions. We therefore developed a self-adaptive triangulation-
constrained image matching (SATM) method (Wu et al., 2011b,
2012; Zhu et al., 2007a, 2007b), which used dynamic Delaunay 
triangulations to constrain the image matching. This method has 
been used in various applications and has proven to be able to 
produce dense, reliable matching results. The SATM method was 
used for the automatic matching of the Chang’E-2 imagery.

From the matching results on the Chang’E-2 imagery, the 3D 
coordinates of the conjugate points were calculated from the pho-
togrammetric space intersections using the improved orientation 
parameters of the imagery. These 3D coordinates were then used 
to interpolate a DEM using the Krigging approach. We used the 
Mean Earth/Polar Axis lunar reference system with the geographic 
locations of surface features expressed in planetocentric coordi-
nates. To avoid round-off errors in our large digital terrain models, 
the distance of a point from the Moon’s center of mass was ex-
pressed as the distance along the radius vector above (positive) 
or below (negative) a reference sphere of the Moon’s radius (of 
1737.4 km). This coordinate system is consistent with those that 
the Planetary Data System archive uses for lunar data sets (LRO 
Project and LGCWG White Paper, 2008).

2.1.3. Derived topographic model and its comparison with LDEM 1024
Based on the above-described approaches, a DEM with a res-

olution of 20 m (about three times that of the Chang’E-2 image 
resolution) was generated from the integrated processing of 15 
strips of Chang’E-2 imagery and the corresponding LOLA data of 
the Sinus Iridum landing area. Fig. 2(a) shows a gray scale map of 
this DEM.

The LDEM 1024 (resolution about 30 m) was used for compar-
ison, as illustrated in Fig. 2(b). A direct visual comparison shows 
that the Chang’E-2 DEM provides more detailed topographic infor-
mation than the LDEM 1024, although their resolutions are similar. 
The geometric shapes of small craters in the Chang’E-2 DEM are 
much clearer than those in the LDEM 1024 and some small ter-
rain features (e.g., craters) that are missing in the LDEM 1024 are 
shown in the Chang’E-2 DEM.

To quantitatively compare the differences between these two 
DEMs, a difference DEM was generated by calculating the absolute 
difference of the elevations at all of the corresponding locations of 
the two DEMs. Fig. 2(c) shows the difference DEM, in which light 
color indicates small differences and dark color indicates large dif-
ferences. A statistical analysis reveals that the average absolute ele-
vation difference is 15.19 m, with a standard deviation of 17.08 m. 
This degree of difference indicates that the two DEMs are very well 
aligned. The larger differences appear mainly inside the big craters. 
These differences may indicate that the image-based method is not 
able to generate enough matching points due to the dark textures 
inside the craters and that the interpolated Chang’E-2 DEM does 
not reflect the actual crater topography as sharply as the LDEM 
1024.

2.2. Topographic analysis of the Sinus Iridum landing area

2.2.1. General topography
Fig. 3 shows a 3D color view of the DEM generated from the 

integration of the Chang’E-2 imagery and LOLA data. The Sinus 
Iridum landing area is generally flat in the DEM. The Laplace A 
crater is located in the center of the area. Close to the right side 
of the Laplace A crater, there are several ridges extending from 
the Promontorium Laplace, mostly distributed from north to south. 
The average altitude in this area is −2672.12 m. The maximum 
elevation difference in this region is about 1340 m. The standard 
deviation of altitudes in this area is 109.55 m.

Fig. 4 shows the contour map overlaid on the DEM, with a con-
tour interval of 50 m. It can be seen on this map that the south 
part of the area is generally higher than the north part. The ridges 
in the middle of the area are higher than those at the left or right 
sides. The altitudes of the ridges on the right side decrease gener-
ally toward the north and those on the left side generally decrease 
in altitude toward the northwest. The terrain on the right side is 
generally flatter than that on the left side.

Fig. 5 shows an orthophoto generated based on the DEM and 
Chang’E-2 imagery. The orthophoto has a resolution of 7 m/pixel, 
which is the same as the original Chang’E-2 imagery. Fig. 5(b) 
shows a 3D view of the orthophoto by projecting it onto the 3D 
DEM. For better visual clarity, the altitudes are exaggerated 30 
times. Fig. 5(b) provides a straightforward view of the area, which 
gives a better understanding the area’s general topography.

2.2.2. Slope analysis
The design of the Chang’E-3 lander required a terrain slope of 

less than 15◦ . A steeper slope could cause the lander to capsize. 
The slope is defined as the inclination relative to the local hor-
izontal of the mean plane that best fits the terrain. Based on a 
DEM, the slopes for every grid point of the DEM were calculated 
using a neighborhood moving window centered at that grid point. 
The size of the roving window depended on the baseline of slope 
calculation and the minimum size was 3 × 3 grid points.

Ideally, the baseline for a slope calculation should be the same 
size as the lander footprint. The Chang’E-3 lander’s footprint size is 
approximately 8 m, which is the sum of the lander footprint (in-
cluding the legs) and the control errors at touchdown. However, 
according to the DEM generated from integration of Chang’E-2 im-
agery and LOLA data, the shortest baseline that can be used is 
40 m, as the resolution of the DEM is 20 m. Fig. 6 shows the slope 
map generated of the Sinus Iridum landing area with a baseline of 
40 m.

A statistical analysis of the slopes shows that the average slope 
in the Sinus Iridum landing area is 1.70◦ with a standard deviation 
of 2.58◦ . The maximum slope in this area is 61.49◦ . Fig. 7 shows a 
histogram of the area’s slope distribution.

A slope statistical analysis reveals that the majority (94.37%) 
of the area has slopes of less than 5◦ (blue in Fig. 6). The lan-
der touchdown stability requirement is met by 99.16% of the area 
(slope ≤15◦). The steeper slopes are mainly found around the 
craters. The walls of the big visible craters have slopes of over 25◦ .



260 B. Wu et al. / Earth and Planetary Science Letters 405 (2014) 257–273
Fig. 2. DEMs of the Sinus Iridum landing area. (a) DEM generated from the integration of the Chang’E-2 imagery and LOLA data (resolution: 20 m), (b) LDEM 1024 of the 
Sinus Iridum landing area (resolution about 30 m), and (c) the difference between these two DEMS.
It should be noted that the slope analysis used a baseline of 
40 m, which is greater than the footprint size of the lander (ap-
proximately 8 m). A baseline of 8 m may show that the actual 
slopes are slightly greater than those described above. Slope de-
termination on the scale of the lander itself requires a higher 
resolution DEM (e.g., resolution of 4 m). Higher resolution DEMs 
were generated using the Chang’E-2 imagery (with a resolution of 
1.5 m/pixel) and the LRO/NAC imagery. Examples will be discussed 
in the following sections. However, these types of imagery were 
available for only a portion of the Sinus Iridum landing area. We 
selected several representative local regions in the Sinus Iridum 
landing area with 4 m resolution DEMs and analyzed the slope 
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Fig. 3. 3D visualization of the DEM generated from the integration of the Chang’E-2 imagery and LOLA data. The insets are enlarged figures of local terrain features.

Fig. 4. Contour map of the Sinus Iridum landing area, with contour intervals of 50 m.
distributions as a function of baselines at different scales. The re-
sults reveal that in these local regions there is a ratio of 1.1–1.6 
between the average slopes calculated by using a baseline of 8 m 
and the slopes calculated with a baseline of 40 m.

2.2.3. Crater detection and distribution analysis
Craters are the most common feature on the lunar surface and 

represent a significant hazard in landing spacecraft. Small craters 
may present a roughness hazard, especially if one or two landing 
pads touch down inside the crater and the others land outside the 
crater. Craters may also present slope hazards due to their inter-
nal slopes. For large aged craters, the depth to diameter ratios are 
expected to be about 0.1, and the rim height are expected to be 
about 1% of the diameter (Hutton, 1969). However, for relatively 
young craters, the depth to diameter ratios can be as large as 0.2 
and their rim heights can be as large as 5% of the crater diame-
ters (Melosh, 1989). For small bowl-shape craters, they may have 
depth to diameter ratios up to 0.4. Therefore, it was important to 
investigate the crater distribution in the landing area both statisti-
cally and metrically. To reduce the risks in landing, we needed to 
identify potential landing sites with less intensive distributions of 
craters.

Crater detection was carried out based on the generated DEM 
(resolution 20 m) and the orthophoto (resolution 7 m/pixel). The 
crater detection included the following two steps:

1) An automatic approach was developed to detect craters on the 
DEM according to the 3D crater morphology. This approach 
used slope and contour analyses to select candidate regions 
in which the average slopes of those regions exceeded a pre-
defined threshold (e.g., 7◦) and in which there was at least 
one closed contour. Next, two morphological filters were used 
to exclude non-crater regions. A horizontal morphological filter 
indicated whether the shape of each contour was similar to a 
circle. A vertical morphological filter required that the shapes 
of two profiles (one along the east to west axis and the other 
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Fig. 5. Orthophoto of the Sinus Iridum landing area. (a) a planar view of the orthophoto, and (b) a 3D view of the orthophoto with elevation exaggerated 30× for better 
visualization.

Fig. 6. Slope map of the Sinus Iridum landing area, with slope intervals of 5◦ .
Fig. 7. Histogram of the slope distribution at the Sinus Iridum landing area.

along the north to south axis) fitted a polynomial curve that 
opened upwards. After this filtering, a least square method 
was used to fit the crater rims in each of the remaining local 
regions. This approach proved able to accurately detect craters 
on the DEM. Details of this approach can be found in our re-
lated work (Qiao, 2014).

2) A manual digitization process on the orthophoto was used to 
supplement the crater detection results from the previous step. 
We needed to check if the crater detection from the previous 
step was correct by overlaying the detected craters onto the 
orthophoto and comparing the surrounding image texture. We 
also needed to manually digitize craters with diameters too 
small to be detected in the previous step due to the limited 
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Fig. 8. Crater distribution map of the Sinus Iridum landing area.
Fig. 9. Cumulative crater size-frequency histogram of the Sinus Iridum landing area.

resolution of the DEM. A manual digitization was conducted 
by digitizing crater rims using the ArcGIS software with an 
integrated Crater Helper Tool plug-in.

Based on the 20 m resolution DEM and the 7 m resolution or-
thophoto, we detected 44 197 craters in the Sinus Iridum landing 
area that had diameters larger than 70 m (10 times the image res-
olution). The crater distribution map is shown in Fig. 8. As this 
map shows, the Sinus Iridum landing area is densely covered by 
craters of various sizes. The craters are fewer and more scattered 
around the big craters. For example, around the biggest crater, the 
Laplace A crater (with a diameter of 8293.15 m), there are fewer 
than the average number of craters distributed in the nearby re-
gion. This finding may be related to the ejecta from this big crater, 
which may have filled in many small craters nearby.

Craters were counted in each diameter range to produce a cu-
mulative crater size-frequency histogram, as shown in Fig. 9. The 
distribution is close to the equilibrium distribution, as was ex-
pected for the lunar surface (Rosa et al., 2012). Generally, the 
smaller the crater diameter is, the more craters of that size. From 
the stability of the distribution of craters with diameters larger 
than 300 m, we can state that there are on average about 14 
craters with diameters larger than 300 m for each 10 km × 10 km
area. For the size-frequency analysis of craters smaller than 300 m 
in size, we used higher resolution data (e.g., the 4 m resolution 
DEM, the 1.5 m resolution LRO NAC imagery and the Chang’E-2 
imagery) of several typical local regions within the Sinus Iridum 
landing area. The results are described in Section 3.

Based on the above-described extractions of craters, the 20 m 
resolution DEM was used to derive the depths, rim heights and 
wall slopes of the craters. We obtained a subset of the DEM to de-
termine the crater depths. This subset was based on the longitudes 
and latitudes of crater centers and diameters, and then obtain-
ing the maximum and minimum altitudes in this DEM subset. The 
crater depths were recorded in terms of absolute difference. To de-
termine the crater rim heights, the crater boundaries were first 
extended outward to a distance that was 15% of each crater’s di-
ameter. Sampling points were selected on the extended boundary 
areas at intervals of, for example, 10◦ . The average altitude of the 
sampling points was obtained and the rim heights of the craters 
were calculated by subtracting their measurements from the previ-
ously obtained maximum altitude in the subset DEM. The average 
slopes of the crater walls were calculated by the arc tangent of 
each crater depth divided by its radius.

By using these methods, we successfully measured the depths, 
rim heights and wall slopes for 18 898 craters that had complete 
structures. The statistics on these craters are listed in Table 1. 
The statistical results show that most of the craters in the Sinus 
Iridum landing area are mature craters. Some 84.15% of the iden-
tified craters have depth/diameter ratios of less than 0.1. However, 
there are a small number of fresh craters with steep edges. Some 
93.69% of the craters have rim height/diameter ratios of less of 
than 0.05 and 93% of the craters have wall slopes of less than 15◦ .

3. Detailed topographic modeling and analysis at candidate 
landing sites within the Sinus Iridum landing area

The previously described topographic modeling and analysis for 
the entire Sinus Iridum landing area gave us a general understand-
ing of the topography and associated landing hazards in this area. 
To further investigate the topographic details on the scale of the 
lander footprint size, we required more detailed topographic mod-
eling and analysis based on higher resolution data.

The Chang’E-2 CCD camera obtained 32 orbits of images with 
a resolution of 1.5 m/pixel within the Sinus Iridum landing area. 
However, the area was not fully covered by these higher resolution 
images. There were gaps of about 0.3◦ width between neighboring 
orbits. There were several stereo pairs of LRO NAC imagery that 
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Table 1
The morphological statistics of crater measurements in the Sinus Iridum landing area (18 898 craters).

Depth/diameter Count Percentage Rim height/diameter Count Percentage Wall slope Count Percentage

>0.25 99 0.52% >0.10 174 0.92% >20◦ 431 2.28%
0.20–0.25 187 0.99% 0.09–0.10 61 0.32% 18◦–20◦ 244 1.29%
0.18–0.20 164 0.87% 0.08–0.09 100 0.53% 16◦–18◦ 368 1.95%
0.16–0.18 271 1.43% 0.07–0.08 164 0.87% 14◦–16◦ 564 2.98%
0.14–0.16 401 2.12% 0.06–0.07 248 1.31% 12◦–14◦ 898 4.75%
0.12–0.14 680 3.60% 0.05–0.06 446 2.36% 10◦–12◦ 1348 7.13%
0.10–0.12 1129 5.97% 0.04–0.05 887 4.69% 8◦–10◦ 2003 10.60%
0.08–0.10 1731 9.16% 0.03–0.04 1874 9.92% 6◦–8◦ 2889 15.29%
0.06–0.08 2749 14.55% 0.02–0.03 3867 20.46% 4◦–6◦ 3919 20.74%
0.04–0.06 4126 21.83% 0.01–0.02 5981 31.65% 2◦–4◦ 3302 17.47%
<0.04 7296 38.61% <0.01 5096 26.97% <2◦ 2932 15.51%

Fig. 10. Distribution of the LRO NAC and Chang’E-2 images at the two local regions in the Sinus Iridum landing area.
covered a small portion of the Sinus Iridum landing area. These 
imagery pairs had image resolutions of about 1.5 m/pixel. We used 
the 1.5 m resolution Chang’E-2 imagery and the LRO NAC stereo 
images for detailed topographic modeling and analysis. In the fol-
lowing sections, the results are given for two local regions (Fig. 10) 
with Region 1 from a stereo pair of LRO NAC images and Region 2 
from the 1.5 m resolution Chang’E-2 images. From the previous to-
pographic analysis results, Region 1 exhibited fluctuant terrain but 
with less craters, while Region 2 was characterized with flat terrain 
and more craters. We expected to obtain meaningful results from 
the investigation in these two local regions with representative to-
pographies, which can be used as references for other regions in 
the Sinus Iridum landing area.

3.1. Topographic modeling and analysis of Region 1 from the LRO NAC 
imagery

Region 1 (26.41◦W–26.83◦W, 43.1◦N–45.86◦N) is located at the 
midpoint between the Laplace A crater and the ridge close to the 
center of the Sinus Iridum landing area. Region 1 is therefore situ-
ated near two types of distinctive terrain features, which makes it 
a candidate landing site with scientific priority.

3.1.1. Topographic modeling at Region 1
The LRO NAC images were used for topographic modeling and 

analysis at Region 1. Unlike the Chang’E-2 linear push-broom cam-
era, the stereo pairs of the LRO NAC imagery are collected by 
acquiring images on two different orbits (Robinson et al., 2012;
Tran et al., 2010). Two orbits (orbit 14 969 and 14 972) of LRO NAC 
images provided a stereo coverage of Region 1. The image resolu-
tion for both orbits was 1.5 m/pixel. Orbit 14 969 and 14 972 had 
slew angles of −11.08◦ and 12.64◦ , respectively, providing a stereo 
convergent angle of 23.72◦ , which was ideal for the photogram-
metric processing of topographic modeling.

For the LRO NAC images, the interior orientation (IO) and exte-
rior orientation (EO) parameters were found and retrieved from 
the SPICE (Spacecraft, Planet, Instrument, C-matrix, and Events) 
kernel, which is the primary geometry data set of the space-borne 
instrument provided by NASA’s Navigation and Ancillary Informa-
tion Facility. Based on the IO and EO parameters of the images, 
photogrammetry software that was developed in-house and the 
previously mentioned SATM image matching method were used to 
process the stereo pairs of the LRO NAC images and to generate a 
DEM with resolution of 4 m. Fig. 11 shows 2D and 3D views of the 
DEM.

3.1.2. Topographic analysis at Region 1
As can be seen from Fig. 11, the 4 m resolution DEM shows 

much more topographic detail than the previously described 20 m 
resolution DEM generated from the 7 m/pixel Chang’E-2 imagery. 
This region has an average altitude of −2426.35 m. The maximum 
elevation difference in this region is about 650 m. Fig. 12 shows a 
contour map and orthophoto based on the DEM. The contour map 
has an interval of 20 m for each contour. The orthophoto is gen-
erated from the orbit 14 969 image. The illuminating condition for 
this image is 47.75◦ for the incidence angle, 10.33◦ for the emis-
sion angle, and 45.19◦ for the phase angle. The orthophoto has a 
resolution of 1.5 m/pixel, which is the same as the original im-
agery.

From the contour map, it can be seen that a large number of 
fragmentary contours are densely distributed in the lower part of 
the DEM, close to the eastern rim of the Laplace A crater. These 
contours indicate a dense distribution of crater rays and ejecta.
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Fig. 11. DEM (4 m resolution) generated at Region 1 from the LRO NAC imagery. (a) A planar view of the DEM, (b) zoomed in views of the DEM and a side-by-side comparison 
with the 20 m resolution DEM generated from the 7 m/pixel Chang’E-2 imagery, and (c) a 3D view of the DEM.
The generated 4 m resolution DEM enabled a more detailed 
slope analysis at the scale of the lander footprint size. A baseline 
of 8 m was used for the slope calculation. The method of slope 
analysis used here was the same as the approach described previ-
ously. Fig. 13 shows the generated slope map and a histogram of 
the slope distribution.

A statistical analysis of the slopes showed that the average 
slope in this region is 6.42◦ , with a standard deviation of 7.31◦ . 
The maximum slope in this region is 65.44◦ . Indicated by the blue 
areas in Fig. 13(a), 52.46% of the region has slopes of less than 5◦ . 
The lander touchdown stability requirement (slope ≤15◦) is met 
by 94.37% of the area. Steeper slops are mainly found alongside 
the craters and ridges.

As in the crater detection method described previously, we de-
tected craters in this region by using the 4 m resolution DEM 
and the 1.5 m resolution orthophoto generated from the LRO NAC 
imagery. We identified 35 060 craters with diameters larger than 
15 m (10 times the LRO/NAC image resolution). The crater distri-
bution map and the cumulative crater size-frequency histogram are 
shown in Fig. 14.

The crater distribution is close to the equilibrium distribution. 
On average, there are 160 craters with diameters larger than 200 m 
in each 10 km×10 km area, 127 craters with diameters larger than 
100 m in each 5 km × 5 km area and 12 craters with diameters 
larger than 50 m in each 1 km × 1 km area. The cumulative crater 
size-frequency distribution for Region 1 can be used as a represen-
tative result to supplement the cumulative crater size-frequency 
distribution for the entire Sinus Iridum landing area (see Fig. 9) 
for craters smaller than 300 m in size. From the crater-size fre-
quency statistics, the surface age for this region is estimated to 
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Fig. 12. Contour map and orthophoto of Region 1. (a) Contour map with contour intervals of 20 m, and (b) orthophoto with a resolution of 1.5 m/pixel.
be 3.14 Ga based on the crater chronology function proposed by 
Neukum et al. (2001). Hiesinger et al. (2000) estimated the ages 
of mare basalts on the lunar nearside based on the distribution of 
impact craters, which is 3.01(+0.12, −0.16) Ga. The result is gen-
erally consistent with our estimation in this region.

The same method described previously was used to measure 
the depth, rim height and wall slope information based on the 
4 m resolution DEM. We found 25 048 craters that had com-
plete structures. The statistics on these craters are listed in Ta-
ble 2.

The statistical results showed that 81.61% of the craters have 
depth/diameter ratios of less than 0.1, which indicates that there 
are slightly more fresh craters in this region than the average for 
the entire Sinus Iridum landing area. Some 90.2% of the craters 
have rim height/diameter ratios of less than 0.05 and 93% of the 
craters have wall slopes of less than 15◦ .
3.2. Topographic modeling and analysis of Region 2 from the Chang’E-2 
imagery

3.2.1. Topographic modeling of Region 2
Region 2 (19.9◦W–20.4◦W, 42.6◦N–45.6◦N) is located in the 

east part of the Sinus Iridum landing area. The 1.5 m resolution 
Chang’E-2 imagery (orbit 2746) was used for topographic modeling 
and analysis of this region. The same approaches described in Sec-
tion 2.1.2 were used in the integrated processing of the Chang’E-2 
imagery and LOLA data to generate a DEM with a resolution of 
4 m. Fig. 15 shows the 2D and 3D views of this DEM.

3.2.2. Topographic analysis of Region 2
As can be seen from Fig. 15, the 4 m resolution DEM shows 

much more topographic detail than the previously described low 
resolution data. The altitude in this region is lower in the southern 
part and higher in the northern part, with an average altitude of 
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Fig. 13. Slope map and statistics at Region 1. (a) Slope map with slope intervals of 5◦ , and (b) histogram of the slope distribution. (For interpretation of the references to 
color in this figure, the reader is referred to the web version of this article.)
−2666.90 m. The maximum elevation difference in this region is 
about 537 m. Fig. 16 shows the contour map and orthophoto that 
were generated based on the DEM. The contour map has an inter-
val of 20 m for each contour. The orthophoto is generated from the 
forward-looking image of the orbit 2746. The illuminating condi-
tion for this image is 30.3◦ for the incidence angle and 15.3◦ for 
the emission angle. The orthophoto has a resolution of 1.5 m/pixel, 
which is the same as the original Chang’E-2 imagery.

From the contour map, it can be seen that this region is rela-
tively flatter than Region 1. The contours are sparsely distributed 
except for those inside the craters. A large number of craters of 
varying sizes can be recognized in the orthophoto.

A slope analysis was carried out based on the generated 4 m 
resolution DEM. A baseline of 8 m was used for slope calculation. 
Fig. 17 shows the generated slope map and a histogram of the 
slope distribution. A statistical analysis showed that the average 
slope in this region is 2.54◦ , with a standard deviation of 3.61◦ . 
The maximum slope in this region is 64.68◦ . The blue areas in 
Fig. 17(a) show the 88.94% of the region with slopes less than 5◦
and 98.35% have slopes within the lander touchdown stability re-
quirement (slope ≤15◦). Steeper slops are mainly located around 
the craters. This slope analysis re-confirmed that Region 2 is flatter 
than Region 1 (with its average slope of 6.42◦).

The same crater detection approach described previously was 
used to detect the Region 2 craters, based on the 4 m resolu-
tion DEM and the 1.5 m resolution orthophoto generated from the 
Chang’E-2 imagery. We identified 51 630 craters with diameters 
larger than 15 m (10 times the Chang’E-2 image resolution). The 
crater distribution map and the cumulative crater size-frequency 
histogram are shown in Fig. 18.

The distribution of the craters in Region 2 is close to that found 
in Region 1. However, Region 2 has fewer big craters (larger than 
100 m in diameter) and more small craters (less than 50 m in 
diameter). On average, there are 75 craters with diameters larger 
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Fig. 14. Crater distribution and statistics for Region 1. (a) Crater distribution map, (b) zoomed-in view of the map, and (c) cumulative crater size-frequency histogram.

Table 2
The morphological statistics of the crater measurements in Region 1 (25 048 craters).

Depth/diameter Count Percentage Rim height/diameter Count Percentage Wall slope Count Percentage

>0.25 37 0.15% >0.10 24 0.10% >20◦ 388 1.55%
0.20–0.25 176 0.70% 0.09–0.10 45 0.18% 18◦–20◦ 268 1.07%
0.18–0.20 198 0.79% 0.08–0.09 88 0.35% 16◦–18◦ 481 1.92%
0.16–0.18 302 1.21% 0.07–0.08 268 1.07% 14◦–16◦ 944 3.77%
0.14–0.16 560 2.24% 0.06–0.07 671 2.68% 12◦–14◦ 1720 6.87%
0.12–0.14 1135 4.53% 0.05–0.06 1358 5.42% 10◦–12◦ 2852 11.39%
0.10–0.12 2199 8.78% 0.04–0.05 2149 8.58% 8◦–10◦ 4599 18.36%
0.08–0.10 3956 15.79% 0.03–0.04 4529 18.08% 6◦–8◦ 6155 24.57%
0.06–0.08 6209 24.79% 0.02–0.03 7186 28.69% 4◦–6◦ 5558 22.19%
0.04–0.06 6920 27.63% 0.01–0.02 6440 25.71% 2◦–4◦ 1985 7.92%
<0.04 3356 13.40% <0.01 2290 9.14% <2◦ 98 0.39%
than 200 m in each 10 km × 10 km area, 77 craters with diam-
eters larger than 100 m in each 5 km × 5 km area and 8 craters 
with diameters larger than 50 m in each 1 km × 1 km area. The 
cumulative crater size-frequency distribution of Region 2 can be 
used as another representative result to supplement the cumula-
tive crater size-frequency distribution for the entire Sinus Iridum 
landing area (see Fig. 9) for craters smaller than 300 m. From the 
crater-size frequency statistics, the surface age for this region is 
estimated to be 3.21 Ga based on the crater chronology function 
proposed by Neukum et al. (2001).
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Fig. 15. DEM (4 m resolution) generated for Region 2 from the Chang’E-2 imagery. (a) A planar view of the DEM, and (b) a 3D view of the DEM.
The same method described previously was used to measure 
the depth, rim height and wall slope information based on the 
4 m resolution DEM. We measured 22 870 craters with complete 
structures. The statistics of the Region 2 craters are listed in Ta-
ble 3.

The statistical results showed that 98.36% of the craters in 
Region 2 have depth/diameter ratios of less than 0.1. This per-
centage is much larger than the 81.61% figure for Region 1 or 
the 84.15% figure for the entire Sinus Iridum landing area. This 
measurement indicates that the craters distributed in Region 2 
are relatively more mature that those in other parts of the Si-
nus Iridum landing area, including Region 1. Some 96.28% of 
the craters in Region 2 have rim height/diameter ratios of less 
than 0.05, and 99.4% of the craters have wall slopes of less 
than 15◦ .
4. Summary and discussion

This paper summarizes the lunar topographic modeling and 
analysis of the Chang’E-3 landing area. The investigation leads to 
the following conclusions.

1) The Sinus Iridum landing area is relatively flat, without a 
highly undulating terrain. The average altitude in this area is 
−2672.12 m, with a maximum height difference of 1340 m. 
Generally, the southern part of the area is higher than the 
northern part and the ridges in the middle of the area are 
higher than those in the eastern and western parts.

2) The average slope in the Sinus Iridum landing area is 1.7◦
and 99.16% of the area has slopes of less than 15◦ (if we 
use a baseline of 40 m for the slope calculation). A slope 
analysis at the lander footprint scale in the two representative 
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Fig. 16. Contour map and orthophoto of Region 2. (a) Contour map with contour intervals of 20 m, and (b) orthophoto with resolution of 1.5 m/pixel.
local regions revealed that the average slope range is between 
2.54◦ and 6.42◦ . Regions 1 and 2 have slopes of less than 15◦
over 94.37% and 98.35% of their surface areas, respectively. 
Steeper slopes are mainly found surrounding the craters and 
ridges.

3) The crater detection and analysis results of the Sinus Iridum 
landing area and the two local regions showed that on av-
erage there are about 14 craters with diameters larger than 
300 m in each 10 km×10 km area, 75–160 craters with diam-
eters larger than 200 m in each 10 km × 10 km area, 77–127 
craters with diameters larger than 100 m in each 5 km × 5 km
area and 8–12 craters with diameters larger than 50 m in 
each 1 km × 1 km area. An analysis of the two representa-
tive local regions indicated that 81.61% to 98.36% of the craters 
have depth/diameter ratios of less than 0.1, 90.2% to 96.28% 
of the craters have rim height/diameter ratios of less than 
0.05 and 93% to 99.4% of the craters have wall slopes less 
than 15◦ .
The topographic modeling and analysis results including pro-
cessed images, DEMs, orthophotos, contour maps, slope maps, 
crater distribution maps and the related analysis results, were 
used for strategic planning and identifying the landing site for the 
Chang’E-3. This effort made a useful contribution to the success of 
the Chang’E-3 mission and these results can benefit many other 
lunar scientific programs.

It should be noted that boulder detection and analysis was not 
included in this investigation due to time constraints. Our future 
efforts will include an analysis of the boulder size-frequency dis-
tribution and we will include this factor in hazard evaluations of 
landing areas. Based on the advances and experience accumulated 
during this investigation, our goal is to develop a software frame-
work for lunar topographic modeling and hazard analysis. Such a 
software framework can allow better automation and performance, 
with less danger of errors associated with inputting data. Our re-
search may therefore contribute to support landing site certifica-
tion and selection for future lunar exploration missions.
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Fig. 17. Slope map and statistics for Region 2. (a) Slope map with slope intervals of 5◦ , and (b) histogram of the slope distribution. (For interpretation of the references to 
color in this figure, the reader is referred to the web version of this article.)

Table 3
The morphological statistics of the crater measurements in Region 2 (22 870 craters).

Depth/diameter Count Percentage Rim height/diameter Count Percentage Wall slope Count Percentage

>0.25 27 0.12% >0.10 36 0.16% >20◦ 69 0.30%
0.20–0.25 26 0.11% 0.09–0.10 59 0.26% 18◦–20◦ 11 0.05%
0.18–0.20 17 0.07% 0.08–0.09 92 0.40% 16◦-18◦ 21 0.09%
0.16–0.18 11 0.05% 0.07–0.08 115 0.50% 14◦–16◦ 54 0.24%
0.14–0.16 24 0.10% 0.06–0.07 196 0.86% 12◦–14◦ 133 0.58%
0.12–0.14 74 0.32% 0.05–0.06 352 1.54% 10◦–12◦ 317 1.39%
0.10–0.12 194 0.85% 0.04–0.05 1006 4.40% 8◦–10◦ 875 3.83%
0.08–0.10 525 2.30% 0.03–0.04 1936 8.47% 6◦–8◦ 2256 9.86%
0.06–0.08 1694 7.41% 0.02–0.03 3562 15.58% 4◦–6◦ 4766 20.84%
0.04–0.06 4211 18.41% 0.01–0.02 6315 27.61% 2◦–4◦ 8202 35.87%
<0.04 16 066 70.25% <0.01 9200 40.23% <2◦ 6165 26.96%
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