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Chang’e-5 (CE-5) mission, the first lunar sample return mission of China, landed in Northern Oceanus Pro
cellarum (51.92◦ W, 43.06◦ N) on Dec. 1, 2020. The descent camera onboard the CE-5 lander collected hundreds
of descent images during the landing process. These high-resolution images are used to generate high resolution
digital orthophoto map (DOM) and digital elevation model (DEM), providing a data basis for the detailed
analysis of the geology and topography of the landing area. Impact craters are the most common landforms on
the Moon, and small craters measured from high resolution data are very important for understanding the
impacting process and the properties of the lunar surface. In this research, we create a catalogue of small craters
measured from the centimeter-resolution image mapping products in the CE-5 landing area, and most of the
craters are smaller than 100 m in diameter. The distribution and morphological characteristics of the craters are
analyzed, including the completeness diameter, the spatial density distribution and the relationship between
depth and diameter. The mean depth-to-diameter ratio of 231 craters with diameters ranging from 7.0 to 371.2 m
and depths ranging from 0.21 to 45.9 m in CE-5 landing area is ~0.055. This result indicate that our catalogue
has slightly low d/D ratios compared with other larger craters and the small craters in Chang’e-4 landing area.

1. Introduction
Chang’e-5 (CE-5), the most complicated mission of the Chinese
Lunar Exploration Program (CLEP), has achieved the lunar samplereturn for the first time since the Soviet Union’s Luna 24 in 1976. The
CE-5 probe, comprising an orbiter, a lander, an ascender and a returner,
was launched on Nov. 24, 2020 from Wenchang Spacecraft Launch Site
on Hainan Province, landed in Northern Oceanus Procellarum at
(51.92◦ W, 43.06◦ N) on Dec. 1, 2020, collected ~1.7 kg of lunar samples,
and finally returned to the Earth and arrived at Siziwang Banner in the
Inner Mongolia autonomous region on Dec. 16, 2020 (Wang et al.,
2021).
The CE-5 lander equipped with many payloads and sent back valu
able images and other data to facilitate detailed analysis of the geology
and topography of the landing area. Impact landforms are very common
in the solar system bodies, especially for the Moon, where small impacts
are not filtered out due to lack of atmosphere and are less weathered due
to lack of most of weathering processes (except space weathering).

Craters are crucial to understanding the impact process, geological
history (Wilhelms et al., 1987), and the physical properties of the surface
(Livio et al., 2018). Therefore, many crater catalogues, which can reveal
the morphology and distribution of craters, have been generated to help
the geological scientific research. In the past, crater catalogues were
mainly concentrated on large craters subject to the low-resolution im
ages (Losiak et al., 2009; Head et al., 2010; Povilaitis et al., 2018;
Robbins, 2019). With the acquisition of high-resolution image data from
the orbiter sensors, especially for the Narrow Angle Cameras (NAC) on
board the Lunar Reconnaissance Orbiter satellite (LROC) which has the
resolution of ~0.5 m/pixel to ~2.0 m/pixel, more catalogues of craters
ranging from several meters to hundreds of meters have been produced
(Mahanti et al., 2018; Wu et al., 2018; Jia et al., 2020). Compared with
the orbiter data, the resolutions of images acquired from the landers and
lunar rovers are much higher, which can offer finer analysis of craters in
meter or sub-meter scales (Jia et al., 2021; Wu et al., 2021). The CE-5
descent camera images make it possible to create a more detailed
regional crater catalogue in CE-5 landing area.
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In this study, we generated an impact crater catalogue of the CE-5
landing area based on the DOMs produced by the images acquired by
the descent camera on the CE-5 lander. The catalogue is composed of
two parts. The first part consists of all craters identified from the DOM
with a resolution of 0.05 m, and the other part is composed of craters
with a diameter ≥ 5 m, which is mapped on the 0.5 m resolution DOM
with a larger coverage. The distribution and morphological character
istics of craters in the CE-5 landing area are studied from this catalogue,
including the completeness diameter of the catalogue, the density dis
tribution of craters, the depths of craters with diameters greater than or
equal to the completeness diameter 6.69 m and their depth to diameter
ratios.

baseline length B, camera height H and matching error P. According to
the law of error propagation, σZ can be obtained as (Wang, 2007):
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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B
where σB is the baseline measurement error, generally taken as the error
of the linear element of exterior orientation of the camera in the process
of bundle adjustment.
√̅̅̅
(2)
σB = 2*0.5*G = 0.71*G
G is the ground resolution. The depth of impact crater is what we
measure with the DEM, thus the camera height error is not considered in
this theoretical analysis, i.e., σ H = 0. σ P is the matching error, which is
generally considered to be ~0.3 pixel.
H/B can be calculated from the intersection angle θ, which is 30
degrees in ideal case.

2. Data and method
2.1. Data
During the descending process of the CE-5 lander, about 240 images
with a size of 2352 × 1728 pixels were taken by the descent camera
onboard the CE-5 lander from the height of 9 km until the touch down
(Wang et al., 2021). The descent images were downlinked after the
lander touched down on the lunar surface, and 87 descent images were
selected at intervals from 2.9 km to 11 m altitude to generate the landing
site maps using the automated photogrammetric processing techniques
(Liu et al., 2015; Liu et al., 2020). In this process, the 7 m resolution
DOM and 20 m grid-spacing DEM of CE-2 were used as the geographical
reference data, to which the descent image products were registered.
The CE-2 products were provided by LUNAR AND PLANETARY DATA
RELEASE SYSTEM (http://moon.bao.ac.cn/).
The resolution of a descent image becomes higher as the CE-5 lander
descended, and the resolutions of the images used to generate the DOM
and DEM in this work range from 0.5 to 0.05 m. The DOMs generated
from the descent images with a resampled resolution of 0.5 m and 0.05
m are shown in Fig. 1 (a) and (b). The 0.5 m resolution DOM covers an
area of ~1,990 m × 1,900 m, and the 0.05 m resolution DOM covers an
area of ~260 m × 240 m.
Fig. 2 (a) shows the 0.1 m grid-spacing DEM with elevation range
from − 2599.96 m to − 2515.59 m covering the Fig. 1 area. The black
stars in Figs. 1 and 2 indicate the CE-5 lander location. The 0.1 m gridspacing DEM was generated from the descent images of different reso
lutions, leading to the inconsistent elevation accuracies in different re
gions. The factors that influence DEM elevation accuracy (σZ) include

H 1 θ
= cot = 1.87
B 2 2

(3)

Finally, DEM elevation accuracy can be calculated and related to
ground resolution G as follows.
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(4)
σz = (1.87*0.71*G)2 + (1.87*0.3*G)2 = 1.44*G
Since the DEM was generated from the descent images with different
ground resolutions, the elevation accuracy of DEM varies in different
regions. Fig. 2 (b) shows the distribution of the five ground resolutions in
the DEM, and the corresponding elevation accuracy are listed in Table 1.
The accuracy of the DEM near the landing point is the highest (up to
0.14 m), while the border area is only about 1.0 m.
The resultant DOMs and DEMs, which have much higher resolutions
than those produced from orbital data in the CE-5 landing area, were
used in this work to identify and measure the craters in the landing site.
2.2. Crater mapping and measurement
In this work, we manually mapped the craters with the help of
CraterTools (Kneissl et al., 2011), an ArcGIS add-in tool. The CraterTools
fits a crater rim with one circle by using three points on that rim, which
is independent of the map projection. Yue et al. (2019) point out that the
three points which are evenly distributed along the rim of the crater will
minimize the fitting error, and this method is adopted in our work. For

Fig. 1. (a) DOM of 0.5 m/pixel in CE-5 landing area, a finer resolution DOM is within the blue rectangle and shown in (b). (b) DOM of 0.05 m/pixel in CE-5 landing
area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. DEM with a grid spacing of 0.1 m covering the Fig. 1 area. (a) the rendering map of the DEM. (b) the distribution of the five-ground resolutions (0.1, 0.3, 0.5,
0.6 and 0.7 m/pixel) in the DEM.

(M1114519536LE1.tif), which has been registered to the DOM.
In addition to diameter, depth is another important morphological
parameter of a crater, which can indicate both the magnitude of the
impacting and evolution of the crater after its formation, providing in
formation for numerous studies, including surface strength and rates of
modification in the local environment (Robbins, 2017). Crater depth in
this work is calculated by the Profile method (Vincent et al., 2014; Gou
et al., 2018; Liu et al., 2018; Robbins et al., 2018b) from the DEM by
means of the ArcMap extension tool developed by Liu et al. (2018). The
major steps of this method are as follows. First, eight profiles (0◦ to 180◦
/22.5◦ to 202.5◦ /45◦ to 225◦ /67.5◦ to 247.5◦ /90◦ to 270.5◦ /112.5◦ to
292.5◦ /135◦ to 315◦ /157.5◦ to 337.5◦ ) crossing the circle center of
each crater are generated evenly. The local maximum of the terrain
curvature of each profile is then determined within ±10% of the
diameter around the crater rim (Liu et al., 2018). To obtain the rim-tofloor depth of each profile, the highest point of the profile is chosen as
the crater rim, and the lowest point as the crater floor. Finally, the
average rim-to-floor depth for all eight profiles is regarded as the real
crater depth. More details on the measurements of the crater depth can
be obtained in Liu et al. (2018).

Table 1
The elevation accuracy σZ of the DEM.
Ground resolution G (m/pixel)

Elevation accuracy σz (m)

0.1
0.3
0.5
0.6
0.7

0.14
0.43
0.72
0.86
1.0

making it accurate and convenient to digitalize craters, and making the
craters appear circular, we project the basemaps onto a local tangent
plane. It is noteworthy that the identification of craters becomes
increasingly difficult towards the limits of spatial resolution, and many
artifacts occur when craters are smaller than 10 pixels in diameter
(Robbins et al., 2014). In this case, the diameter of the crater must be at
least 10 pixels in order to ensure that it can be clearly identified.
Considering the spatial resolution of the two above-mentioned DOMs,
craters larger than 0.5 m and 5 m in diameter have been identified and
digitized, respectively.
The CE-5 probe landed when the lunar local time was close to noon,
so the incidence angles of the descent images are quite small. This brings
certain difficulties to the detection and measurement of impact craters,
especially the severely degraded craters. Two strategies were adopted in
this work to extract the rims of craters which are seriously degraded and
difficult to distinguish in the original DOM. One strategy is to make some
adjustments to the display of the image. We need to enhance the local
area of the image by altering the stretch applied to the histogram, which
is based only on the pixel values within the display window and not
using all the pixels in the image. This is called dynamic range adjust
ment. In addition, the contrast of the image should also be increased. In
many cases, the degraded impact crater can be more clearly distin
guished from the surroundings in the image after these adjustments.
Fig. 3 takes three degraded craters with different sizes as examples to
demonstrate how this strategy can help identify the rims of degraded
craters. Fig. 3 (a)–(d), (e)–(h) and (i)–(l) are the craters with a diameter
of 163.3 m, 71.5 m, 12.0 m respectively. Fig. 3 (a), (e) and (i) are the
degraded craters in the original DOM, which are very difficult to iden
tify. Fig. 3 (b), (f) and (j) are the corresponding craters on the enhanced
DOM, and the rims of degraded craters can be roughly identified. And
the mapping results are shown in Fig. 3 (c), (g) and (k). The second
strategy is to use other data to assist in detecting the rims of degraded
craters. For example, Fig. 3 (d) and (h) assist in identifying the rims of
two degraded craters by using the height changes in the DEM. Fig. 3 (l)
assists identify the rim of the degraded crater with the LROC NAC image

3. Result
3.1. Crater catalogue in CE-5 landing area
A crater catalogue in the CE-5 landing site has been generated using
the crater identification and measurement methods described in Section
2.2. The catalogue consists of two groups of craters, which are digita
lized from the two descent DOMs with different resolutions described in
Section 2.1. Figs. 4 and 5 shows an overview of the crater catalogue. The
crater catalogue is provided in ESRI shapefile format, and detailed crater
information is recorded in the attribute tables. For some craters with 3D
morphometry well retained in the DEM, the catalogue also provides
depth information measured from the 0.1 m grid-spacing DEM.
In the large area covered with the resolution of 0.5 m/pixel DOM, we
mapped 7623 craters larger than 5 m (equivalent to 10 pixels on the
DOM, Section 2.2) in total, and ~ 82.3% of those craters are less than 10
m. Besides, there are 21 craters with diameters greater than 100 m, with
a maximum diameter of 371.2 m. The distribution of the digitalized
craters with the 0.5 m DOM as the background is shown in Fig. 4.
Similarly, for the much smaller region of the landing area with the
0.05 m/pixel DOM, we endeavored to identify every crater with a
diameter larger than 0.5 m (equivalent to 10 pixels on the DOM, Section
2.2) and a total of 11,035 craters with diameters ranging from 0.5 m to
112.7 m were mapped. The distribution of the digitalized craters with
3
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Fig. 3. Examples of severely degraded crater identification. (a), (e) and(f) are three craters with different diameters (163.3 m, 71.5 m, 12.0 m) in the original DOM.
(b), (f) and (j) are the corresponding craters in the enhanced DOM. (c), (g), (k) are the mapping results. (d) and (h) are the mapping results of the first two craters in
the DEM, (l) is the the mapping result of the third crater on LROC NAC image (M1114519536LE1.tif).

the 0.05 m resolution DOM as the background is shown in Fig. 5.
Generally, the size distribution of craters is dominated by those smaller
than 5 m (~98.9%), and those smaller than 1 m (7,987) account for
~72.4% of the total crater counts.

these craters. For smaller craters from the area covered with the higher
resolution (0.05 m/pixel) DOM, the ISFD is shown in Fig. 6 (b). Its peak
value is about 0.7 m, while the completeness limit is found to be 0.85 m
and there are 4455 craters larger than this.

3.2. Analyses of completeness diameter

3.3. Crater spatial density

The completeness of a crater catalogue is a specific minimum
diameter, and craters larger than that are considered to be fully identi
fied (Robbins et al., 2018a). For completeness estimation, the crater sizefrequency distribution (SFD) is a common tool to determine the
completeness diameter. Salamunićcar et al. (2012) determine the
completeness from the gradient change of the cumulative SFD (CSFD). In
Robbins and Hynek (2012), an incremental SFD (ISFD) was generated
from the binned craters, and the completeness was defined to be the
diameter bin greater than the diameter bin with the most craters within
each region. Instead of binning craters in discrete diameter bins, Rob
bins et al. (2014) recommends to use a kernel density estimator to build
the ISFD. The completeness limit is obtained by taking the derivative of
the incremental plot and finding the rollover point. In this work, we
adopt the strategy proposed by Robbins et al. (2014) to calculate the
completeness of the crater catalogue.
The ISFD for craters from the larger area covered with the 0.5 m/
pixel DOM, the ISFD is shown in Fig. 6 (a). The peak value of the in
cremental plot is about 6.0 m, while the completeness limit is found to
be 6.69 m. The catalogue contains 3814 craters D ≥ 6.69 m, and the
subsequent analysis of this catalogue is also carried out on the basis of

For better understanding the craters distribution in the CE-5 landing
area, the spatial density which can reveal the cluster of the distribution
were investigated based on the catalogue. The crater spatial density is
defined as the number of craters per unit area (Head et al., 2010; Wu
et al., 2018). The kernel density tool in ArcGIS, which calculates a
magnitude of each unit area from point features using a kernel function
(Silverman, 1986), was employed to generate the density map.
In the area covered with the 0.5 m resolution DOM, the spatial
density was analyzed in a 20 m × 20 m cell grid, and the search radius is
50 m. Fig. 7 (a) shows the spatial density map, where higher density
scattered in the mid-west region, indicating a more severe case involving
the small crater clustering and occurrence of secondary chains. Besides,
the largest crater in CE-5 landing area is located at the middle east of this
area, where a large number of rocks and relatively few craters are
distributed, thus leading to the lowest density in this region. In the area
covered with the 0.05 m resolution DOM, the spatial density map (Fig. 7
(b)), which was analyzed in a 2.5 m × 2.5 m cell grid with a 10 m long
search radius appears to be evenly distributed except that the density of
southwest areas is relatively high where more small craters and some
secondary chains are distributed.
4
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Fig. 4. Distribution of all craters measured from the 0.5 m resolution DOM. Craters larger than or equal to the completeness diameter (6.69 m) are drawn with red
circles in this figure, while the smaller ones are drawn with blue circles. The black star in this figure indicate the CE-5 lander location. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Crater depth

with the diameter. The R-squared has a value of 0.7469. Fig. 8 reveals
the relationship between the depth and diameter of selected craters in
the logarithmic coordinate, where the scatter points with different
colors indicate craters measured from different regions of the 0.1 m grid
spacing DEM with different elevation accuracies. It indicates that the
data for the group of craters can be roughly fitted with a line in the
logarithmic coordinate.
Depth-to-diameter (d/D) ratio is also analyzed to describe/quantify
crater morphology in this work. Fig. 9 shows our measurements for the
d/D ratios versus the diameters of depth-measured craters in the CE-5
landing area, where the scatter points with different colors indicate
craters measured from different regions of the DEM with different
elevation accuracies. Fig. 9 shows that the d/D ratio is very scattered
with respect to the diameter and is not clearly dependent on the reso
lution of the source image, indicating our results are reliable. Fig. 9 also
indicates that the crater catalogue has d/D ratios in the range of
0.018–0.134, with an average value of 0.055. Fig. 10 shows the histo
gram of the distribution of d/D ratios in the catalogue. It reveals that the
number of the craters is mostly distributed in the range of 0.03 to 0.09
(accounting for 88% of the group), with the peak in the bin centered at
0.04 and 0.05.

The depths of craters with diameter larger than 6.69 m were
measured from the DEM of 0.1 m grid spacing described in Section 2.1.
The accuracy of the depth measurement Δd can be obtained as Δd =
√̅̅̅
2σ Z , Table 2 lists the accuracy of the depth measurement Δd in
different area of the DEM. In that case, among these 3814 craters, only
those with each profile depth (described in Section 2.2) greater than
Δd can be retained. Consequently, there are 33, 67, 52, 41 and 38 craters
reserved in the five different resolution areas shown in Fig. 2 (b) due to
the different vertical accuracy of DEM. At last, a total of 231 craters from
the depth range of 0.21–45.9 m have been retained and analyzed. Sta
tistics show that among the 231 craters, 77.1% of those are greater than
1 m in depth, while only 7 craters are deeper than 10 m; 91.0% of these
craters are smaller than 100 m in diameter. The largest crater in this area
(D = 371.2 m) is also the deepest with a depth of 45.9 m. This is the only
crater with a depth certainly greater than the thickness of the lunar
regolith (0.74–18 m) in CE-5 landing area (Yue et al., 2019), thus may
have a different formation mechanism comparing to all other craters
formed within the regolith. Therefore, this crater was not used in the
following fitting analysis.
The relationship between depth and diameter is commonly studied
by fitting the power law function which has the general uniform d = aDb
(e.g., Wood and Anderson, 1978; Boyce and Garbeil, 2007; Daubar et al.,
2014), this method is also adopted in this work. The depth-measured
craters in this catalogue were fitted by a power law function. The
power law fit result is d = (0.03736 ± 0.01551)D1.069±0.09, the exponent
is near 1.0, indicating that the crater depth has an almost linear relation

4. Discussion
4.1. Uncertainties analysis
The uncertainties of crater mapping and measurement are described
in this section. Crater mapping is greatly affected by the image
5
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Fig. 5. Distribution of all craters measured from the 0.05 m resolution DOM. Craters larger than or equal to the completeness diameter (0.85 m) are drawn with red
circles in this figure, while the smaller ones are drawn with blue circles. The black star in this figure indicate the CE-5 lander location. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. The incremental size-frequency distribution of craters built by using a kernel density estimator shown in a log-log plot. The blue dashed lines indicate the
completeness limits. (a) The ISFD of craters measured from the 0.5 m resolution DOM. (b) The ISFD of craters measured from the 0.05 m resolution DOM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

resolution, the higher the image resolution, the smaller craters can be
detected. The two DOMs covering the CE-5 landing area have the res
olutions of 0.05 m and 0.5 m per pixel respectively, which can be only
reached in the region close to the landing site and the true resolution

decreases as the distance from the lander location increases. This may
result in an uneven distribution of the identified craters. Image contrast
is another important factor that may affect the crater mapping, espe
cially in the dark regions of the image, where more craters can be
6
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Fig. 7. The spatial density map of craters measured from different resolution DOM. (a) The spatial density map of craters with D ≥ 6.69 m measured from the 0.5 m
resolution DOM. (b)The spatial density map of craters with D ≥ 0.85 m measured from the 0.05 m resolution DOM.
Table 2
The accuracy of the depth measurement Δd.
Ground resolution
G (m/pixel)

The accuracy of the depth measurement
Δd (m)

0.1
0.3
0.5
0.6
0.7

0.2
0.61
1.02
1.22
1.41

Fig. 9. The relationship between diameter D and depth-to-diameter ratio d/D.
The scatter points with different colors indicate craters measured from different
regions of the 0.1 m grid space DEM with differrent ground resolutions.

Fig. 8. The relationship between diameter D and depth d. The scatter points
with different colors indicate craters measured from different regions of the 0.1
m grid spacing DEM with different elevation accuracy.

identified by increasing the image contrast. For reducing the influence of
the crater mapping uncertainty we only measured the craters with di
ameters larger than 10 pixels in each DOM and the completeness anal
ysis of crater catalogue described in Section 3.2 was carried out.
The crater measurement uncertainties include the diameter and
depth measurements. Yue et al. (2019) point out that the three points
which are evenly distributed along the rim of the crater will minimize
the fitting error. The accuracy σ P of identifying a rim point from the
DOM can be considered to be ±0.5 pixel. As stated by Yue et al. (2019),
when the three rim points are evenly distributed and on the basis of the
error propagation law, the uncertainties of measuring the crater di
ameters from 0.5 m resolution DOM and 0.05 m resolution DOM areΔD
= ± 1.16 * σ P= ±0.29 m and ±0.029 m (Yue et al., 2019), respectively.

Fig. 10. Histogram of d/D ratio of craters, the bin interval is set to be 0.01, the
centers of the bins are 0.02 to 0.13.

Crater depth from the DEM is calculated by the elevation difference
between rim point and floor point (Liu et al., 2018), and the depth
measurement uncertainty of the DEM used in this work is Δd m (Section
3.4). On the basis of the propagation law of error, the uncertainty Δ Dd of
7
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depth-to-diameter ratio f(d, D) = d/D is estimated as:
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
(
)
)
d
∂(f ) 2
∂(f ) 2
*Δd2 +
*ΔD2
Δ =±
D
∂d
∂d

addition, small craters already have a smaller d/D ratio in their initial
state than large craters, which is consistent with other studies (e.g., Pike,
1977; Basilevsky et al., 2014; Daubar et al., 2014; Stopar et al., 2017;
Mahanti et al., 2018). On the other hand, that the small craters in this
research have a smaller d/D ratio is probably because they are formed in
the lunar regolith and are mostly controlled by the gravity instead of the
strength of the target (Melosh, 1989).
We also compared our work with some crater catalogues in the
landing area of Chang’e-4 (CE-4). Wu et al. (2021) measured 310 small
craters with diameter larger than 0.1 m from the 1 cm grid-spacing DEM,
produced with stereo Pancam images acquired by the Yutu-2 rover, and
the d/D ratios of the small craters range from 0.02 to 0.12 with the
average value 0.061. It is worth mentioning that Jia et al. (2021)
investigated the d/D ratios of the craters in the CE-4 landing area at
three scales, whose results are listed in Table 4 with Wu et al. (2021) and
ours. Table 4 shows that the mean value of d/D ratios of our catalogue is
similar to those craters with the similar diameter ranges by Jia et al.
(2021) and Wu et al. (2021). However, there is a large age gap between
CE-4 area (3.5 Ga, Gou et al., 2021) and that of CE-5 area (2.03 Ga, Li
et al., 2021). In addition, the depth and diameter of the lunar crater are
predominantly determined by the conditions of impact and target
(Melosh, 1989; Ivanov, 2001; Collins et al., 2005), and the observations
also indicate that the initial depth/diameter ratio is similar in lunar
maria with different ages (Sun et al., 2018). Thus, it is reasonable to
suppose that the depth/diameter ratio of the craters in both CE-4 and
CE-5 landing areas are similar. Because the d/D ratio is an important
index for evaluating the crater degradation, the similarity of the d/D
ratio between the two areas may indicate that the degradation rate is
much larger shortly after craters’ formation than later. In-depth analyses
to the changing rate of the craters’ d/D should include an initial crater
morphology, topographic diffusivity, modification from craters adja
cent, etc.

(5)

where ΔD is ±0.29 m, Δd varies in different areas of the DEM. Table 3
list the average uncertainty values of d/D in different ranges. The
average uncertainty of all d/D ratio is 0.027. The results show that the
uncertainty value becomes larger as the d/D ratio increases.
4.2. Analysis of crater cumulative size-frequency distribution in the CE-5
landing area
The crater cumulative size-frequency distribution (CSFD) in the CE-5
landing area is displayed in Fig. 11 with the CraterStats2 tool (Michael
and Neukum, 2010; http://www.geo.fu-berlin.de/). The production
function (PF) and chronology function (CF) adopted are from Neukum
(1983). The isochrons of 2.03 Ga (Li et al., 2021), which is a precise age
for basalt clasts returned by the CE-5 mission, are displayed in (a) and
(b) with gray lines. The standard lunar equilibrium lines (Trask, 1966)
are also displayed in the two plots with red lines. The CSFD of craters in
0.5 m/pixel DOM is shown in Fig. 11 (a), and the CSFD of craters larger
than 70.7 m in diameter is aligned with the production line of 2.03 Ga,
afterwards the CSFD is very close to the equilibrium line. The result
shows that the craters less than 70.7 m in diameter have reached equi
librium, which is largely consistent with the result from the CSFD ob
tained from the higher resolution images as shown in Fig. 11 (b). The
results show that the small craters less than about 70 m in diameter are
indeed in equilibrium, and this is significant for analyzing the impact
history and related processes in this area, e.g., the surface gardening and
regolith formation processes.
4.3. Analysis of depth-to-diameter ratios

5. Conclusions

The high-resolution DOM and DEM generated from the descent im
ages at the CE-5 landing area enable analyzing the d/D ratios of small
craters with sizes of meters or even decimeters, and the results are
shown in Fig. 9. The result shows that the d/D ratio is very scattered with
respect to the diameter and is not dependent on the resolution of the
source images. The maximum and minimum of the d/D ratio is 0.134
and 0.018, respectively. However, there are only 6 d/D ratios greater
than 0.1 for the catalogue, all of the other d/D ratios are less than 0.1.
This may attribute to the fact that the craters in our catalogue are small
craters, half of which are smaller than 50 m in diameter, and the smallest
one is only 7 m. Small craters are easily to be degraded, and many of
them actually are unrecognizable secondary craters which are relatively
shallow with d/D ratios of ~0.1 or less in general (Pike, 1971; McEwen
and Bierhaus, 2006; Daubar et al., 2014). Most of the craters in our
catalogue may be secondary craters or degraded craters, which is
consistent with the result of the visual interpretation, that is, few fresh
craters which possess clear rim border and bright ejecta with reliable
depth measurement have been found in the whole landing area. In

In this study, a catalogue of small craters in the CE-5 landing area
measured from centimeter-resolution descent imagery has been created,
and most of the craters are smaller than 100 m in diameter. The cata
logue consists of two groups of craters. The first group measured from
the 0.5 m resolution DOM with 7623 craters in total and diameters
ranging from 5 m to 371.2 m, and the second group measured from the
0.05 m resolution DOM is consist of 11,035 craters larger than 0.5 m
with a maximum diameter of 112.7 m.
The distribution and morphological characteristics of this catalogue
were then analyzed and studied. Completeness analysis was conducted
to reveal that the completeness diameter of the first group is ~6.69 m
and the second one is ~0.85 m. The spatial density of craters in the first
group shows that the higher density scattered in the mid-west region, in
which small crater clusters and secondary chains occur. Besides, the
largest crater in the CE-5 landing area is located at the middle east of the
area, leading to a lowest density in its vicinity. The spatial density of
craters in the second group inclines to be evenly distributed except that
the density of southwest areas is relatively high where exits more small
craters and secondary chains.
The CSFD in the CE-5 landing area was analyzed, which indicates
that small craters less than about 70 m in diameter are in equilibrium.
The relationship between depth and diameter is also analyzed in this
paper. The small craters in this research have a smaller d/D ratio, this is
probably because they are formed in the lunar regolith and are mostly
controlled by the gravity instead of the strength of the target (Melosh,
1989). The similarity of d/D ratio between the CE-5 and CE-4 areas may
indicate that the degradation rate is much larger shortly after craters’
formation than later.

Table 3
Statistics of the uncertainty of d/D ratio.
d/D ratio range

Crater counts

The average uncertainty

< 0.03
0.03–0.04
0.04–0.05
0.05–0.06
0.06–0.07
0.07–0.08
0.08–0.09
0.09–0.10
> 0.10
all

22
40
45
40
20
31
15
12
6
231

0.014
0.018
0.022
0.024
0.036
0.034
0.038
0.053
0.06
0.027

8

Z. Bo et al.

Icarus 378 (2022) 114943

Fig. 11. Crater cumulative size-frequency distribution in the CE-5 landing area of (a) craters in 0.5 m/pixel DOM, and (b) craters in 0.05 m/pixel DOM in a log-log
plot. The equilibrium lines (criterions from Trask (1966)) are displayed as red in both plots, and the isochrons of 2.03 Ga are shown as gray line. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a
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