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a b s t r a c t
Mons Rümker is a preferred candidate landing region for China's Chang'e-5 (CE-5) mission, from where it is of
great signiﬁcance to select safe landing areas. Lunar terrain factors from Digital Elevation Model (DEM) data, limited by their low resolutions (~10 m/pixel), are inapplicable to evaluating the lunar landing area safety, in spite of
the fact that lunar remote sensing imagery has higher resolution (~50 cm/pixel). In this paper, we extracted terrain factors in divided square girds by the aid of the high-resolution Lunar Reconnaissance Orbiter (LRO) Narrowangle Camera (NAC) images, namely, ﬂat area percentage (Fap), distribution pattern of uneven objects (NNI)
based on the double-threshold Otsu method, and roughness based on gray level histogram analysis. Mons
Rümker can be divided into four geological units, named as LD, B1, B2, and B3, respectively. Unit B1 has a higher
roughness and a lower Fap. Unit B2 and B3 are characterized with the highest Fap and the lowest roughness. NNIs
of Unit B1, B2, and B3 are N1 while LD's is b1. Thus, the distribution patterns of uneven objects in Unit LD are clustered but dispersed in all Unit B1, B2, and B3. This paper tends to take Fap and roughness as the main terrain factors to evaluate the safety for CE-5 landing in Mons Rümker with NNI being a supplement to Fap. According to
Standard 1–3 mentioned in this paper, we would classify the divided square grids of the Mons Rümker region
as the safe or unsafe areas, and then discriminate ﬁve potential landing areas for CE-5 probe safe landing.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Terrain factors from Digital Elevation Model (DEM) data are of great
signiﬁcance to morphology analysis of planetary surfaces, including
landing site's characteristics, structural objects distribution and various
textures extraction (Cao et al., 2015a). Rosenburg et al. (2011) ﬁrst
exploited Lunar Orbiter Laser Altimeter (LOLA) data to extract several
terrain factors, including RMS slope, median differential slope and
Hurst exponent, which can be conducive to the Moon roughness characterization. Then, Kreslavsky et al. (2013) generated hectometer-scale
and kilometer-scale roughness maps by the aid of the individual LOLA
proﬁle in near NS direction. However, these maps only showed scale dependence but ignored topographical variations among the orbital
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tracks. Cao et al. (2015b) mapped lunar roughness with different-size
structure elements (SEs) based on LOLA DEM data with a resolution of
64 pixels per degree and discussed the roughness variations in local regions. In line with gray-level histograms in different-sized areas, Li et al.
(2015, 2016a) computed lunar kilometer-scale roughness and entropy
by the aid of the LOLA DEM data, discovering that lunar surfaces could
be classiﬁed into maria and highlands by means of the 10-pixel scale entropy map.
It is thus clear that most of lunar terrain factors in previous work
have been extracted from DEM data, but the data covering the whole
Moon isn't convincing due to its low resolutions. For example, the resolution of LOLA DEM data is ~1024 pixels/degree (~300 m/pixel on the
equator), while the resolution of DEM data obtained by the Terrain
Camera onboard the Kaguya is ~10 m/pixel. Therefore, it is difﬁcult for
us to use ~10 m scale lunar DEM data to study the morphology, distribution of lunar decimeter-scale features, such as irregular mare patches,
domes, ridges and rocks. Moreover, according to previous studies,
lunar terrain factors were characterized with the scale dependence
(Cao et al., 2015a,b; Kreslavsky et al., 2013; Li et al., 2015, 2016a;
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Robbins, 2018). Kreslavsky et al. (2013) found out that hectometerscale lunar roughness had a poor correlation with kilometer-scale
roughness, because of their different geologic processes and time scales.
Moreover, according to Li et al. (2016a), low resolution terrain factor
generation could provide a smooth effect and textures resulted from
minor topographical and compositional changes may be removed.
Lunar remote sensing imagery has higher resolution than the DEM
data. For example, the resolution of Lunar Reconnaissance Orbiter
(LRO) Narrow-angle Camera (NAC) images can reach to ~30 cm/pixel,
which is applicable to identifying and studying lunar decimeter-scale
features (Qiao et al., 2018). Therefore, we intend to employ highresolution LRO NAC images to extract terrain factors in Mons Rümker,
including ﬂat area percentage (Fap), distribution pattern of uneven objects (NNI) and roughness based on the double-threshold Otsu method.
Four geological units were classiﬁed in the Mons Rümker region as well
as the differences of terrain factors among these four geological units
were analyzed. Then, geological evolution of Mon Rümker region was
studied in terms of age, morphology and terrain factors. At last, ﬁve potential landing areas for CE-5 probe safe landing were identiﬁed in the
light of safety evaluation of Mons Rümker based on terrain factors.
2. Data and study area
2.1. Mons Rümker and its four geological units
China's Chang'e-5 (CE-5) mission is the third stage of the China's
Lunar Exploration Program, which is scheduled to launch in 2020 with
its preselected landing area locating in the northern Oceanus
Procellarum (Zou and Li, 2017). Centered at 301.9° E, 40.7° N (Fig. 1a),
the Mons Rümker region, featured with widespread volcanic and tectonic structures, such as domes, sinuous rilles, ridges and lava ﬂows
(Smith, 1974), consists of a plateau with an area of ~4000 km2, 200–
1300 m above the surrounding maria region (Fig. 1b). The Mons
Rümker region's slope is b3° based on a 30 m baseline of LOLA DEM
data in 75% of the plateau (Zhao et al., 2017).
According to the imagery (Fig. 2), DEM data (Fig. 1b) and previous
work (Fortezzo and Hare, 2013; Zhao et al., 2017), Mons Rümker can
be divided into four geological units, named as LD, B1, B2, and B3. Unit
LD in the north of Mons Rümker is characterized with NEE trending linear depression and covered by smooth materials that may have ejected
from Iridum impact. The southwest part of Unit LD is partly overlaid by a
thin layer of basaltic materials (Smith, 1974; Campbell et al., 2009). Unit
B1, B2, and B3 are three basalt units, located in the south of Mons
Rümker with their elevations decreasing gradually from west to east.
Unit B1 overlaps the southwestern Mons Rümker with the feature of

Fig. 2. Four geological units of Mons Rümker. The boundaries of units are shown as yellow
dotted lines. A total of 14 domes are identiﬁed with white lines and labeled as 1–14. The
red polygons show the lava plains with smooth surface. The pink polygons with number
1–4 are crater counting areas for the CSFD measurements. The blue solid line indicates
the boundary of Mons Rümker.

rough surface and many domes (the white polygons in Fig. 2) and its
craters are in the largest number among these three basalt units. Therefore, the formation age of Unit B1 is older than those of Unit B2 and Unit
B3. The largest and oldest magmatic eruption event and other volcanic
activities in Mons Rümker may originate from the Unit B1's domes.
The lava ﬂowed eastward and northward, and then formed the threelevel morphological Unit B1, B2, and B3. Unit B2 and B3 are on the
east of Unit B1, possessing relatively smooth surfaces and fewer craters
and domes. In addition, there are two ﬂat and smooth lava plains (red
polygons in Fig. 2) with craters and volcanic objects in small numbers
in Unit B1 and B2.
In order to determine the absolute ages of Unit LD and B1–B3, craters
with diameters being N500 m on counting areas (pink polygons in
Fig. 2) were identiﬁed. We performed crater size-frequency distribution
(CSFD) measurements (Michael and Neukum, 2010) about these four

Fig. 1. Location of Mons Rümker. (a) The location (red box) of Mons Rümker. The background is Kaguya_Shade_LALT_GGT_MAP_16ppd_dd0 map. (b) Elevation map derived from Kaguya
DTM data (DTM_MAP_02_N42E300N39E303SC and DTM_MAP_02_N42E303N39E306SC) of Mons Rümker.

B. Li et al. / Geomorphology 358 (2020) 107114

units and obtained four model ages, namely, 3.74 Ga for Unit LD, 3.70 Ga
for Unit B1, 3.53 Ga for Unit B2, and 3.49 Ga for Unit B3 (Fig. 3). It is obvious that the ages of Unit B1, B2, and B3 are from older to younger,
which means these basaltic units may be formed by at least three different volcanic activities, gradually weakening overtime.

2.2. LRO NAC image
LRO was launched on June 18, 2009 and entered its lunar orbit on
June 23, 2009. The Lunar Reconnaissance Orbiter Camera (LROC)
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consists of two narrow-angle cameras with about 50 cm/pixel resolution from an altitude of 50 km (Robinson et al., 2010). LRO is an exploration mission with the main goal to determine the suitable safe landing
sites on the Moon. As shown in Fig. 2, the blue solid line indicates the
boundary of Mons Rümker, the study area in this paper. 9 NAC images
in total covering the Mons Rümker region were selected and the details
of these NAC images were listed in Table 1. Lambert Conformal Conic
Projection was used to reduce the projection error in this paper. This
projection is based on the GCS_MOON_2000 (a geographic coordinate
system) whose datum is the D_Moon_2000 in Geographic Information
System (GIS) software. In this projection coordinate system, all NAC

Fig. 3. Cumulative crater size-frequency distributions and absolute model ages of geological units in the Mons Rümker plateau. (a), (b), (c) and (d) correspond to Unit LD and B1–B3,
separately.
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Table 1
Details of NAC images covering Mons Rümker.
NAC image ID

Resolution
(m/pixel)

Incidence
angle
(°)

Solar azimuth
angle
(°)

M193347267R
M193354413L
M193347267L
M193340121R
M193340121L
M193354413R
M1112211163R
M1112211163L
M186292089R

1.545
1.552
1.547
1.549
1.548
1.547
1.441
1.443
1.567

78.25
77.73
78.01
78.54
78.29
77.98
72.26
72.04
39.91

271.5
275.62
273.46
269.26
271.23
273.68
93.15
91.96
97.53

images were registered and then merged into one image with a resolution of ~1.5 m/pixel (Fig. 4a).

which it is based also extends to an arbitrary number of classes
(Fukunaga, 1990). This paper divided the NAC images into dark areas,
bright areas and ﬂat areas.
Let {0, 1, 2, …, L-1} denote the L distinct intensity levels in a digital
image of size M × N pixels, and let ni denote the number of pixels
with intensity i. The total number of pixels in the image is MN = n0 +
n1 + n2 + … + nL-1, where pi = ni/MN. For three classes consisting of
three intensity intervals, which are separated by two thresholds, the
variance (σB) between two classes is given by:
σ 2B ¼ P 1 ðm1 −mG Þ2 þ P 2 ðm2 −mG Þ2 þ P 3 ðm3 −mG Þ2

ð1Þ

where
P1 ¼

k1
X
i¼0

pi ; P 2 ¼

X

þ1k2 pi ; P 3 ¼

i¼k1

X

þ1L−1 pi

ð2Þ

i¼k2

and
3. Image segmentation in a double-threshold Otsu method
3.1. Double-threshold Otsu method

m1 ¼

k2
L−1
1 Xk1
1X
1X
ipi ; m2 ¼
þ1 ipi ; m3 ¼
þ1 ipi
P 1 i¼0
P 2 i¼k
P 3 i¼k
1

There are a large number of uneven topographical features, such as
positive and negative landforms, on lunar surfaces, including rocks, craters, ridges, rilles and secondary crater chains. The inhomogeneities are
the results of various geological processes, which will obviously be an
obstacle to soft landing of exploration missions. In remote sensing images, each uneven object is composed of the dark area and the bright
area, which can be discerned with the aid of the image segmentation
method. Several studies have applied this criterion to identify individual
rocks on lunar surface with remote sensing or in-situ images (Cintala
and Mcbride, 1995; Di et al., 2016; Li et al., 2017, 2019).
Otsu's method (Otsu, 1979) is optimum in the sense that it maximizes the between-class variance, a well-known measure used in statistical discriminant analysis (Gonzalez and Woods, 2007). The basic idea
is that well-thresholded classes should be distinct with respect to the intensity values of their pixels and, conversely, that a threshold giving the
best separation between classes in terms of their intensity values would
be the best (optimum) threshold. The Otsu method can be extended to
an arbitrary number of thresholds, because the separability measure on

ð3Þ

2

The two optimum threshold values, k1⁎ and k2⁎, are the maximize σ2B =
(k1, k2). Thus we can ﬁnd the two optimum threshold values by:
  
σ 2B k1 ; k2 ¼ max bk2 bL−1σ 2B ðk1 ; k2 Þ
0bk1

ð4Þ

The thresholded image is then given by g(x, y) = a, if f(x, y) ≤ k1⁎;
g(x, y) = b, if k2⁎ b f(x, y) ≤ k2⁎; g(x, y) = c, if f(x, y) N k2⁎, where a, b and
c represent the values of the dark area, ﬂat area and bright area
respectively.
3.2. Image segmentation results
Segmentation result (~1.5 m/pixel) of the NAC mosaic image covering the Mons Rümker region was shown in Fig. 4b. The black and
white colors represent the dark and bright areas respectively which
are uneven objects, and the light green color shows the ﬂat areas.
The Mons Rümker region is rich in volcanic and tectonic features,

Fig. 4. The NAC mosaic and its segmentation result. (a) LRO NAC mosaic of Mons Rümker with the Lambert Conformal Conic Projection. (b) The image segmentation results of Mons
Rümker through a double-threshold Otsu method. Yellow boxes represent the locations of Fig. 5a, c, e and g. The white and blue solid lines show the boundary of Mons Rümker.
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such as domes, wrinkle ridges, rilles and scarps and there are also
some clusters of craters and rocks. In the Mons Rümker region,
dome 1–4 and 8 (in Fig. 2) have steep sides, indicating that they
are extrusive domes with low effusion rates and/or higherviscosity lava (Head et al., 1978; Weitz and Head, 1999). One of the
largest domes in the south of Mons Rümker is shown in Fig. 5a. In
the sun, the steep ﬂanks of this dome are divided into the dark and
bright areas (black and white colors in Fig. 5b), and the relatively
ﬂat top is regarded as the ﬂat areas (green color in Fig. 5b). In addition, there are three scarps (yellow arrows in Fig. 5a) on the left
with the uneven features in Fig. 5b. Rille is characterized by channels
of various depths and widths with parallel-striking and laterally continuous walls on lunar surfaces. A rille with a 3.2 km length in the
south of Mons Rümker is shown in Fig. 5c. The proﬁle along a rille
is generally U-shaped (Hurwitz et al., 2013; Li et al., 2016b), thus
the rille's continuous walls are regarded as the uneven areas, and
the rille's bottom is relatively ﬂat, which can be regarded as the ﬂat
area (Fig. 5d). In Fig. 5e, there is a cluster of craters with a diameter
of ~5–150 m in the middle of Unit LD. These craters are identiﬁed
as uneven objects but the regions outside of these craters are ﬂat
areas (Fig. 5f). A fresh crater with a sharp rim in Mons Rümker is
shown in Fig. 5g, obviously surrounded by ejecta materials and a
large number of rocks. The crater's rim, wall and ejecta, as well as
rocks are classiﬁed as uneven features (Fig. 5h). The doublethreshold Otsu method is used to classify the Mons Rümker region,
obtaining relatively good results and thus it's possible to identify
the uneven area accurately and completely by the aid of the method.

4. Terrain factors derived from NAC mosaic image in the Mons
Rümker region
Considering the time cost and computation, the Mons Rümker region was divided into square grids with a resolution of 0.01 degree
(~300 m). Based on the identiﬁed ﬂat and uneven areas, each grid's terrain factors were calculated, including Fap, NNI and roughness.

4.1. Flat area percentage
Flat area percentage (Fap) in a grid can be computed as the area of
ﬂat region divided by the grid area. Fap map of Mons Rümker is
shown in Fig. 6.
Fap value of Mons Rümker ranges from 0 to 0.99, with an average of
0.556. According to NAC mosaic image (Fig. 2) and elevation map
(Fig. 1b), we discover higher Fap in ﬂat and smooth regions, such as
lava plains and top center of the domes in Unit B1, B2, and B3, but
lower Fap in the uneven objects, such as ridge, crater, rille and dome.
The average Fap of Unit LD and B1–B3 are 0.506, 0.6, 0.634 and 0.618, respectively. Unit LD average Fap is lower than those of the three basalt
units. Unit LD is older than the Unit B1, B2, and B3 which indicates
that it has more impact craters and more complex formation process.
Besides, the average FAP of Unit B1 is lower than that of Unit B2 and
B3, of which Unit B2's is the highest, which may be explained by the
fact that there are more volcanic and tectonic features such as dome,
ridge, scarp and rille in Unit B1. Because the scope and degree of volcanic activity in Unit B1 is larger than that in Unit B2 and B3. The volcanic
activities in different periods in the Mons Rümker region have formed
the Unit B1, B2 and B3, whose boundaries show the farthest distance
that volcanic lava ﬂows can reach, where the lava stops ﬂowing and
then condenses to form various tectonic features, including ridges and
scarps. Therefore, there are obvious topographical ﬂuctuations and
lower Fap at the junctions of the three units. At last, it's reasonable to
conclude that Fap is not associated with the elevation of the Mons
Rümker region. Unit B1 with the highest and the most intense volcanic
activity has higher Fap but Unit B3 with the lowest relief has lower Fap.

5

4.2. Distribution pattern of uneven objects
It is possible to estimate the distribution pattern of uneven objects in
a grid in the light of segmentation result of the Mons Rümker's NAC mosaic image. The uneven objects distribution within a grid will create a
pattern from full aggregation to full dispersion, and the pattern between
the two extremes is considered to be at random (Mitchel, 2005). Having
a good knowledge of the distribution pattern is of great signiﬁcance in
scientiﬁc studies and engineering missions. If the uneven objects distribution is clustered, it means that the formation of uneven objects in this
grid shows continuity in space and may be related to a certain geological
event or process (such as secondary impact event or volcanic activity).
In general, it is more suitable for lunar probe landing if the gird has
higher Fap. However, if a grid has a lower Fap but with the distribution
of uneven objects clustered, it can also be considered suitable for safe
landing with the result that the lander can avoid the uneven areas clusters easily.
In this paper, the nearest neighbor index (NNI) is used to describe
the distribution pattern of uneven objects in a grid. Each uneven object
in a grid is created as a polygon, and the inside center of the polygon can
be extracted as a point in GIS software. Then, we calculated the distance
between the points of each polygon and the points of other polygons in
this grid to ﬁnd the shortest distance. The mean distance of observed
distribution do can be calculated by:
Xn
do ¼

Ci

i¼0

n

ð5Þ

where n is the number of polygons in this grid, Ci is the shortest distance
between polygon i and other polygons in this grid. For a completely dispersed distribution, the mean distance is the inverse of the square root
of the number of polygons divided by the areal extent of the study area
(Clark and Francis, 1954). The mean distance for a random distribution
de is a half between the values for a completely clustered distribution
and a completely dispersed distribution (0 and 1, respectively), which
is:
0:5
de ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n=A

ð6Þ

where A is the area of this grid. NNI is the ratio between the mean distance of observed distribution and the mean distance for a random distribution:
NNI ¼ do =de

ð7Þ

It can be seen that if NNI is 1, the observed distribution can be considered as random. If the ratio is b1, the observed distribution is clustered. If it is closer to 0 (the value for a completely clustered pattern),
it indicates the distribution is more clustered. If the ratio is N1, the observed distribution is dispersed. According to the Eqs. (5)–(7), the NNI
of every grid in Mons Rümker was computed and shown in Fig. 7.
NNI value in Fig. 7 ranging from 0.57 (red color) to 1.21 (blue color)
means that there are both clustered and dispersed patterns of uneven
objects in the Mons Rümker region. However, one type of grid
consisting of only one uneven area or ﬂat area cannot be estimated by
NNI. Therefore, the NNI for this type of grid should be set to an invalid
value. In Fig. 7, most of grids with a clustered pattern (NNI b 1) of uneven objects are near or around craters in Mons Rümker. A grid in
Fig. 8a contains a part of a crater's rim, in which uneven objects gather
on the right, while there is a relatively ﬂat area on the left. Uneven
areas are larger than ﬂat areas (Fap = 0.38) in this grid but present a
clustered distribution (NNI = 0.83, in Fig. 8b). Fig. 8c shows a grid containing a large ﬂat area (Fap = 0.79) that is intermingled with many
small and non-uniform objects. NNI of this gird is 1.32, indicating a
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Fig. 5. The segmentation results of dome, rille, crater cluster and fresh crater in the Mons Rümker region. (a) and (b) are the NAC image and the segmentation result of a steep dome. The black line
in the middle shows the discontinuity between the two adjacent NAC images. (c) and (d) are the NAC image and the segmentation result of a rille. (e) and (f) are the NAC image and the
segmentation result of a cluster of craters. (g) and (h) are the NAC image and the segmentation result of a fresh crater and its surrounding rocks (the red arrows). The boundaries of (a), (c),
(e) and (g) are marked in the red boxes of Fig. 4a.
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Fig. 6. Fap map of Mons Rümker, superposing on the NAC mosaic image. The white solid line represents the boundary of Mons Rümker.

dispersed distribution of uneven objects (Fig. 8d). NNI variations in and
around a fresh crater in the north of Unit B1 are shown in Fig. 8e.The
prohibition zone of ejecta on the SE rim indicates this fresh crater is
caused by an oblique impact event, and the predicted impactor direction (northwest) is shown in Fig. 8e. The central Grid 1 contains a
fresh crater which is the primary uneven object, so that NNI of this
grid is 0.88 (in Fig. 8f). The distribution patterns of uneven objects in
Grid 2, 3 and 4 around the fresh crater are affected by ejecta from the
crater. Thus their aggregation degrees of uneven objects (NNI = 0.91,
0.98 and 0.96) are less than that in Grid 1. Grid 5–8 are far from the
fresh crater, with their distribution patterns of uneven objects being discrete (NNI = 1.10, 1.12, 1.17 and 1.16). Grid 9 is almost randomly distributed with NNI being 1.01 on account of the fact that only craters
are the uneven objects.
It is worthwhile noting that: (1) NNI calculated by our method is affected by the size and shape of the divided girds of Mons Rümker. Taking a dome for an example, if the divided grid is small enough, a dome
can be separated into several grids. In this case, these grids have only
one uneven object and can be considered as clustered (NNI b 1). If the
divided grid is large enough to cover the entire dome, the other uneven
objects, including rock, crater and other structural objects in this grid,
cannot be ignored and their distribution patterns may be dispersed or
random (NNI ≥ 1). NNI only refers to the recognized uneven objects in
the scale of meters to hundred meters in the grid. Thus, it shows scale
dependence and corresponds to small-scale geological events rather
than magma eruptions or lava ﬂows in kilometer-scale. (2) We assume
that the probability of the impact event at any position on the lunar surface is equal, and the formation of lunar crater is a random process in
space (Hiesinger et al., 2000). So NNI of each grid should be close to 1
without other uneven objects and topographical ﬂuctuations into considerations. However, due to volcanic activities, lava ﬂows and other
tectonic objects in the Mons Rümker region, the distribution pattern
of uneven objects in the grid could be changed to be clustered or
dispersed.

The average NNIs of Unit LD and B1–B3 are 0.987, 1.042, 1.076 and
1.058, respectively. The average NNI of Unit LD is the smallest, indicating that it has the most concentrated uneven objects. Compared with
Unit B1–B3, the oldest Unit LD has more complex uneven objects in
shape and distribution. Unit B1, B2, and B3 were formed by the
magma ﬂoods from domes or other volcanic activities in Mons Rümker.
The lavas in Unit B1, B2, and B3 ﬂowed and erased the preexisted uneven objects, thus the interiors of these three units were relatively ﬂat,
and their NNIs were mainly related to the later-formed craters, ejecta
materials and other tectonic features. Accordingly, the average NNIs of
Unit B1, B2, and B3 are N1 and show a dispersed distribution. In addition,
the terrain of Unit B2 and B3 is ﬂatter than that of Unit B1, with less uneven objects and larger average NNIs and their distribution patterns of
uneven objects are more scattered.
4.3. Roughness
In general, textures are complex visual patterns formed by elements,
or sub-patterns, which have characteristic color, slope, elevation, size,
brightness, etc. (Tuceryan, 1998; Grohmann et al., 2010; Berti et al.,
2013; Korzeniowska et al., 2018; Stephanie et al., 2018). We can classify
the textures into two categories: topographic and photometric textures
in terms of the data used for extracting textures. Topographic textures
from the DEM data can be treated as an expression of a topographic surface variability and photometric textures from spectral images can be
quantiﬁed by the brightness variability in a neighborhood. In this
paper, we used the NAC mosaic image to extract decimeter-scale roughness of Mons Rümker. The brightness variability in NAC images can be
caused by terrain ﬂuctuations or/and composition changes on lunar surface, thus, photometric roughness is indispensable to reﬂect the topographic or photometric changes on lunar surface (Li et al., 2016a).
Gray level histogram analysis is a key to describing the color distribution in a part of a grayscale image. First, the color space is quantized
into multiple levels such as 64, 128 or 256 levels, each of which becomes
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Fig. 7. NNI map of Mons Rümker, superposing on the NAC mosaic image. The white arrows show the Fig. 8a, c and d location. The white solid line indicates the boundary of Mons Rümker.

Fig. 8. NNI and Fap maps of a fresh crater and its surroundings. (a) and (b) show the NAC image and NNI of a grid with a clustered distribution of uneven objects. (c) and (d) are the NAC
image and NNI of a grid with a dispersed distribution of uneven objects. The purple color shows the ﬂat objects extracted by the double-threshold Otsu method. The central coordinates of
(a) and (b) are (−58.63° E, 41.74° N) and (−58.98° E, 41.46° N). (e) is the NAC image of a fresh crater and its surroundings. (f) shows the NNIs of the corresponding grids. The locations of
these images are labeled with white arrows in Fig. 7.
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a bin in the histogram. Then, the number of pixels in every discrete level
is calculated to build the gray level histogram. Besides, this gray histogram can be used for computing lunar surface textures, because it focuses on the spatial and temporal structures in images. Let z be a
random variable denoting gray level and let p(zi), i = 0, 1, 2, …, L-1,
be the corresponding gray histogram, where L is the number of distinct
gray levels. The nth statistic moment of z about the mean is (Mukundan
and Rammakrishan, 1998):
L−1
X

μ n ðzÞ ¼

ðzi −mÞn pðzi Þ;

ð8Þ

i¼0

where m is the mean value of z:
m¼

L−1
X

zi pðzi Þ:

ð9Þ

i¼0

The second statistic moment is a key factor to textural description,
because it equals to the standard deviation, i.e., σ2(z) = μ2(z). The
roughness (R) in our paper can be deﬁned as:
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thus we can predict that the Mons Rümker region is consisted of three
or more magma eruptions from the same magma source or different
magma sources but with similar composition. Therefore, this paper
tends to conclude that roughness is predominantly associated with topography undulations of Mons Rümker.
Roughness of Mons Rümker ranges from 0 to 0.122, and the grid
with more variations of brightness such as the boundaries of bright
and dark regions has higher roughness. For example, there are some
clusters (Fig. 10b) of craters in ﬂat basaltic Unit B2 and B3 that have
higher roughness. These crater clusters may result from the secondary
impact events, or a preserved older geological unit that was not covered
by the later magma eruptions. In Mons Rümker, the ﬂat regions have
lower roughness, such as the southwest of Unit B1 and the south of
Unit B2, showing red color in Fig. 9. We can see that these regions are
located in lava plains without big craters and other topographic reliefs
(Fig. 10d). The average roughness of Unit LD is 0.0276, higher than
that of Unit B1, B2, and B3 (0.0256, 0.0242 and 0.0259). In Fig. 9, blue
lines with the near NS direction may be caused by the difference of illumination conditions between two adjacent NAC images.

5. Terrain factors variations in geological units of Mons Rümker
R ¼ 1−

1
:
1 þ σ 2 ðzÞ

ð10Þ

According to the Eqs. (8)–(10), the roughness in each divided grid
was computed and shown in Fig. 9.
Based on previous studies (Zhao et al., 2017), the TiO2 content of
Mons Rümker is 1–3 wt%, and the FeO content of the plateau varies between 15 and 18 wt% except Unit LD. Moreover, the color composite
map (Fig. 10a) derived from the Clementine imagery shows that almost
one color (orange yellow) appears in the whole Mons Rümker region,
which means that composition of basalt in Mons Rümker is nearly
same. However, Unit LD and B1–B3 were formed in different times,

Three terrain factors, Fap, NNI and roughness, were derived from
the high-resolution NAC mosaic image of Mons Rümker to describe
the morphological changes in different ways, showing different results (Figs. 6, 7 and 9). Fap means the percentage of the ﬂat area in
a divided grid. NNI can classify the distribution pattern of uneven objects in a divided grid into three types: random, dispersed and clustered. Roughness represents the topographic or photometric
changes in a divided grid. Fap and roughness are sensitive to the positive and negative terrain objects on lunar surface, including crater,
ridge, dome, rille and scarp. Generally speaking, the more complex
the terrain objects within a grid are, the higher Fap and roughness

Fig. 9. Roughness map of Mons Rümker, superposing on the NAC mosaic image. White boxes indicate the Fig. 10a and d location. The white solid line indicates the boundary of Mons
Rümker.
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Fig. 10. Maps of the high and low roughness areas in the Mons Rümker region. (a) is the color composite map of Mons Rümker from the Clementine imagery. The white solid line indicates
the boundary of Mons Rümker. (b) and (c) show the NAC image and roughness map of a coarse region in Mons Rümker. (e) and (f) show the NAC image and roughness map of a lava plain
with smooth surface. The boundaries of (b) and (d) are shown in Fig. 9 as white rectangles.

of this grid will be. NNI of each grid should be close to a random pattern, only considering the stochastic impact events. However, the
distribution of uneven objects in a grid could be clustered or dispersed under the inﬂuence of volcanic activities, lava ﬂows, tectonic
objects and other topographic features.
Volcanic activities in Mons Rümker could be divided into at least
four stages (Table 2). The ﬁrst stage ended around 3.74 Ga and the
lava partly covered the linear depressions that may be composed of
ejecta materials from Iridum impact. Unit LD was formed in this stage,
occupying the most complex terrains in Mons Rümker and featured
with the highest roughness and the lowest Fap. Stage 2 occurred around
3.70 Ga and went through the largest and most violent magma eruption
which formed the biggest steep domes and Unit B1 with a high roughness and a low Fap. Stage 3 and stage 4 occurred around 3.53 Ga and
3.49 Ga, forming the youngest Unit B2 and B3 that covered the central
and eastern parts of Mons Rümker. Compared with stage 2, volcanic activities in stages 3 and 4 gradually weakened over time, forming ﬂat lava
plains with fewer topographic objects. Therefore, Unit B2 and B3 have
the highest Fap and the lowest roughness. The average NNIs of Unit
B1–B3 are N1 but Unit LD's is b1. Thus, the distribution patterns of

uneven objects in Unit LD and Unit B1–B3 are clustered and dispersed,
separately.
Fap, NNI and roughness are key factors to describe topographical
ﬂuctuations and distribution pattern of uneven objects on lunar surface. In order to ﬁnd out the relationships among them, the Pearson's
correlation analysis for these three terrain factors in all divided grids
was carried out with the results shown in Table 3. The absolute value
of correlation coefﬁcient among the FAP, roughness and NNI is b0.42,
thus the correlation among them is extremely poor, which indicates
that these three terrain factors are distinct and exert different inﬂuence on choosing safety landing areas in Mons Rümker. There is a
weak negative trend (−0.3176) between roughness and Fap, illustrating that the relatively rough lunar surface has a smaller Fap and
the relatively smooth lunar surface has a larger Fap. In addition, the
correlation between roughness and NNI is very weak (0.2501), but
the correlation between Fap and NNI is slightly stronger (0.4138).
Consequently, Fap and roughness can be used as the main topographic factors to evaluate the safety of Mons Rümker, and at the
same time NNI can be treated as a supplement to Fap in the safety
evaluation.

Table 2
The age, average Fap, average NNI and average roughness of Unit LD and B1–B3 in Mons Rümker.
Stage

Unit

Age (Ga)

Average Fap (%)

Average NNI

Average roughness

LD

3.74

0.506

0.987

0.0276

B1

3.70

0.6

1.042

0.0256

B2

3.53

0.634

1.076

0.0242

B3

3.49

0.618

1.058

0.0249

1
2
3
4
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Table 3
Analysis results of Fap, NNI and roughness correlation in Mons Rümker.
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Table 4
Fap, NNI and roughness in previous successful lunar landing areas.

Pearson corr.

Fap

NNI

Roughness

Landing site

Fap (%)

NNI

Roughness

Fap
NNI
Roughness

1
0.4138
−0.3176

0.4138
1
0.2501

−0.3176
0.2501
1

Luna 17
Luna 21
CE-3
Surveyor 1
Surveyor 5
Surveyor 6
Surveyor 7
Apollo11
Apollo12
Apollo14
Apollo15
Apollo16
Apollo17
Average

55.1
64.0
35.0
71.2
58.3
52.8
68.6
53.6
56.0
69.0
62.8
68.7
71.7
60.5

0.986
1.054
0.815
1.084
1.067
1.027
1.014
1.015
0.902
0.960
1.075
1.061
1.163
1.091

0.0288
0.0331
0.0313
0.0233
0.0403
0.0423
0.0247
0.0321
0.0354
0.0428
0.0371
0.0323
0.0286
0.0332

6. Safety evaluation of Mons Rümker for CE-5 probe landing
6.1. Fap, NNI and roughness thresholds for safe landing
In order to obtain the Fap, NNI and roughness thresholds for the safe
landing, we calculated these three factors of the past successful lunar
missions landing sites with the same methods mentioned above, including Chang'e-3 (CE-3), Apollo, Surveyor and Luna series. Fap, NNI
and roughness within a square grid with the side length of 200 m centered on the previous successful landing sites were shown in Table 4.
In Table 4, roughness of previous lunar landing regions ranges from
0.0286 to 0.0428 with an average of 0.0332, indicating that all previous
successful landing regions are ﬂat and smooth, thus the roughness
threshold for safe landing can be set to 0.0332. The lower a divided
grid roughness is, the smoother and safer it is. Faps in previous successful landing sites are all larger than ~52.8%, but that of the CE-3 landing
site is only ~35%. The average Fap of these landing sites is 60.5% without
CE-3 landing site considered, so we discover that it's safety for lunar
probes landing in a grid as its Fap is over 0.6. In terms of NNI, the previous landing regions can be divided into two groups. One group is featured with the clustered distribution of uneven objects that means
NNI is less than1.0, including CE-3, Apollo12, Apollo 14 and Luna 17
with the CE-3's NNI smallest, that is 0.815. The other group is featured
with the dispersed distribution of uneven objects that means NNI is
over 1. CE-3 probe landed on the rim of Zi Wei crater (~27–80 Myr
old), whose ejecta covered the entire CE-3 landing site characterized
by the blocky surface and large boulders. The distribution of uneven objects tends to be the most concentrated with NNI being 0.815, though
FAP is the smallest in the CE-3 landing area. Almost all the uneven
areas were gathered on the left of CE-3 landing region, thus CE-3
probe landed in the ﬂat area on the right of the Zi Wei crater. All these
mean that it's reasonable to regard NNI as an auxiliary factor for landing
safety assessment. Although FAPs of CE-3 and Apollo 12 landing areas
are 0.35 and 0.56, separately, b0.6, their NNIs are 0.815 and 0.902, respectively, indicating that their uneven objects are clustered, so it's reasonable to regard them as two successful land missions. Hence, we
could conclude that a grid could be classiﬁed as a safe landing site if
its Fap is ~35–56% and NNI ≤ 0.815, or its Fap is ~56–60.5% and NNI ≤
0.902. Finally, three standards for terrain factors to determine the safe
grids of Mons Rümker are shown as below:
Standard 1: R ≤ 0.0332 and Fap ≥ 0.605
Standard 2: R ≤ 0.0332 and (Fap is ~0.56–0.605 and NNI ≤ 0.902);
Standard 3: R ≤ 0.0332 and (Fap is ~0.35–0.56 and NNI ≤ 0.815).
6.2. Potential landing areas for CE-5 probe in Mons Rümker
Zhao et al. (2017) chose two candidate landing sites for CE-5 in
Mons Rümker in line with both the engineering constraints and scientiﬁc value. One candidate landing site is located on the top of a steepsided dome, that is dome No. 4 in Fig. 2, with coordinates 301.34° E,
40.11° N. The other candidate landing site is located in the northern linear terrain with coordinates 300.69° E, 41.52° N. These two candidate
landing sites were indicated by yellow stars in Fig. 11. According to
the Standard 1–3 mentioned above, the divided square grids can be
classiﬁed as safe and unsafe grids. In Fig. 11, the yellow grids are unsafe
for CE-5 probe landing but the remaining ones are safe. The blue, purple

and red colors represent three types of safe grids in the light of Standard
1–3, separately, the percentage of which is 47%, 0.6% and 1.2%, respectively. It is clear that the safe grids are distributed discretely and
mixed with unsafe grids in the Mons Rümker region, with the area of
the safe ones being 48.8% and that of unsafe grids being 51.2%. Hence,
we could conclude that the Mons Rümker region is not safe enough
for CE-5 safe landing. However, after merging the adjacent safe grids,
we still could discover the potential landing areas (PLAs) and label
them as red polygons marked with number 1–5 in Fig. 11. PLA 1 is located in the northern linear terrain, that is Unit LD, including one candidate landing site mentioned by Zhao et al. (2017), which could be
covered by pyroclastic materials (Campbell et al., 2009; Lena et al.,
2008). However, the typical spectral characteristics of volcanic glass
and related geomorphologic features, such as dark mantle deposits,
haven't been found out in Unit LD (Zhao et al., 2017). Analysis of the
sample composition in this area will be conducive to knowing well the
detailed compositions of Mons Rümker volcanism at the early stage.
PLA 2, 4 and 5 are located in Unit B1, B2 and B3, separately. PLA 3 is located on the top of a steep dome, including the other candidate landing
site mentioned by Zhao et al. (2017), which will help us know the steep
domes on the Rümker plateau and provide references for other volcanic
lunar domes researches.
7. Summaries
According to the NAC mosaic image segmentation result of Mons
Rümker, three terrain factors were extracted, including Fap, NNI and
roughness that describe morphological changes in different ways. Fap
means the percentage of ﬂat area in a divided grid. NNI can classify
the distribution pattern of uneven objects in a grid into three types: random, dispersed and clustered. Roughness represents the topographic or
photometric changes in a divided grid. Fap and roughness are sensitive
to the positive and negative terrain objects, on lunar surface, including
ridge, dome, rille and scarp.
Volcanic activities in Mons Rümker could be divided into at least
four stages. The ﬁrst stage ended around 3.74 Ga and the lava partly covered the linear depressions that may be composed of ejecta materials
from Iridum impact. Unit LD was formed in the ﬁrst stage, occupying
the most complex terrains in Mons Rümker and featured with the
highest roughness and the lowest Fap. Stage 2 occurred around
3.70 Ga and went through the largest and most violent magma eruption
that formed the biggest steep domes and the Unit B1 with a high roughness and a low Fap. Stage 3 and stage 4 occurred around 3.53 Ga and
3.49 Ga, forming the youngest Unit B2–B3 that covered the central
and eastern parts of Mons Rümker. Compared with stage 2, the volcanic
activities in stages 3 and 4 gradually weakened over time, forming ﬂat
lava plains with fewer topographic objects. Therefore, Unit B2 and B3
have the highest Fap and the lowest roughness. The average NNIs of
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Fig. 11. Five potential landing areas (red polygons marked with number 1–5). The blue, purple and red colors are the safe grids classiﬁed in line with Standard 1–3, separately. The white
solid line indicates the boundary of Mons Rümker. The yellow stars show two candidate landing sites for CE-5 mission mentioned by Zhao et al. (2017).

Unit B1–B3 are N1 but Unit LD's is b1. Thus, the distribution patterns of
uneven objects in Unit LD and Unit B1, B2, and B3 are clustered and dispersed, separately.
According to the Pearson's correlation analysis, it is thus clear that
the correlations among Fap, roughness and NNI are poor, which indicates that these three terrain factors are distinct. We could conclude
that Fap and roughness can be used as the main topographic factors to
evaluate the safety of Mons Rümker with NNI as a supplement to Fap.
Three standards for terrain factors to determine safe grids of Mons
Rümker are shown as below:
Standard 1: R ≤ 0.0332 and Fap ≥ 0.605;
Standard 2: R ≤ 0.0332 and (Fap is ~0.56–0.605 and NNI ≤ 0.902);
Standard 3: R ≤ 0.0332 and (Fap is ~0.35–0.56 and NNI ≤ 0.815).
According to Standard 1–3, the divided grids could be classiﬁed as
safe or unsafe grids, and then ﬁve potential landing areas were selected.
PLA 1 is located in the northern linear terrain, that is Unit LD. Analysis of
the sample composition in PLA 1 will be conducive to knowing well the
detailed compositions of Mons Rümker volcanism at the early stage. PLA
3 is located on the top of a steep dome, which will help us know the
steep domes on the Rümker plateau and provide references for other
volcanic lunar domes researches.
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