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Abstract—The regolith of the Chang’E-4 landing site was dis-
turbed by its engine exhaust. To explore the interaction between
the engine exhaust and the regolith, it was necessary to identify
the exhaust-disturbed region. This article focuses on determining
the extent of the disturbed region by using lunar reconnaissance
orbiter camera narrow angle camera (LROC NAC) images. For
this purpose, the tools of temporal-ratio images, phase-ratio im-
ages, reflectance profiles, and reflectance isoline graphs are em-
ployed. The reflectance profiles and isoline graphs derived from
the temporal-ratio images reveal the reflectance changes before
and after landing. Compared with the reflectance profiles, isoline
graphs further include the spatial information of isolines, thus
more robust to noise. Based on the magnitudes of changed re-
flectance around the lander, the engine exhaust-disturbed region
was further divided into the focus disturbed region (FDR) and the
diffuse disturbed region (DDR). The final estimated spatial extent
along the north–south and east–west directions of the FDR were
∼9.6 and ∼10.8 m, and those of the DDR were ∼75 and ∼80 m.
As compared with the estimated spatial extent of the Chang’E-3
landing site, the DDR of the Chang’E-4 landing site was larger,
but the FDR was smaller. We attributed this to geological and
topography factors. The reflectance changes between the FDR
and the undisturbed region increased by ∼10±1%. This indicates
similar processes causing the variations in the regolith properties,
likely including the smoothing of the surface from microscopic to
macroscopic by destroying fine-grained regolith components, or
changing of the surface maturity.

Index Terms—Engine exhaust disturbance, remote sensing tool,
spatial extent.
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I. INTRODUCTION

LUNAR regolith is a layer of powder-like substance, in
which its physical properties, composition, and structure

directly affect its reflectance [1], [2]. The reflectance variations
can be characterized by photometry. Different photometric prop-
erties indicate different regolith properties. By analyzing the
photometric properties, information about the regolith such as
regolith particles’ shape, size, composition, and structure can
be derived [2], [3], [4]. Based on previous studies, in terms of
the Surveyor, Luna, and Apollo spacecraft landing sites, the re-
flectance changes between the engine exhaust disturbed regions
and the UDR are still visible in some specific lunar reconnais-
sance orbiter camera narrow angle camera (LROC NAC) images
with a resolution of 0.5–2 m/pixel [4], [5]. These reflectance
anomalies have been interpreted as the regolith properties of the
landing site surface that were disturbed by the engine exhaust
during the lander’s descent and some of them are also disturbed
by the activities of rovers and astronauts around the landers [4],
[5], [6], [7]. Measurements derived from the in situ reflectance
spectra of the Moon acquired by the visible-near infrared spec-
trometer (VNIS) onboard the Chang’E-3 rover revealed that
the finest highly weathered particles were removed by engine
exhaust [8], [9]. In Chang’E-4 landing site, the photometric
abnormal was also observed. Analyzing these photometric prop-
erties is helpful for us to understand how the engine exhaust
disturbed the regolith properties. For this purpose, the spatial
extent of the engine exhaust-disturbed region should be first
determined.

According to previous studies [6], [7], for some landing sites,
such as Chang’E-3 landing site, the exhaust-disturbed region
can be further divided into the focused disturbed region (FDR)
and diffuse disturbed region (DDR) according to the magnitude
of reflectance change. The FDR is a region that was severely
disturbed while the DDR is a diffuse area around the FDR,
whose reflectance also shows some anomalies but is not as
obvious as the FDR. And the reflectance profile is a useful tool
to qualify the reflectance changes [5], [6], [7]. It should be noted
that the DDR can not be distinguished in all the landing sites,
such as Apollo landing missions. In terms of the Apollo, Sur-
veyor, and Luna landing missions, their spatial measurements for
the disturbed region mainly used the LROC NAC images and
the derived phase-ratio images [4], [7]. The phase-ratio image
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essentially characterizes the phase function slope [10], [11]. The
phase-function slope partly indicates the regolith roughness and
illumination-scattering characteristics and it can be measured by
phase ratio for a pair of phase angles. In the phase-ratio image, a
darker region corresponds to a lower phase slope [10], [12]. The
photometric anomalies, observed from the phase-ratio image,
reveal the possible anomalies of a lunar regolith [5], such as
variation of regolith maturity, smoothing of small-scale surface
topography on mm to cm scales, destruction of the “fairy-castle”
structures, and so on. In addition, according to the VNIS detec-
tion, the dominant impact of the engine exhaust disturbance is
considered to be the blowing away of the uppermost fine regolith.
As a result, the regolith in the disturbed region will have a larger
particle size than that in the undisturbed area. In addition, it
reveals that the remaining regolith in the disturbed regions was
less space weathered [8], [13].

The phase-ratio image has proven to be a reliable tool to de-
tect photometric anomalies and indicating the regolith property
changes [4], [5], [6], [7], [11]. In particular, the reflectance con-
trast of the disturbed region and the undisturbed region (UDR) is
enhanced in the phase-ratio image, thus providing an opportunity
to determine the spatial extent of the disturbed region. However,
this kind of spatial measurement is largely dependent on the
visual interpretation of the phase-ratio image. While the pres-
ence of the phase-ratio image is affected by topographic factors,
such as meter-level craters, meter-level low-lying, and so on. As
a result, the final determination of the spatial extent based on
the phase-ratio image is subjective and qualitative. In addition,
reflectance profiles are further introduced for a more reliable
spatial extent measurement [4], [6]. Based on LROC NAC
images or phase-ratio images, reflectance profiles quantify the
reflectance changes along certain directions or extension paths
defined in advance. Due to the reflectance profile path being a
line (i.e., straight or curved), in terms of the whole landing site,
the available information on the reflectance profile is limited.
In addition, it is inevitable that some topographic effects will
be included in the profile. As a result, the determination of the
spatial extent by using the reflectance profile is not reliable.

This study considered the aforementioned challenges, and
temporal-ratio images and isoline graphs were used for the
determination of the spatial extent of the Chang’E-4 lander’s
engine exhaust-disturbed region. LROC NAC images with a
range of various incidence and emission angles of the Chang’E-4
landing site, both before and after landing, are available. The
temporal-ratio image, which is the ratio of the images before and
after landing, has proven to be an efficient tool for determining
the spatial extent of the engine exhaust-disturbed region [6].
When ignoring issues such as various illumination conditions,
terrain, and image registration errors, in theory, the ratio value
of the UDR in the temporal image should be 1.0 while the ratio
value of the engine exhaust-disturbed region should be away
from 1.0; therefore, based on this regulation, the spatial extent
of the engine exhaust-disturbed region can be delimited. The
isoline graph is a tool that is applied to determine the spatial
extent of the engine exhaust-disturbed region. In this article, the
isoline graph was derived based on the temporal-ratio images.
As compared to the reflectance profile, which can only use

local information of the ratio image, the isoline graph considers
the information of the whole landing site and describes the
continuous, gradual changes in the ratio values.

Analyzing the photometric anomalies of the landing site based
on the NAC images allowed us to study the lunar regolith prop-
erties by using a remote sensing tool. These results have been
expanded with in situ data-based results [14], [16]. Scientific
payloads equipped with the rover have obtained the in situ
data, and research analyzing regolith properties according to
these data are ongoing [17], [18]. In this study, we focused on
using a temporal-ratio image and isoline graph to determine the
spatial extent of the engine exhaust-disturbed region, and the
phase-ratio images and reflectance files were used for cross-
evaluation. In addition, a phase-ratio image was also used to
infer the possible causes of the photometric anomalies.

II. DATA AND METHOD

The Chang’E-4 spacecraft landed on the Von Kármán crater
at 177.59° E, 45.46° S, on the lunar’s far side on January 3,
2019 [19]. LROC NAC images at various resolutions observed
the landing, and illumination geometries of this landing site
were captured both before and after the landing. Based on these
images, phase-ratio images and temporal-ratio images were
derived. To obtain reliable ratio images, NAC images were first
preprocessed. In our work, we mainly used the United States
Geological Survey Integrated Software for Imagers and Spec-
trometers [20], [21] to conduct the image format conversion,
denoising, reflectance (I/F) calibration, photometric correction,
and map projection. Image matching was manually performed
with the MATLAB image registration tool [22]. I/F represents
the radiance factor, which was defined as the ratio of the radiance
(I) to the irradiance (F) from a normally illuminated Lambertian
surface [21], [5].

A. Temporal-Ratio Images

Temporal-ratio images mapped the quotient of the image
pair before and after the Chang’E-4 lander touched down. The
temporal-ratio image directly revealed the reflectance change
of the landing site, indicating a regolith disturbance caused by
the spacecraft engine exhaust. In the temporal-ratio image, the
disturbed area was highlighted, and in theory, the temporal-ratio
image was immune to topological factors since both identical
illumination conditions and observing viewings were required
for the image pair. As a result, the spatial extent of the disturbed
area could be accurately determined. In practice, the images used
for making temporal-ratio images may have slight differences
in incidence angles and emission angles, and therefore, some
noises such as terrain influences and matching errors can exist in
the resultant temporal-ratio images. In addition, although these
images have been pre-processed by reflectance (I/F) calibration,
photometric correction, and map projection, all these can in-
troduce errors in each image. However, when making the ratio
image, the influence of these errors is much smaller than it of
image lighting conditions and topography factors. Therefore,
in this article, errors introduced by image lighting conditions
differences and topography factors are mainly considered.
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TABLE I
PHOTOMETRIC AND ILLUMINATION GEOMETRIC CHARACTERISTICS OF THE SELECTED LROC NAC IMAGES OF CHANG’E-4 LANDING SITE USED TO CREATE THE

TEMPORAL-RATIO IMAGE

Fig. 1. Pair of LROC NAC images and their derived temporal-ratio images. (a) LROC NAC image M1298916428L prior to the landing. (b) LROC NAC
image M1372969744R after the landing. (c) Temporal-ratio image made by dividing M1372969744R by M1298916428L. These images are presented using
image-enhancement technology for a better visual effect.

To obtain reliable temporal-ratio images, the following regu-
lations were followed:

1) the image pair was required to have similar incidence and
emission angles and would, therefore, have similar phase
angles (for all these angles, the difference should be< 5°);

2) the image pair should have similar illumination geome-
tries, including north sub-solar latitude and longitude (the
difference should be < 20°, respectively);

3) the image pair should have similar resolutions and suffi-
ciently registered [10].

The study area surrounded the landing site, and the images
were cropped to 200 m × 200 m image patches centered on the
landing point, which was defined by the center of the Chang’E-4
lander. Considering the small resolution difference among these
images, they were further translated into the same size by ref-
erencing the higher resolution of the image pair. The MATLAB
register tool was first used to obtain pixel-level registration
accuracy and then manually adjusted the image patches to obtain
subpixel-level registration accuracy. Based on these regulations,
a pair of images were selected. The corresponding detailed
information of the pair of images is presented in Table I, and
these two images and their derived temporal-ratio images are
presented in Fig. 1.

B. Phase-Ratio Image

A phase-ratio image is created by mapping the quotient of the
two images of the same region; these two images should have
similar incidence angles but different phase angles. By dividing

the higher phase angle image by the lower, the phase-ratio
image is the result. The phase-ratio image measures the slope
k of the phase function, k = g(α1)/ g(α2), where g(�) stands
for the phase function, and α1 and α2 denote two different
phase angles with α1 < α2. The phase function defined by
the photometric conditions (i.e., the incidence angle i, emission
angle e, and phase angle α) was sufficient to characterize the
surface reflectance [11], [24]. The slope of the lunar phase func-
tion was determined by the multiple incoherent scattering and
shadow-hiding effects. Therefore, the photometric anomalies
revealed by the phase-ratio image indicated the anomalies of
the regolith properties. To obtain reliable phase-ratio images,
the following regulations were followed:

1) the image pairs should have similar incidence angles (dif-
ference < 5°), but different emission angles, and, thus,
different phase angles (a difference of at least >10°);

2) the image pairs should have the similar illumination ge-
ometries, including north sub-solar latitude and longitude
(at least a difference < 20°, respectively);

3) the image pairs should have similar resolutions and be
sufficiently registered [4], [7].

In this article, the phase-ratio image was created by using
image pairs of the Chang’E-4 lander after landing. Then the
photometric anomalies presented in the phase-ratio image can
be used for analyzing how the engine exhaust has affected the
regolith properties. The concerned region is around the landing
site, and the images are cropped to 200 m × 200 m image
patches centered on the landing point, which is identified as
the center of the Chang’E-4 lander. The image register method
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TABLE II
PHOTOMETRIC AND ILLUMINATION GEOMETRIC CHARACTERISTICS OF THE SELECTED LROC NAC IMAGES OF CHANG’E-4 LANDING SITE fOR MAKING tHE

PHASE-RATIO IMAGE

Fig. 2. Pair of LROC NAC images and their derived phase-ratio image. (a) LROC NAC image M1372969744R. (b) LROC NAC image M1314237625L. (c)
Phase-ratio image made by dividing M1314237625 with M1372969744. These images are presented by using image enhancement technology for a better visual
effect.

is the same as Section II-A mentioned. Based on the above-listed
regulations, a pair of images is selected. The corresponding
detailed information of this pair of images is listed in Table II,
and these images and their derived phase-ratio image are shown
in Fig. 2.

C. Reflectance Profiles

The reflectance profiles for ratio images quantitatively de-
scribe the reflectance changes across a selected region. With
a reflectance profile that passed through the landing site, the
difference in the reflectance ratio values between the disturbed
region and UDR could be qualified. Furthermore, by considering
the slope, inflection points, and extreme points of the reflectance
profile, the spatial extent of the disturbed area was determined
quantitatively along a certain defined reflectance profile path.
However, some of the craters and either low-lying or raised
regions with resolvable slope changes still showed as artifacts
in the phase-ratio image and could also lead to anomalies in the
reflectance profiles. As a result, it was difficult to accurately de-
termine whether the anomalies were induced by engine exhaust
disturbance or topography.

Based on the ratio images and their corresponding reflectance
profiles along each direction, some rules were defined to detect
the spatial extent of the FDR and the DDR:

1) uniform fluctuations over a certain range at an approximate
value were defined as the I/F ratio for the UDR;

2) an obvious change in the gradient of the curve was de-
fined as the dividing point that distinguished the different
regions;

3) if this were in the range of the continuous influence of
the engine exhaust, the local anomalous oscillation of the
curve caused by topographic factors was ignored.

In this study, the reflectance profiles were drawn along the
west–east direction and north–south direction. For a more reli-
able result for each direction, two profiles were used. Across the
west–east, the profiles are respectively denoted as a-a’, b-b’, and
along the north–south direction, the profiles were respectively
denoted as c-c’, d-d’. Each value of the profile was calculated by
averaging the I/F ratio values within a 3× 3 window centered on
the pixel which had passed through the profile path to minimize
the noise effects. In addition, since the reflectance profiles only
considered the pixels in a line, the results would heavily fluc-
tuate due to the image noises, which are introduced by terrain
influences, image matching errors, and so on, as shown in a later
section.

D. Reflectance Isoline Graphs

Isoline graphs derived from the temporal-ratio image reveal
reflectance changes of the landing site before and after the
spacecraft landing. An isoline graph was composed of a set of
isolines, and each of these contours corresponds to a specific
ratio value of the temporal-ratio image. In essence, the isoline
graph is the result of combing the reflectance profiles of the
two-dimensional spatial information, thus it is more effective in
determining the spatial extent of the disturbed region.

It is well known that in theory, the reflectance ratio of the
undisturbed region should be close to 1.0. However, in practice,
the differences in illumination conditions and image resolutions
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Fig. 3. Reflectance profiles derived from the temporal-ratio image. (a) Temporal-ratio image; reflectance profile paths are presented as blue dashed lines, and
green and blue points denote the image locations of those boundary points derived from the reflectance profiles; corresponding profiles of the paths a-a’ (b), b-b’
(c), c-c’ (d), and d-d’ (e) are shown in (a). Red dashed lines in (b)–(e) denote the average I/F values of the UDR where the corresponding profiles pass through. The
yellow points highlight the location and reflectance values to distinguish the DDR from the UDR. The green points highlight the boundaries of DDR and FDR.

of the before and after landing images both contributed to
the reflectance ratio of the temporal image deviating from
1.0. By further considering the influence of image geometry
calibration errors, registration errors, and topographic factors,
the reflectance ratio will not necessarily change continuously. As
seen in Fig. 4, there are a lot of contours with the same contour
level. However, they have spatial distribution continuity. That
is from the most severely disturbed region to the undisturbed
region, the contour levels (corresponding to I/F ratio) decrease
(or increase) from the center to the surroundings. In this way,
the boundaries of the disturbed region can be determined by the
characteristics of spatial distribution and cumulative frequency
of the contours. Let the I/F ratio values vary continuously in an
interval, each I/F ratio value corresponds to a set of isolines. In
this continuously changing of the I/F ratio values, if the spatial
distribution range and the accumulated frequency of the contours
suddenly decrease at a certain I/F ratio, then aggregation space
of the contours with this I/F ratio covers the disturbed region.
In this way, the boundary of the disturbed region is determined.
this boundary determination method is applicable to both DDR
and FDR. In practice, these series of consecutive contours
can be determined by taking the reflectance profiles results as
references. Assuming that the reflectance ratio of the disturbed
region boundary determined by the reflectance profile is x,
then the series of consecutive contours can be determined as
y � [x-a: b: 1.0), where a � (0.5, x), b is the sample interval,
and is usually taken as 0.05 or 0.1 in this article. In addition,

if there are no references, then the enumeration method can
be employed.

III. RESULTS

A. Spatial Extent Estimation of the Engine Exhaust-Disturbed
Region

In this section, spatial extents of FDR and DDR are quantita-
tively determined by using reflectance profiles and reflectance
isoline graphs. First, four reflectance profiles taken across the
landing site based on temporal ratio image are employed to
delimit spatial extents of FDR and DDR. Then, reflectance
isoline graphs are further utilized to determine the spatial extents
and cross-validate the results of the reflectance profiles derived.

1) Spatial Extents of FDR and DDR by Using Reflectance
(Ratio) Profiles: Previous studies have shown that the pro-
file taken across the temporal-ratio image is a useful tool for
identifying the engine exhaust-disturbed region [4], [6]. Here,
four profiles respectively across the west–east and north–south
directions are utilized to determine the spatial extents along the
corresponding directions, and their profile paths are shown in
Fig. 3(a). The reported I/F ratio is calculated by dividing I/F
after landing by I/F before landing. Notably, the I/F ratio of the
undisturbed region should be very close to 1.0. However, the
actual derived value in this article is about 0.96. The reasons
for this deviation may include residual errors of photometric
calibrations, the illumination conditions differences, and the
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Fig. 4. Isoline graphs of the temporal image using different contour levels. Derived with contour levels. (a) β1 = {0.94, 0.93 0.92 0.91,0.90}. (b) β2 = {0.93
0.92 0.91,0.90}. (c) β3 = {0.92 0.91,0.90}. (d) β4 = {0.91,0.90}. (e)−(h) are the maps of overlaying the isoline graphs (a)−(d) on the NAC image M1372969744,
respectively.

registration errors of both before and after landing images.
In fact, this offset does not influence the determination of the
spatial extents. Moreover, to illustrate this deviation, necessary
multiplicative adjustments are introduced to bring the I/F ratio of
the undisturbed region to 1.0 [10]. The profiles shown in Fig. 3
include the adjustment.

Their reflectance profiles are plotted in Fig. 3(b)−(e). As
shown in Fig. 3(b) and (c), based on the reflectance profiles a-a’
and b-b’, the disturbance distances along the west–east direction
of the DDR were approximately 78.4 and 94.4 m (the sum of 46.4
and 32 m, and the sum of the 48 and 46.4 m, respectively). The
disturbance distances of the FDR were approximately 9.4 and
9.6 m, respectively. As shown in Fig. 3(d) and (e), based on the
reflectance profiles c-c’ and d-d’, the derived disturbed distances
along the north–south direction of the DDR were estimated as
approximately 80.0 and 77.6 m, respectively. For the FDR, the
disturbed distances were estimated as approximately 9.6 and
8.8 m, respectively. We also found that for reflectance profiles
themselves, there was a ∼16 m difference along the west–east
direction. The reason for this difference was that the performance
of the reflectance profiles was easily affected by noise (including
topographical factors and register errors) since the reflectance
profile could only use the local numerical information along a
profile path without the spatial distribution information for the
whole landing site.

2) Spatial Extents of FDR and DDR by Using Reflectance
(Ratio) Isoline Graphs: Based on the temporal-ratio image and

reflectance isoline graphs, the spatial extents of the DDR and
the FDR were determined. For determining the spatial extent,
a set of contour levels defined by using subsets of β = {0.94,
0.93 0.92 0.91,0.90} were used. Each element in β denotes an
I/F ratio calculated as dividing I/F after landing by I/F before
landing. As Section II-D illustrated that the elements in β can
be determined by using the profiles determined boundary values
(for example, the above profile determined I/F ratio value is
about 0.95, then we will set elements in around the 0.96 and
the finale presented here is the optimal group to illustrate the
boundary determination process) or it is possible to experiment
a series values and finalize a certain interval, where the finalized
interval must cover the I/F ratio of the boundary of DDR and
the FDR. The significant characteristic of the boundary I/F ratio
is that the frequency of contours changes a lot when compared
to other elements cases. From Fig. 4(a) to (d), the isoline graph
was derived based on the contour levels of β1 = {0.94, 0.93,
0.92, 0.91,0.90}, β2 = {0.93, 0.92, 0.91, 0.90}, β3 = {0.92,
0.91, 0.90}, and β4 = {0.91, 0.90}, respectively. By selecting
different sets of contour levels, the spatial distributions of the
contour levels were also changed. In principle, the reflectance
ratio of the undisturbed region was 1.0. However, in practice, the
illumination conditions and observed details of the before and
after landing images could not be identical. Meanwhile, con-
sidering the existence of map registration errors, the reflectance
ratio of the undisturbed region was less than 1.0. From Fig. 4(a)
to (b), the changed contour level was 0.94, and many of the
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Fig. 5. Isoline graphs of the temporal image using different contour levels. Derived with contour levels. (a) {0.85, 0.83 0.82 0.80, 0.78}. (b) β2 = {0.83 0.82
0.80, 0.78}. (c) β3 = {0.82 0.80, 0.78}. (d) β4 = {0.80, 0.78}. (e)−(h) are the isoline graphs (a)−(d) mapped on the NAC image M1372969744, respectively.

discretely distributed isolines had disappeared, which indicated
that the isolines with a contour level of 0.94 belonged to the
UDR. According to Fig. 4(b) and (c), by eliminating the contour
level of 0.93, more discrete distributed isolines also disappeared.
From Fig. 4(a) to (c), the isolines around the landing site showed
an obvious high-density aggregation distribution, which was in
sharp contrast to the discrete isolines that were located farther
away from the lander. From Fig. 4(c) to (d), the contour level of
0.92 was eliminated, and the high-density cluster region began to
shrink. The changes in the spatial distributions of these isolines
and their corresponding regions in the NAC images are shown in
Fig. 4(e)–(h). The DDR boundary was finally determined with
the contour level of β = 0.92. When the DDR is approximated
as an ellipse, its spatial extent was estimated as the magnitudes
of the long and short axes of the ellipse. As a result, along the
north–south and east–west directions, the spatial extents of DDR
are ∼75 and ∼80 m, respectively. The determined boundary is
shown in Fig. 6(b) as the red dashed line.,

Following the same method described above, the spatial extent
of the FDR was also determined by a set of contour levels
defined as β = {0.85, 0.83 0.82 0.80, 0.78}. The method of
determining elements in β is the same as it utilized in the
above DDR boundary determination. The process of the DDR
boundary determination is shown in Fig. 5. From Fig. 5(a)
to (d), the isolines were drawn with contour levels of β1 =
{0.85, 0.83 0.82 0.80, 0.78}, β2 = {0.83 0.82 0.80, 0.78},
β3 = {0.82 0.80, 0.78}, and β4 = {0.80, 0.78}, respectively.
Based on the spatial distribution changes of these isoline graphs,
the FDR boundary, marked as a green ellipse in Fig. 3, finally

corresponded to the contour level of β = 0.82. The spatial extent
of the FDR was estimated as∼9.6 m in the north–south direction
and ∼10.8 m in the east–west. When the FDR is approximated
as an ellipse, its spatial extent was estimated as ∼9.6 m and
∼10.8 m, respectively, along the north–south and east–west
directions. The determined boundary is shown in Fig. 6(b) as
the green dashed line.,

3) Final Determination of Spatial Extents of FDR and DDR:
Comparing the results derived from the reflectance isoline
graphs with the results of the reflectance profiles, the spatial
extent estimation for the FDR was consistent with a difference
of ≤1 m. While for the DDR, the estimation of the spatial
extent had a larger difference of ∼10 m. We also found that for
reflectance profiles themselves, there was a ∼16 m difference
along the west–east direction. The reason for this difference is
that the performance of the reflectance profiles was affected by
noise (including topographical factors and register errors).

In fact, the difference in I/F ratio value between DDR and
UDR is generally <0.002 (can be found in Section III-B), there-
fore, boundary determination by using a single direction-based
reflectance profile can easily overlook such small differences. As
a result, it is possible that the DDR determined by the reflectance
profile is less than the true spatial extent of DDR.

While for reflectance isoline graphs, they are composed of
a set of isolines, and each of these contours corresponds to
a specific ratio value of the temporal-ratio image. Reflectance
isoline graphs are finely combining the change of reflectance and
the spatial information. The integration of the spatial distribution
information of groups of I/F ratio isolines can undoubtedly
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Fig. 6. (a) Reflectance isoline graph overlaid on the temporal-ratio image. (b) Final determination of the spatial extent of the DDR (red polyline) and FDR
(green polyline) determined by the reflectance isoline graph. Some representative patches of the UDR, the DDR, and the FDR were selected for average I/F values
calculated in Section III-B. These patches are respectively labeled as orange, pink, and yellow rectangles in Fig. 3(b).

enhance the robustness to noise. Therefore, we considered that
the spatial extent of DDR determined by reflectance isoline
graphs is more robust.

The final determination of the spatial extent of the engine
exhaust disturbed region is shown in Fig. 6. The FDR was∼9.6 m
in the north–south direction and ∼10.8 m in the east–west direc-
tion. The DDR was of ∼75 and ∼85 m along the north–south
and east–west directions, respectively. The boundary of DDR
and FDR are respectively outlined by red polyline and green
polyline.

B. Reflectance Variation of the Engine Exhaust-Disturbed
Region

In the phase-ratio image, the disturbed region was presented
as a darker spot, showing that the disturbed regolith reflectance
viewed at a large phase angle had increased, which was contrary
to the theoretical law of phase function described and thus
assumed to be a photometric anomaly.

Based on the determined spatial extent of the UDR, the DDR,
and the FDR, the I/F values of these regions were obtained and
compared. In the NAC image pair for the phase-ratio image,
some representative regions of the UDR, the DDR, and the FDR
were selected, and the I/F values of these regions were averaged
for comparison. These regions were labeled as green, orange,
and magenta rectangles in Fig. 3(a), and the corresponding
averaged I/F values for each image are shown in Table III.

With an incidence angle of approximately 46.0°, the image
with the large phase angle of 47.4° (M1372969744R) had a
lower I/F value than that of M1314237625L with a phase angle
of 16°, on the whole, and a magnitude of ∼2.5%. As presented
in Table III, image M1372969744R had a ∼3% higher I/F value

TABLE III
THE AVERAGED I/F VALUES OF THE UDR, THE FDR, AND THE DDR FOR THE

SELECTED NAC IMAGES

for the FDR than for the DDR, and the I/F value of the DDR
was also∼2% higher than the UDR. For image M1314237625L,
similar results were achieved.

For temporal images, the I/F ratio of the background (i.e.,
the UDR) should be 1.0, theoretically, if no photometric change
existed. However, practical factors, such as the difference in
the geometric properties and the matching errors of the images
before and after landing, could have had an impact on the ratio
images. In this article, the I/F ratio of the background determined
by using reflectance files was 0.99; however, when using the
isoline graph, the I/F ratio of the background was estimated as
0.96. As the performance of the reflectance profiles was easily af-
fected by terrain factors, we used the result of the isoline graph to
perform the final estimation. Based on the isoline graph, the I/F
ratio of 0.93 was used to distinguish the UDR and the DDR, and
the I/F ratio of 0.8 was used to distinguish the DDR and the FDR.

IV. DISCUSSION

A. Analysis of the Performance of the Reflectance Isoline
Graphs

The spatial extent of the decent engine exhaust disturbed
region by Chang’E-3 spacecraft was carefully studied [8]. In
their study, reflectance profiles taken across the landing site
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Fig. 7. (a) Temporal-ratio image made by dividing the NAC image M1144936321L after landing by image M183661683L before landing. (b) Reflectance isolines
graph derived from temporal-ratio image(a), with contours = 1.04,1.03, 1.06, 1.07. (c) The spatial extents of DDR(DBZ) and FDR(FBZ) determined by Clegg et
al.(2016) by using reflectance profiles. The yellow and white dashed line respectively outline the DDR and FDR. (d) Spatial extents of DDR and FDR determined
by proposed reflectance isoline graphs. The green and red dashed line respectively outline the FDR and DDR.

based on the temporal ratio image delimit the spatial extent of
the disturbed region. The used profiles are shown in Fig. 7(c) as
a-a’, b-b’, and c-c’. The final determined result is also shown in
Fig. 7(c), where the yellow and white dashed lines respectively
outline the FDR and DDR in their paper, they are respectively
called focused blast zone (FBZ) and diffused blast zone (DBZ)[.
The FBZ is ∼75 m elongated in the N–S direction, and ∼43 m
E–W at the maximum width of an irregular shape. The DBZ
extended ∼40–50 m from the edge of the FBZ in the N–S
direction and ∼10–15 m in the E–W direction.

To evaluate the performance of the reflectance isoline graphs,
we utilized the isoline graphs to determine the spatial boundaries
of FDR and DDR of Chang’E-3 engine exhaust disturbed, and
then compared the result with Clegg’s results. To determine the
FDR spatial extent, a set of contour levels β = {1.0, 1.01, 1.02
1.03,1.04} were used. To determine the DDR spatial extent,
β={1.04, 1.05, 1.06 1.07,1.08} were used. The final determined
spatial extents of FDR and DDR are respectively outlined by red
and green lines as shown in Fig. 7(d). The FDR was ∼75.5 m in
the north–south direction and ∼42 m in the east–west direction
for the widest part. From the edge of FDR, the DDR extended by
∼50 and∼15 m along the north–south and east–west directions,
respectively.

Comparing these results, it can find that the spatial extent
estimation for the DDR was consistent with a difference of≤1 m.
For the DDR, the estimation of the spatial extent had a difference
of ∼ 0–5 m. Comparing Fig. 7(c) and (d), it can find that around
the determined DDRs with the largest difference (∼5 m) of these
two methods, there clustered a lot of small craters. In this way, it
can be assumed that it is mainly topographic factors that cause
the difference between the two determination boundaries.

According to the Fig. 7(d), we can see that the part of the
two results with a larger DDR difference (∼5 m) has more small
impact craters around it, so it can be assumed that it is mainly
topographic factors that cause the difference between the two
determination boundaries. In fact, since there is no real reference
value, we cannot precisely state which result is more accurate.
However, our results are generally in agreement with those of

Clegg’s, therefore, it is reasonable to consider the reflectance
isoline graphs as a reliable tool to determine the spatial extent
of the engine exhaust disturbed region for both FDR and DDR.

B. Analysis of the Size and Shape of the Disturbed Region

The final estimated spatial extent of the DDR for Chang’E-4
landing site was ∼75 m along the north–south direction and
∼80 m along the east–west direction. While the spatial extent
of the FDR was estimated at ∼9.6 m along the north–south
direction and ∼10.8 m along the east–west direction. According
to Clegg’s work [10], DDR for Chang’E-3 landing site was
estimated at ∼75 m along the north–south direction and ∼43 m
along the east–west direction. The spatial extent of the FDR
was estimated at ∼40–50 m along the north–south direction
and ∼10–15 m along the east–west direction. Comparing these
results, we found that the spatial extent of the FDR of the
Chang’E-4 landing site was smaller than that of the Chang’E-3
while the spatial extent of the DDR of the Chang’E-4 landing
site was larger. Considering that the mass and thrust of the
Chang’E-3 and Chang’E-4 landers were almost the same [26],
[27], in terms of FDR, we considered the possible reason for
this difference could lie in the image resolution. According to
Clegg‘s work [10], due to the resolution of the image they used
(the image was 1.5 m/pixel), a smaller disturbed region could
be finely determined. In this study, all the NAC images had a
resolution of ∼0.8 m/pixel. As for the difference in the spatial
extent of the DDR, we considered the possible reasons could lie
in the differences in the topography and geology between these
two landing sites.

The Chang’E-3 landing site was located in the Imbrium basin
on the basalts, which was estimated as Eratosthenian in age.
They represented some of the youngest lunar units at approx-
imately 2.35–2.5 billion years (Gy) old [28]. The Chang’E-4
landing site was located in the Von Kármán crater, whose
geologic age was estimated at approximately 3.6Ga [29]. As
compared to Chang’E-3, the Chang’E-4 landing site had experi-
enced a long history of space weathering caused by solar winds,
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Fig. 8. Topographic factors of the Chang’E-4 and Chang’E-3 landing sites. (a) Craters and low-lying regions around the Chang’E-4 landing site. The red circles
denote craters, the blue circles denote low-lying regions, and the green line denotes the flight trajectory of the Chang’E-4 spacecraft. (b) DEM of the Chang’E-4
landing site and determined boundaries of DDR and FDR are overplayed on. (c) Slope map of the Chang’E-4landing site and determined boundaries of DDR and
FDR are overplayed on. (d) Craters around the Chang’E-3 landing site. (e) DEM of the Chang’E-3 landing site and determined boundaries of DDR and FDR are
overplayed on. (f) Slope map of the Chang’E-3 landing site and determined boundaries of DDR and FDR are overplayed on.

galactic cosmic rays, micrometeorites, and larger meteors [30],
[31], and, thus, a fine-grained, porous regolith layer could exist.
This was partially verified by the panoramic camera images
obtained by the Chang’E-3 and Chang’E-4 rovers. Additionally,
observations from the lunar penetrating radar showed that the
thickness of the regolith at the Chang’E-4 landing site was
constrained at ∼12 m, which was approximately 1.3–3 times
thicker than the Chang’E-3 landing site [32]. As a result, a larger
amount of the regolith could be affected by the engine exhaust,
thus the area of FDR surrounding the Chang’E-4 landing site
was expected to be larger than that of the Chang’E-3, which was
agreed with our findings in this study.

The digital elevation model (DEM) of the Chang’E-4 landing
site with a spatial resolution of 2 m/pixel was created by using
shape-from-shading [21], and the slope map was calculated
according to the DEM. The DEM and slope map are shown in
Fig. 8(b) and (c), respectively. According to Liu’s work [19],
the Chang’E-4 spacecraft landed on a gentle slope that was
approximately 3°. Around the landing site, there were five craters
with diameters of 10.21–25.00 m and depths of 1.21–3.03 m. As
shown in Fig. 8(a), these five craters were numbered according
to their distance from the landing site and labeled as red dotted
lines. The first crater had a diameter of 25 m and a depth of 3.03

m, and it was only 8.35 m to the north of the landing site, while
the second crater was approximately 16.07 m away from the
lander, with a diameter of 18.75 m and a depth of 1.90 m. The
third crater was approximately 25.05 m away from the lander
with a diameter of 25.00 m and a depth of 2.78 m. In addition,
there were also two shallow low-lying areas with diameters
of ∼35 and ∼23 m in the west and southeast of the landing
site, respectively. These shallow low-lying areas were labeled
as blue dotted lines. As Fig. 8(b) and (c) show, at approximately
∼50 m around the lander, the surface slope changed to < 7°,
and the elevation changed to < 3 m. According to Clegg’s work
[10], such minor changes in local topology would not influence
the normalized surface reflectance values, based on a Hapke
model evaluation. However, the craters may have acted as a
mechanism to influence the size and shape of the spatial extent
of the disturbed region.

Based on our study, the craters and shallow low-lying areas
acted as a container enlarging the spatial extent of the disturbed
region, which was consistent with previous studies [4], [10].
These suggested that craters or low-lying areas had played a
role in containing rocket exhaust and thus had led the entire
crater or low-lying areas to be more significantly disturbed than
the flat regions. In this way, one of the possible reasons why the
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TABLE IV
NORMALIZED REFLECTANCE OF UDR, FDR, AND DDR FOR THE SELECTED

NAC IMAGES

shape of Chang’E-4’s DDR space range is close to a circle is
that the craters and shallow low-lying areas around the lander
are at about the same distance from it. In particular, according
to the topography of the Chang’E-4 landing region, there is a
low-lying area with a diameter of about 25 m in the southeast of
the lander. Based on the above conclusion, this indicates that the
low-lying area has an effect on enlarging the disturbed region.
Therefore, it is reasonable that the disturbance range along the
east-west direction of the Chang’E-4 landing site is larger than
it is of the Chang’E-3 landing site.

The spatial extent along the north–south direction of the
Chang’E-3 landing site was much larger than along the west–east
direction. This may have been caused by the spacecraft hovering
at an altitude of 100 m above the lunar surface. At an altitude
of 100 m, the Chang’E-3 lander was first moved southward at
a distance of 6 m, and in this process, the fine particles of the
regolith may have been redistributed [6], [18]. However, the
flight trajectory of Chang’E-4 spacecraft disputed this argument.
For the Chang’E-4 landing mission, the spacecraft had hovered
for ∼13 s at an altitude of 99 m and then moved 12 m to the
southwest for the final landing [19]. However, according to the
results derived from either the phase-ratio image or the temporal
image, there was no evidence of a disturbed elongated region in
this direction.

According to You’s work [33], a plume-dust interaction and a
wind erosion model for the Chang’E-4 landing were simulated
with a computational fluid dynamics software. It denoted that
when the elevation of the lander was approximately 13.5 m, the
change in the image DN level could be observed from the landing
camera (LCAM) images, and the eroded radius (defined from
the center of the lander) of this elevation was approximately 9 m.
When the lander descended, the radius decreased, but the erosion
pressure was also more intense. Since the Chang’E-4 was the
backup of Chang’E-3, they had similar dry mass; therefore, we
inferred the radius of the FDR was also approximately 9 m, as
the Chang’E-3 FDR had been, which coincided with the results
derived by the isoline graph.

C. Analysis of the Reflectance Values of the Disturbed Region

For a quantitative comparison of the variations in the re-
flectance values between the UDR, the DDR, and the FDR of
the Chang’E-3 and Chang’E-4 landing sites, an empirical global
photometric solution was used to photometrically normalize the
selected NAC images at the pixel scale with an illumination
condition of i = 30°, e = 0°, and α = 30° [10], [34]. The
representative regions of the UDR, the DDR, and the FDR were
the same as described in Section III-A, as shown in Fig. 6(a).
The corresponding normalized reflectance values for each image
are shown in Table IV. The normalized reflectance of the UDR

was the lowest, and for DDR, it was the highest, indicating the
surface of the disturbed area was smoother than that of the UDR.
For each image, the normalized reflectance value of the DDR
was ∼3% higher than that of the FDR, and the I/F value of the
FDR was also ∼2% higher than that of the UDR. Comparing the
normalized reflectance of the DDR and the UDR, it increased to
∼9.4% for NAC image M1372969744R and increased to∼7.5%
for NAC image M1314237625L; both results were consistent
with previous studies [6], [7].

The increased brightness of the lunar surface, which was
essentially the decrease of the phase-function slope, was due
to the weakening of the shadow effect [10], [35]. The lander
engine exhaust had impacted the lunar surface, resulting in
rapid surface dust transportation and surface erosion [35], and
could explain the photometric anomalies presented at the landing
site. As shown in the LCAM images in Fig. 9, from (a) to
(b), the reflectance of the image gradually increased, and in
(c) and (d), the dust motion could clearly be observed. This
dust-blowing process may have destroyed the porous “fairy
castle” structure of the superficial regolith and thus weakened
the shadowing effect of the regolith. At the same time, the
engine exhaust gases had exerted significant pressure on the
regolith, so in addition to blowing the topmost regolith away,
they may also have compacted the remaining soil more tightly on
micron/millimeter scales. According to some experimental and
computer models studying the entrainment of lunar particles in
high-velocity gases, the smaller particles with a size of nm∼ μm
had been rapidly entrained and accelerated to high velocities by
the rocket engine exhaust and then had been redistributed farther
away from the lander [36], [37], [38]. By further considering the
turbulence and particle–particle collisions, some of the particles
would be slowed and redistributed within 10–100 m [38]. This
could partly explain why the reflectance of the disturbed region
was less bright.

In addition, as shown in LROC NAC image M1370616052
and image M1311893667 in Fig. 2, the reflectance of the FDR
increased while the reflectance of the rover track decreased.
In the phase-ratio image, the FDR was translated as a dark
spot while the rover track was highlighted as a bright curve.
As a result, we considered the disturbance mechanism of the
engine exhaust and the rover to the lunar regolith to be the
opposite. If the engine exhaust decreased the backscattering of
the landing site, then the rover led to more forward scattering
in the track. In the Chang’E-4 mission, some in situ data were
collected, as shown in Fig. 10(a). The N001, N003, and N004
were three observation sites. The N001 was located in the FDR.
The N003 and the N004 were remarkably close to each other,
and both were located in the DDR. In the temporal image and
its isoline graph, as shown in Fig. 10(b) and (c), the engine
exhaust disturbed trace of the N001 was evident while the
disturbed traces of the regions surrounding the N003 and the
N004 were not as obvious. In addition to the topographic factors
mentioned in Section IV-B, there was another factor that could
have influenced the interaction between the engine exhaust and
the rover’s wheel. Since the effects of these two operations on
the regolith photometry were opposite, the reflectance anomaly
presented on the temporal image was smoothed.
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Fig. 9. Landing camera images of the Chang’E-4 landing site in which the disturbance of the engine exhaust to the regolith can be clearly observed. Images were
captured at an altitude of approximately (a) 11 m, (b) 9 m, (c) 8 m, and (d) 6 m. From (a) to (b), the reflectance of the images gradually increases. In images (c)
and (d), the dust blowing can be clearly observed.

Fig. 10. The in situ observation sites N001, N003, and N004 are labeled in images. (a) NAC image M1372969744 with N001, N003, and N004. (b) Temporal
image with N001, N003, and N004. (c) Spatial extent of DDR and FDR with the N001, N003, and N004.

V. CONCLUSION

In this study, the photometric anomalies induced by the
spacecraft’s engine exhaust at the Chang’E-4 landing site were
detected and analyzed. By using phase-ratio and temporal-
ratio images, the disturbed areas were determined. By further
combining the reflectance isoline graphs and the reflectance
profiles, the spatial extents and the reflectance changes of the
disturbed regions were quantitatively determined. In particu-
lar, the reflectance isoline graph was an effective and robust
tool to quantitatively determine the spatial range of the engine
exhaust-disturbed region for the first time in current research.
The reflectance isoline graphs are composed of a set of isolines,
and each of these contours corresponds to a specific ratio value
of the temporal-ratio image. Reflectance isoline graphs are finely
combining the change of reflectance and the spatial information.
The integration of the spatial distribution information of groups
of I/F ratio isolines can undoubtedly enhance the robustness
to noise. Therefore, we considered that the spatial extent of
DDR determined by reflectance isoline graphs is more robust.
In addition, based on various contour levels, the DDR and the
FDR were accurately distinguished.

The final estimation of the spatial extent of the DDR for
the Chang’E-4 landing site was ∼75 and ∼80 m along the

north–south and east–west directions, respectively. The spatial
extent of the FDR was estimated at ∼9.6 and ∼10.8 m along the
north–south and the east–west directions. The estimated spatial
extent of the FDR was consistent with the results derived from
a plume-dust interaction and wind erosion model. As a result,
the isoline graph was proven to be an effective tool in dividing
and determining the spatial extent of various disturbed regions.

As compared with the engine exhaust-disturbed region of the
Chang’E-3 landing site, the Chang’E-4 landing rocket engine
exhaust-disturbed region was larger. We reached this conclusion
as the craters and shallow low-lying areas around the landing
point had acted as containers and enlarged the spatial extent of
the disturbed region. Meanwhile, the long duration of the space
weathering effect may have also played an important role by
forming a fine, porous regolith layer that could be easily blown
away.

Hovering at an altitude of∼100 m above the lunar surface, the
Chang’E-3 spacecraft had an impact on the spatial extent of the
disturbed region, particularly in the north–south direction. How-
ever, based on the flight trajectory of the Chang’E-4 spacecraft
and our estimated spatial extent of the DDR, such a conclusion
could not be supported.

In the phase-ratio image, the engine exhaust-disturbed region
was shown as a dark spot while the rover track was highlighted
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as a bright curve. Therefore, we determined that the disturbances
caused by the engine exhaust and the rover’s wheel to the lunar
regolith were opposite in nature. The in situ observation sites
of Chang’E-4 N001, N003, and N004, were included in the
estimated engine exhaust-disturbed region. It was necessary to
consider the disturbance effect when analyzing local spectral
features.

As compared to the photometry analysis of the Chang’E-3
landing site, the reflectance changes around the Chang’E-4
landing site were similar. The possible reasons for the increased
reflectance in the disturbed area of the images after landing were
as follows:

1) the engine exhaust blew away the top layer of particles
and smoothed the surface;

2) the engine exhaust destroyed the fairy-castle structure;
3) a combination of these two processes.
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