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Chapter

Spaceborne LiDAR Surveying and
Mapping
Fang Yong, Zhang Li, Gong Hui, Cao Bincai, Gao Li

and Hu Haiyan

Abstract

Laser point cloud data have the characteristics of high elevation accuracy, fast
processing efficiency, strong three-dimensional (3D) vision, and wide application
fields. It will be one of the core datasets of the new generation national global topo-
graphic database. The rapid advancement of spaceborne laser earth observation tech-
nology allows the collection of global 3D point cloud data, which has brought a new
breakthrough in the field of satellite-based earth observation, and its significant
advantages of all-day time, high accuracy and high efficiency will lead the future
development of space precise mapping technology. This chapter firstly introduces the
principle and development status of satellite-based LiDAR technology, then presents
the basic technical framework of satellite-based LiDAR 3D mapping, and analyzes the
data processing methods of spaceborne photon point clouds, and finally, focuses on
the application research in various fields including precise geolocation of combined
with satellite images, fusion of multi-source topographic information, polar mapping,
3D objects reconstruction, and shallow sea topographic mapping, etc.

Keywords: global laser point cloud, global control point library, global 3D elevation
data, 3D digital geospatial framework, global topographic database, 3D precise
geometric positioning, multi-source topographic information fusion, polar mapping,
3D object reconstruction, shallow sea topographic mapping

1. Introduction

In recent years, LiDAR (Light Detection and Ranging) has been developing rapidly
as a new generation of precise earth observation technology. The satellite-based
LiDAR system uses satellite as the platform and photon-counting LiDAR as the main
payload to detect global surface 3D information around the clock, precisely determine
laser point positions in near real time, and simultaneously collect 3D point clouds
(active SLAM) in the mission region, as shown in Figure 1, providing a new and
efficient means to rapidly implement global 3D information mapping (including:

1



high-precision laser control points, 3D digital surface model (DSM), and digital
elevation model (DEM)).

Compared with the existing or developing optical or microwave remote sensing
mapping satellites, it has the advantages of high accuracy of observation data and fast
information acquisition efficiency. First, the elevation accuracy is improved by 5–10
times; second, the data processing is highly automated; and third, the overall acquisi-
tion cost is significantly reduced. The development of satellite-based LiDAR mea-
surement means can effectively improve the overall geometric accuracy of earth
observation, provide basic 3D topographic data support for the comprehensive appli-
cation of various types of remote sensing satellite images; fill in the gaps of geospatial
information in the polar regions; and provide high-precision 3D frame information
support for precise location services [1–8].

The rapid development of satellite-based LiDAR measurement technology has
brought a new breakthrough in the field of satellite-based earth observation, and the
significant advantages of all-day, high-precision and high-efficiency will definitely
lead the future development direction of aerospace remote sensing and mapping
technology [5].

Figure 1.
Schematic diagram of satellite-based LiDAR measurement. (TOP: LIST satellite for example; Bottom: DSM).
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2. Principle and development status of satellite-based LiDAR technology

2.1 Basic principle

The satellite-based LiDAR measurement is performed by transmitting laser pulses
at a certain frequency from the satellite-based laser to the ground, and the laser beam
crosses the atmosphere and is scattered by the terrain surface, producing a weak
backscattered echo, which is received by the telescope on the satellite-based LiDAR,
and the distance value between the laser and the detection target is calculated through
photoelectric signal conversion and time measurement, and then combined with the
information of satellite attitude, platform position, and laser pointing to finally obtain
precise three-dimensional spatial coordinates of the laser footprint point, as shown in
Figure 2. The satellite-based LiDAR measurement belongs to the direct active acqui-
sition of surface elevation information, which is different from the traditional indirect
reconstruction measurement mode of remote sensing imaging mapping, reducing the
time of post-processing process and improving the efficiency of surface 3D informa-
tion acquisition.

2.2 Status of development

Satellite-based laser measurement equipment was first used in deep space explo-
ration, such as Apollo-15, 16, 17 (1970, Moon), Clementine (1994, Moon), MGS (1996,
Mars), LRO (2009, Moon), OSIRIS (2016, asteroids), Japan SELENE (2007, Moon),
Chinese CE-1, 2, 3, 4 (since 2007, Moon) [9], mainly used for surface topography
measurements and landing site selection. Due to the large differences between deep
space exploration and earth observation in terms of detection environment and accu-
racy requirements [10, 11], this paper only focuses on earth observation LiDAR
systems. As shown in Table 1, the existing and planned LiDAR systems for earth
observation at worldwide [5, 12–16] mainly include SLA, ICESat, ICESat-2, ZY3–02,
GF-7, terrestrial ecosystem carbon monitoring satellite, GEDI, and LIST.

NASA launched the first laser measurement satellite, the Ice, Cloud, and Land
Elevation Satellite (ICESat-1), in January 2003, with the Geoscience Laser Altimeter
System (GLAS) as the primary payload, with the main mission of measuring land

Figure 2.
Principal diagram of satellite-based LiDAR measurement.
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Satellite/Payload Time Country Detection

mode

Beams Pulse

width

(ns)

Sampling

distance (m)

Size of

footprint

(m)

Elevation

accuracy (m)

Applications

SLA-01/02 1996/97 US Pulse 1 10 750 100 1.5 Global Elevation Control Points

ICESat/GLAS 2003 US Pulse 1 6 170 70 0.15 Sea ice, atmosphere, land, vegetation, etc.

ZY3–02 2016 China Pulse 1 7 3500 50 1.0 Experimental altimetry

ICESat-2/

ATLAS

2018 US Photon

counting

6 1.5 0.7 <17.5 0.1 Polar regions, ice sheets, atmosphere, land,

vegetation, oceans, etc.

GEDI 2018 US Pulse 8 14 60 25 1.0 Forest Biomass Monitoring

GF-7 2019 China Pulse 2 4–8 2900 30 1.0 Generalized Elevation Control Point

Terrestrial Ecosystem

Carbon Monitoring Satellite

2022 China Pulse 5 7 200 25–30 1.0 Forestry carbon inventory monitoring,

generalized elevation control points

LIST To be

launched

US Photon

counting

1000 1 0.7 5 0.1 Global Digital Elevation Model

Table 1.
Main technical specifications and applications of earth observation laser altimetry instruments at worldwide.
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topography, cloud height and vertical structure, and polar ice caps [17]. During its
6.5 years of operation, the ICESat-1 laser altimeter has acquired a large amount of
high-precision surface data of the earth, as shown in Figure 3, providing a valuable
data source for scientific research and practical applications in many fields [18, 19]. Of
particular note in the field of global mapping is the ability of surface elevation mea-
surements to construct accurate medium-resolution digital elevation models of the
Earth or to combine with optical stereo mapping/InSAR mapping satellite results to
significantly improve the elevation accuracy of 3D terrain models [20]. Several studies
have shown that the surface laser points acquired by ICESat-1 can be used as auxiliary
control data [21, 22], and its elevation measurement accuracy reaches 0.1 m magni-
tude, which significantly improves the accuracy of aerotriangulation and mapping
under uncontrolled conditions, especially in the elevation accuracy [23]. China has
added similar laser altimeter payloads to the newly developed Gaofen 7 and Gaofen 14
high-precision stereo mapping satellites [24, 25], which provide support to ensure the
accuracy of 1:10,000 scale elevation surveying under satellite conditions.

Given the outstanding performance of the ICESat-1 satellite, the follow-on ICESat-2
laser measurement satellite mission became one of the highest priority satellite obser-
vation missions recommended by the National Research Council for the period 2010–
2020 [26]. ICESat-2 was successfully launched in September 2018 with a primary
payload of the Advanced Topographic Laser Altimeter System (ATLAS), which adopts
a photon-counting, high-frequency, micro-pulse, multi-beam laser measurement
scheme with a 17 m footprint on the ground and a sampling interval of 0.7 m in the
along-track direction. As shown in Figure 4, the accuracy and reliability of the earth
observation results have been greatly improved compared with the 70 m footprint and
167 m along-track sampling interval of ICESAT-1 [27, 28]. In the 2 years of ICESAT-2
operation, the global surface data collection density is 70 cm apart in the along-track
direction, and the maximum spacing is less than 2 km in the vertical track direction on
the equator, which provides the possibility to construct a topographic elevation model
with higher plane accuracy and resolution from regional to global scales.

The planned launches of laser earth observation satellites are the Terrestrial Eco-
system Carbon Monitoring Satellite (TECMS) and the U.S. LIST (LiDAR Surface
Topography) program. The carbon monitoring satellite is the first satellite mainly
serving forestry in China, carrying LiDAR and high-resolution multi-angle multispec-
tral cameras to achieve forest height and biomass inversion through synoptic mea-
surements; LIST is proposed to use photon counting detection system to obtain global
topographic information of 5 m grid size and 10 cm elevation accuracy with 1000
beams, as well as surface elevation changes of forests, lakes, and ice caps [29].

Figure 3.
ICESat and its global laser point cloud data (395 million points, 1.36 GB).
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The satellite-borne high-resolution Earth observation LiDAR is still a very cutting-
edge engineering research direction internationally, and foreign research institutions,
including the United States, have taken it as an important research content and
development direction for future Earth observation. NASA’s 20-year development
plan for laser imaging radar satellites is shown in the Figure 5.

3. Basic technical framework of spaceborne LiDAR 3D mapping

The preferred approach to the acquisition of global laser point cloud data is to use
spaceborne instruments. Since the beginning of the twentieth century, two genera-
tions of satellite-based LiDAR measurement technology have been developed [30, 31]:
the first generation is represented by ICESAT-1, which uses a laser linear detection
regime characterized by high-energy pulses, full waveform detection, and high accu-
racy of elevation measurement to the decimeter level [32]. Limited by the volume of
power consumption, it is generally a single beam or several beams with a large laser
footprint, which to some extent affects the planimetric positioning accuracy to about
10 m [33]; at the same time, the sampling frequency is low, generally 2–3 Hz, and the
density of acquisition points is low, which requires long-period continuous

Figure 4.
ICESat-2 satellite, ground beam geometry, comparison of GLAS and ATLAS laser footprint distribution (1500
times higher sampling density).
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observation to achieve dense global coverage. The second generation, represented by
ICESAT-2, adopts a photon-counting laser detection system [34, 35], characterized by
micro-pulse and multi-beam detection, which improves the detection effectiveness by
three orders of magnitude while maintaining high accuracy of elevation measure-
ment, and significantly increases the sampling frequency and data sampling density,
providing an effective technical way to achieve global high-precision and high-density
3D point cloud data acquisition [28]. With the support of the National Major Science
and Technology Project “High Resolution Earth Observation System,” China has
broken through the key technology of second-generation satellite-based LiDAR mea-
surement after more than 10 years, which has laid a solid foundation for the develop-
ment of independent laser mapping satellites.

Figure 6 shows the basic technology framework for rapid construction of 3D
digital geospatial information based on global laser point cloud. The framework

Figure 5.
NASA’s 20-year development plan for laser imaging radar satellites.

Figure 6.
The setup diagram of 3D digital geospatial information framework to rapid reconstruct based on global laser point
cloud.
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system mainly includes three parts: global photonic laser point cloud data acquisition,
data processing and data application, and the ultimate goal is to form a global point
cloud database to support the construction and update of global mapping database.

3.1 Global laser point cloud acquisition

The satellite-based LiDAR measurement is performed by transmitting laser pulses
at a certain frequency from the satellite-based laser to the ground, and the laser beam
crosses the atmosphere and is scattered by the ground surface, producing a weak
backscattered echo, which is received by the telescope on the satellite-based LiDAR,
and the distance value between the laser and the detected ground surface is calculated
through photoelectric signal conversion and time measurement, and then combined
with the satellite attitude, platform position, laser pointing, and other information to
finally obtain precise 3D spatial coordinates of the laser footprint point. It mainly
involves the key technologies such as long-life on-board laser, multi-beam laser trans-
mission and reception, photon level signal detection, precision orbit position deter-
mination, laser pointing accuracy determination, and joint active-passive 3D
measurement. The major key technologies involved are long-life on-board laser,
multi-beam laser transmission and reception, photon level signal detection, precision
orbital position determination, precise determination of laser pointing, and joint
active-passive 3D measurement, etc. The technology is characterized by the require-
ment of laser pointing accuracy to subangular second level and distance measurement
accuracy to centimeter level at working altitude of hundreds of kilometers and the
realization of 3D coordinate measurement accuracy of laser footprint points on the
plane to meter level and elevation to decimeter level. Meanwhile, in order to improve
the efficiency and accuracy of global mapping, it adopts a new system of photon
counting LiDAR, which reduces the laser footprint size from tens and dozens of
meters to the meter level and increases the sampling frequency from a few Hz to
10,000 Hz, improving the detection effectiveness by thousands of times compared
with the traditional linear detective system, providing support for the rapid acquisi-
tion of high-density and high-quality point clouds. Unlike the traditional optical or
microwave remote sensing mapping through the indirect measurement mode by the
imaging to achieve three-dimensional reconstruction, the satellite-based LiDAR mea-
surement belongs to the direct active acquisition of surface elevation information,
which reduce the post-processing steps and improves the overall efficiency of surface
three-dimensional information acquisition.

3.2 Point cloud data processing

According to the photonic point cloud data processing process, the product defi-
nition design can be divided into five levels, mainly including original telemetry data
(level 0), format decoding data (level 1), point cloud geolocation data (level 2),
standard data products (level 3), and thematic data products (level 4), of which levels
0–2 are pre-processing products and levels 3–4 are professional processing products,
involving the main technical processes including laser foot point 3D coordinate solu-
tion, LiDAR ranging and pointing parameters ground calibration, point cloud data
pre-processing, mapping professional processing and networking services. Level 1
processing is to decode the raw package data, format conversion, and data cataloging
to obtain the standard format data. The raw standard format data include photon
time-of-flight data obtained after instrument delay and other corrections, laser
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emission position, and pointing data obtained using precision positional data and cali-
bration data. Level 2 processing is to obtain the laser footprint longitude, latitude, and
elevation values, and denoising and pre-classifying the point cloud [36], including (2A)
un-noised point cloud and (2B) denoised point cloud. Level 3 processing is to obtain
control point data, target area DSM, and polar DSM products after adjustment and
gridding, including (3A) control point data, (3B) DSM, (3C) DEM, and (3D) object 3D
model. Level 4 processing is for specific application needs, fusion of optical, microwave
images and DSM, and other multi-source data to generate thematic products for specific
applications, as well as extraction of polar ice cover, atmosphere, vegetation, lakes, and
other information in point clouds, and other corresponding thematic products are
obtained through specialized professional processing of mapping.

3.3 Point cloud data applications

As a direct digital representation of the global 3D physical world, laser point clouds
have been applied in a wide range of directions [37–41], mainly including massive
global laser point cloud 3D visualization, multiple terrain information fusion, shallow
sea topography, polar elevation measurement, automatic 3D reconstruction of objects,
and digital mapping based on point clouds, etc., to realize diverse spatial information
product making and provide support for the construction of 3D digital earth frame-
work. Efficient storage management retrieval and visualization of massive point cloud
data are the most direct and effective applications. At present, there are successful
solutions to support the storage management and visualization application of 3D point
clouds with a global data volume of 100 petabytes, such as Bentley Pointools [42] and
Euclideon udStream [43], whose 3D engine has the characteristics of loading unlim-
ited spatial data in seconds to achieve rapid application. Secondly, point cloud control
surveying realizes multi-source observation data fusion application. Cloud control
photogrammetry has been realized in a number of system construction and engineer-
ing applications, point cloud support for multi-source terrain information, and three-
dimensional model fusion will be the next important research direction, to provide an
effective way to quickly establish a large range of consistent accuracy, more rich
information-type three-dimensional geospatial information framework. In addition,
point cloud mapping to achieve automatic acquisition of 3D information from laser
point clouds and transformation into geographic entity representation with structure
and function has become a major application direction. Dense point cloud and fully
automatic processing can be applied to urban 3D modeling, coastal zone topographic
survey, polar elevation mapping, road infrastructure maintenance monitoring, and
forest resources survey, etc. It generates multifaceted geospatial information products
including 3D models of buildings, digital ground models and digital surface models,
forestry thematic products, etc., which can provide support for global mapping data-
base construction and thematic element information update.

4. Data processing methods

4.1 Photon geolocation

The basic principle of satellite-based laser measurement and geometric positioning is
that the laser beam is transmitted by the satellite and received by the satellite after
reflection from the ground, and the time interval between the laser transmission and
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reception t is calculated. The propagation speed of light is c, and the one-way transmission
distance of the laser is ρ ¼ ct=2, and the three-dimensional coordinates of the laser
footprint can be obtained by combining the satellite position and attitude information
obtained from the GNSS positioning instrument and the star sensor on board the satellite
[44]. The rigorous geometric model is shown in Figure 7, where Plaser is the reference
point of laser emission, PGNSS is the GNSS phase center, OBody is the satellite center of

mass, and PGround is the laser ground footprint (Bounce Point Location).
Laser footprints were precisely geolocated and point clouds were generated using on-

orbit calibrated laser ranging parameters, laser pointing parameters, and precision atti-
tude/orbit data, taking into account geophysical corrections such as atmospheric delays
and tides. The rigorous geometric location equation for satellite-based LiDAR is as follows:
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where Xs Y s Zsð ÞTITRF is the coordinate of the satellite in the ITRF coordinate system,

determined by the precision orbiting system; ΔXref ΔYref ΔZrefð ÞT is the fixed offset
from the laser emission reference point to the phase center of the GNSS antenna; θ is
the laser exit axis pointing angle, i.e., the angle between the projection of the laser
emission direction and the XOY plane of this system and the Z-axis negative direction,

Figure 7.
Schematic diagram of a rigorous geometric positioning model of spaceborne laser point.
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α is the angle between the projection of the laser in the XOY plane of this coordinate
system and the X-axis positive direction; ρ is the laser range value, corrected by the
calibration system error and atmospheric delay correction.

Based on the satellite-based LiDAR measurement of the rigorous geometric model,
the positioning and elevation calculation of the laser footprint is achieved by the
following process:

1.Themeasured distance is corrected for systematic errors by in-orbit calibration, and
then the corrected distance ρ0 ¼ ρþ Δρa is considered after the atmospheric delay
correctionΔρa. The solution of the atmospheric delay depends on the accuracy of the
meteorological data. Themeasured ground data from the Chinese meteorological
station and themeteorological data from the GNSS station are interpolated to the
NCEPmeteorological station coordinates. Since atmospheric corrections have to be
performed in real time, continuous validation work is required during the satellite
operation to ensure the accuracy of the atmospheric delay correction values.

2.To effectively eliminate the geolocation error caused by optical line difference,
the actual position of the laser footprint on the ground is solved using the satellite
attitude at the moment of laser emission and the position of the satellite when the
laser reaches the ground. According to the laser launch time tT, the satellite
attitude data and the laser pointing measurement data are determined from the
precision attitude data, and the pointing correction value obtained from the in-
orbit calibration is combined to determine the laser pointing in the ICRF
coordinate system. Calculating the three-dimensional coordinates of the laser
reference point in the ICRF coordinate system and the rotation matrix of the
coordinate system from ICRF to ITRF from the precision orbiting data, based on
the laser arrival time tm, combined with the fixed offset of the phase center from
the laser emission reference point to the GNSS antenna.

3.Calculate the coordinate vector Xspot Yspot Zspotð ÞTITRF of the laser footprint point in
the ITRF coordinate system based on the rigorous geometric model of satellite-
based laser altimetry, and then calculate the geodesic coordinates B, L, Hð Þ of the
laser footprint point based on the ellipsoidal parameters.

4.Tides include ocean tides, solid tides, etc., whose influence on satellite ranging can
reach 0.3–2 m. Therefore, tidal corrections ΔHtide such as ocean tides and solid
tides should also be considered to obtain the final coordinates of laser footprints.

Taking ICESat-2 data as an instance, the nominal 6.5 m planimetric positioning
accuracy and better than 1 m elevation accuracy were achieved after processing [45].
As shown in Figure 8, the evaluation results compared with the airborne DSM data by
the iterative least z-difference method in Hanzhong region showed that the horizontal
biases of the test data were �0.1 m (east) and �4.1 m (north), and the elevation bias
was 0.6 m, which reached the nominal accuracy specifications.

4.2 Photonic point cloud denoising

The extremely high sensitivity of photon-counting LiDAR detection leads to rela-
tively poor data signal-to-noise ratio, and although a narrow-band filter (0.15 nm) is
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installed, there is still a large amount of background sunlight noise. In some high solar
angle and high ground reflectivity scenarios, the background light noise rate reaches
about 10 MHz (i.e., 10 million/s, which translates to 1 noise point per 3 m in the
elevation direction), so point cloud denoising is critical.

The extremely high sensitivity of photon counting LiDAR detection also leads to a
lot of noise and relatively poor signal-to-noise ratio of the data. Although the ICESat-2
receiver is fitted with a narrow-band filter that limits the band range to
532.272 � 0.15 nm, there is still a large amount of background sunlight in that range.
In some high-sun angle and in high ground reflectivity scenarios, the background light
noise rate reaches about 10 MHz (i.e., 10 million/s, which translates to 1 noise point
per 3 m in the elevation direction) [37], so point cloud denoising is critical.

Most of the currently available photon-counting LiDAR devices record data only
along the direction of flight (a swing scan is less common) and therefore are usually
processed in a two-dimensional profile. Two denoising algorithms, including the
histogram and spatial density methods, are provided in the ICESat-2 basic theory
algorithm documents ATL03 [46] and ATL08 [47], respectively: the histogram
method considers that the location with the highest number of points in the vertical
direction is more likely to be the signal [37]; the spatial density method considers that
the signal points are more densely distributed in space, and the density histogram will
show the distribution characteristics of “noise on the left, signal on the right” and
“high noise and narrow signal” [36]. Based on the “double-peak” distribution of the
density histogram, the DRAGANN (Differential, Regressive and Gaussian Adaptive
Nearest Neighbor) algorithm is proposed, which uses two Gaussian functions to fit the
noise and signal separately and calculates the noise removal threshold adaptively by
computing the optimal parameters. The comparison of the two denoising effects is
shown in Figure 9. The ATL03 algorithm works better in the flat ice cover area, but in
the vegetated area, there will be obvious signal point leakage, and ATL08 is more
suitable for the vegetated terrain area [48]. In addition, the targeted design on the
issues of search kernel shape, terrain correlation, and directional adaptivity can fur-
ther improve the algorithm performance and obtain better than 98% denoising accu-
racy [49].

4.3 LiDAR parameters calibration

For a LiDAR measurement satellite similar to ICESat-2 with a 500 km orbital
altitude, a pointing angle error of 1 arc second results in a horizontal geolocation error

Figure 8.
Accuracy assessment of ICESat-2 using airborne data. (a) Study area; (b) horizontal offset, and red point is best-fitted.
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of about 2.4 m, and an elevation error of 8.3 cm if the ground slope is 2°. Therefore,
the rigorous in-orbit calibration of LiDAR work parameters is crucial to the accuracy
of elevation measurements.

The on-orbit calibration of satellite-based LiDAR has some similarities with the
traditional optical satellite and airborne LiDAR, mainly based on the ground calibra-
tion field method or the nature terrain method [50, 51]. The ground-based calibration
field directly measures the footprint point through the laser receiver, which has the
highest accuracy, but it is necessary to estimate the location of the footprint point and
select a suitable location to build the calibration field. The natural terrain method
realizes the laser calibration parameter solution by profile alignment with the satellite
laser data through the local terrain measured accurately in advance. The rigorous
geometric location equation for satellite-based LiDAR is adopted to the basic cali-
brated model. The iterative pointing angle calibration method was proposed based on
the least elevation difference matching criterion. The main steps include two steps:
firstly, terrain matching is used to obtain the common terrain feature points whose
coordinate deviations are used as input observations, and the second step is to calcu-
late the system calibration parameters by laser beam adjustment. As shown in Fig-
ure 10, the specific solution can be simplified to calibrate two pointing angular
parameters (θ0, β0) and 1 range parameter r. It has been shown that the angular
calibration accuracy is better than 0.3 arc second using 1 km length laser line matched

Figure 9.
Comparison of photon counting LiDAR point cloud denoising effects. (a) ATL03 algorithm; (b) ATL08 algorithm.

Figure 10.
Diagram of laser on-orbit calibration based on natural terrain.
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with high-precision terrain, and the angular calibration accuracy is better than 0.1 arc
second when the line length is increased to 2.5 km [52]. In addition, ICESat-2 adopts a
similar strategy to ICESat for attitude maneuvering in the oceanic region, and the
attitude and distance are calibrated separately by conical scanning, and the long-term
drift of the calibrated range values is less than 1 mm/year [53].

5. Application research

5.1 Improve stereo images 3D positioning accuracy

With the characteristics of small ground footprint, high sampling frequency, and
large number of beams, the ground observation means of photon counting LiDAR
represented by ICESat-2 has greatly improved the planimetric accuracy and flight
direction data density of the acquired point cloud, which can be applied as a new 3D
control condition to improve the positioning accuracy of satellite images [54–62]. To
solve the application problem of photonic point cloud without synchronous image
recording plane position, an approach to improve satellite image positioning accuracy
with the support of satellite-based photon counting laser point cloud is proposed in
this paper; firstly, a 3D terrain profile matching method is used to achieve accurate
alignment between photonic point cloud data and DSM automatically generated from
satellite stereo image; then terrain feature points are extracted from photonic profile
point cloud based on slope change and combined with DSM multiple terrain features
to generate common terrain feature control points, and finally introduced into the
block adjustment of satellite images with attached parameters as the flat height control
condition to further improve the positioning accuracy [63–66]. The experimental
results using ZY-3 images and ATLAS ATL03 level data from two regions in Shaanxi
Province show that the method can significantly improve the location accuracy with-
out GCPs of satellite images, and compared with the fully uncontrolled positioning
and SRTM data-assisted positioning methods, the planimetric and elevation position-
ing accuracy of ZY-3 image can be further improved by up to 60% and 34%, respec-
tively, which verifies the effectiveness and feasibility of the method [67].

The test data were obtained using ZY-3 satellite images and ICESat-2 ATLAS data in
the Xi’an area of Shaanxi Province, China. The ZY-3 satellite image was acquired on
April 07, 2019, and the test field contains various types of terrain such as mountains and
plains, with elevation relief up to 1200 m. The geographic location of the test area is
shown in Figure 11, which is a stereoscopic (including front-view, normal-view, and
back-view) image area ranging from E108.34°N34.36° to E109.02°N34.92°. The resolu-
tion of the front and back view images is 3.5 m, and the normal view image is 2.1 m. The
5-track ATLAS ATL03 data are used, and the acquisition time range is October 26, 2018–
January 11, 2021, and the geodetic datum is WGS-84 coordinate system, the plane
coordinates are latitude and longitude, and the elevation coordinates are WGS-84 ellip-
soidal height, and the distribution on the image is shown in Figure 11.

Based on the dense matching using satellite stereo images, the minimum
height difference method is used to realize the 3D terrain matching between the
photon profiling point cloud and the generated DSM. The basic principle is shown in
Figure 12, the dashed box is the search range, the solid red-green-blue line is the
original three-beam photon point cloud ground track, and the dashed line is the
distance search interval of the photon point cloud in its nominated accuracy range.
The basic method is to first convert the DSM into regular grid data, take one of the
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tracks of the multibeam laser point cloud strip as the unit, move in the horizontal or
vertical direction with a certain search step Δx or Δy, find the same point of the two
data plane coordinates, if there is no corresponding point, use its close interpolation,
and then calculate the absolute elevation difference between each laser point and the
corresponding plane position of the DSM on multiple strips, until traversing all areas
in the step setting area to determine the minimum absolute elevation difference
position between corresponding points, which is the plane coordinate position of the
profile point cloud matched with DSM.

Figure 12.
Diagram of 3D terrain profile matching between multi-beam photon point cloud and DSM generated by stereo
images.

Figure 11.
ZY-3 stereo images and ICESat-2 data.
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The principle of terrain matching between profiling laser points and DSM based on
the minimum elevation difference method is that the absolute elevation difference
between the satellite photon point cloud and DSM in the local range is minimum, the
accuracy of laser point cloud is high, and the accuracy of DSM is low, and the offset of
the two data relative to the plane position is calculated by elevation constraint. The
basic equation is shown as follows.

dmin ¼ MIN
X

3

s¼1

X

m

l¼�m

X

n

j¼�n

P

N

i¼1

∣Zi X，Yð Þ�hi XþlΔx，YþjΔyð Þ∣=N

 !

(2)

In the formula, s is the number of beams, dmin is the absolute value of the elevation
difference between the photon point cloud strip and the DSM data generated from
satellite images along the profile, N is the number of laser points in the strip, Zi is the
laser point elevation value, and hi is the elevation value of the DSM generated from
satellite images of the corresponding path. With this condition, the minimum eleva-
tion difference alignment can be constructed to obtain the best matching position of
the photon profile point cloud strips relative to the direction of the satellite image-
generated DSM trajectory, so as to obtain the overall offset of its spatial position.

The slope of the terrain is used as the basic discriminator, which is an important
indicator to describe the terrain features and can indirectly reflect the relief pattern and
structure of the terrain. For discrete photon point cloud data, a Gaussian fitting method
is used to fit the curve, which can obtain more reliable terrain feature points. Then the
terrain feature points are extracted from the elevation profile of the satellite-borne
photon point cloud tracks based on the slope change, and all the terrain feature points
with slope change values larger than the threshold are automatically labeled by setting
the slope change threshold as the criterion. Take ICESat-2 point cloud data as an
example, the extraction effect is shown in Figure 13. The continuous photon point cloud
forms the terrain profile, and after the Gaussian curve fitting, it forms a smoother curve.

The principle of laser terrain feature point joint satellite image geolocation is to
introduce the laser point as the control condition into the RFM compensation equa-
tion, to solve the problem that the parameters to be solved as free unknowns under the
uncontrolled condition will lead to unstable accuracy of adjustment [68–75]. The basic
process is to firstly match the connection points of satellite images and perform the free
network adjustment; then bring the joint topographic feature points as the plane-height

Figure 13.
Terrain feature points extracted from the photon profile point cloud.
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control condition into the block adjustment of satellite images with additional
parameters, and different weights be set to participate in the adjustment according
to the observation accuracy of different data until the iterative calculation con-
verges; finally, count the adjustment accuracy and output the adjustment results,
i.e., the refined image positioning parameters, including RFM model coefficients
and additional parameters, which are used together to realize the improvement of
satellite image positioning accuracy. The characteristics of this adjustment scheme
are that, due to the dense and continuous data of photon point cloud flight, it
provides the possibility to automatically extract the topographic features common
to both laser and stereo images with active and passive 3D observation data, thus
providing an effective way to determine the position of photon point cloud on
non-synchronous images, which enables its advantages of both plane and elevation
accuracy to be fully exploited.

Comparing the results of uncontrolled, SRTM DEM-assisted and ICESat-2 con-
trol points, the uncontrolled block adjustment is based only on the self-contained
rational function model, with a plane positioning accuracy of 8.12 m and an
elevation accuracy of approximately 8.99 m. By introducing 5 m resolution open-
source DOM and open 30 m grid spacing SRTM elevation data, and adding certain
accuracy of plane and elevation geometric constraints, the accuracy of SRTM-
assisted stereo image positioning is 6.65 m in plane and 2.019 m in elevation.
When 1-track ICESat-2 laser point cloud control points are added to the test area,
the 3D positioning accuracy of the image can be significantly improved to 2.64 m
in plane and 1.39 m in elevation. Compared with the fully uncontrolled position-
ing and SRTM data-assisted positioning methods, the planimetric accuracy
improved from 8.12 m, 6.65 m to 2.56 m, and the elevation accuracy improved
from 8.99 m, 2.019 m to 1.319 m, with an improvement of 61.5% and 34.8%
respectively compared with SRTM data. In the results from Table 2, we can see
that the photonic laser point cloud can provide sufficient number of control point
data, and the accuracy of auxiliary satellite stereo image positioning can reach the
design theoretical accuracy.

The satellite-borne photonic point cloud has new breakthroughs in improving
the positioning accuracy of satellite images compared with the existing linear
system laser altimetry data and open-source global DEM: first, as a control of the
adequacy of data distribution; second, the improvement of data accuracy, espe-
cially planimetric accuracy. This all provides a new technology path for achieving
global accurate mapping.

Ground control Image

error

L-GCP’s

number

Check

point

Planimetric error

(m)

Elevation error

(m)

Non-ground control 0.629 8.12 8.99

SRTM 0.330 6.65 2.019

1-Track photon point

clouds

0.328 10 5 2.68 1.450

0.326 18 7 2.64 1.390

5-Track photon point

clouds

0.325 10 50 2.57 1.325

0.325 15 73 2.56 1.319

Table 2.
Accuracy statistics of uncontrolled block adjustment and auxiliary block adjustment.

17

Spaceborne LiDAR Surveying and Mapping
DOI: http://dx.doi.org/10.5772/intechopen.108177



5.2 Multi-source topographic information fusion

Obtaining high accuracy, high resolution, and global coverage, Digital Elevation
Model (DEM) is the goal of aerospace remote sensing mapping [76]. The existing
open-source DEM mainly includes SRTM (Shuttle Radar Topography Mission),
GDEM (Global Digital Elevation Model), etc. GDEM is an elevation model acquired
by Terra satellite optical sensor ASTER with 30 m resolution, covering about 99% of
the global land surface. The SRTM is a Space Shuttle radar topographic mapping
product with the latest release being the 30 m resolution SRTM-1. GDEM and SRTM-1
have nominal elevation accuracies of 17 m (95% confidence) and 16 m (90% confi-
dence), respectively [77, 78]. In comparison, GDEM has noise and data artifacts due to
optical imaging limitations, and SRTM has stable accuracy but data gaps at large slope
locations in mountainous areas. ICESat-2 elevation accuracy is much higher than these
two open DEMs, while the point density along the track direction is extremely high,
and the ICESat-2 point cloud can be used as a control point to correct the open-source
DEM elevation deviation and ensure the quality of DEM blank filling [79–82].

Specific processing should pay attention to the unification of coordinate system
and elevation datum, ICESat-2 ATL03 point cloud coordinate system is WGS84, the
elevation value is ellipsoidal height, the file provides the elevation aberrant value
under EGM08 (Earth Gravitational Model 2008) (field/gtx/geophys_corr/geo), which
can be read and converted to normal elevation. Corrected DEMs are evaluated with
ICESat-2, which allows the mapping of laser points to open-source DEM values to be
established and corrections carried out. Vacancy filling is achieved through steps such
as rasterization, interpolation (e.g., inverse distance weights, kriging, etc.) [83, 84]
and triangulated mesh surface filling. The method that SRTM-1 and GDEM fusion
filling were supported by ICESat data has been shown to be effective, and the evalu-
ation shows that the accuracy of GDEM, SRTM-1, and ICESat after fusion processing
is 10.9 � 20.2, 5.8 � 16.2, and 5.7 � 14.9 m, respectively, and ICESat-2 is theoretically
better for fusion processing.

As shown in Figure 14, the results of the fusion processing of multi-source terrain
information supported by the strip control datum are used. For the differences of shift
and rotation between multiple topographic data in the same area, a fusion processing

Figure 14.
Comparison of the before-after fusion of multi-source topographic data (top view and side view).
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method consisting of ICP topographic matching, spatial geometric transformation
overall adjustment, and topographic reconstruction is proposed, and the experimental
results show that the method can effectively eliminate the systematic geometric errors
between different topographic data and improve the fusion accuracy of multi-source
topographic data. At the same time, because the terrain matching depends on the
terrain features, the feature matching accuracy is better when the terrain is highly
rolling, and the overall adjustment accuracy is also better in mountainous or hilly areas
compared with flat areas.

5.3 Polar mapping

In recent years, polar ice sheet mass balance studies have revealed that the Ant-
arctic and Greenland ice sheets as a whole are in a state of accelerated melting, which
has important implications for both global sea level rise and climate change [85, 86].
Satellite laser altimetry, represented by ICESat-2, is an important tool for mapping
changes in polar ice sheet elevation and thus analyzing the ice sheet material bal-
ance [87–90].

Mapping polar ice cap elevation changes is one of the main scientific objectives of
ICESat-2. At present, the main methods for mapping the elevation change of the polar
ice cap surface using ICESat-2 include the intersection point method and the repeated
trajectory method. The former uses multiple functions to fit the satellite lift orbits and
calculate the ice cap elevation change at the orbit intersection points and their loca-
tions. The latter method divides the satellite orbit into kilometer-scale segments and
uses least squares to fit the segment function model to calculate the ice cap elevation
change. Compared with the traditional single-beam measurement mode used by
ICESat, the multi-beam measurement of ICESat-2 greatly increases the number of
intersections and effectively improves the ability to obtain details of the ice cap
surface elevation change. At the same time, ICESat-2’s paired laser beams can inde-
pendently determine the local surface slope, making it possible to determine surface
elevation changes using a single repeated reference track.

ICESat-2 features multiple beams, high repetition frequency, and micro-pulses,
which greatly enhance the accuracy and reliability of polar observation results. On the
spatial scale of 100 km2, ICESat-2 has an accuracy of better than 0.25 m/year for ice
sheet elevation change measurements and can provide high-precision observations
of better than 0.4 cm/year over the entire Antarctic or Greenland ice sheets [53].
Figure 15 shows the Greenland ice sheet elevation change from 2003 to 2019 based on
the intersection of ICESat and ICESat-2. The high-resolution and high-precision mea-
surements provided by ICESat-2 will greatly improve the mapping accuracy in the ice
sheet edge areas with large topographic relief and provide more reliable data support
for the analysis of the polar ice sheet material balance.

5.4 Three-dimensional topographic mapping

The satellite-based laser survey can quickly and accurately acquire three-
dimensional information on the earth’s surface, providing a new means for terrestrial
elevation three-dimensional mapping. Due to the high altitude of the satellite plat-
form, unlike the airborne platform scanning measurement mode, the satellite-based
LiDAR measurement adopts a multi-beam push measurement mode similar to the
optical remote sensing satellite line array push imaging. Although the photon counting
point cloud data in the flight direction forms a continuous surface elevation profile
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due to high sampling frequency, and the ground sampling distance can reach sub-
meter level, the sampling interval in the vertical orbit direction may reach hundreds to
thousands of meters in magnitude due to the limitation of the number of beams, and
the sampling spacing between the two directions is large, making it difficult to effec-
tively measure the object shape. Icesat-2, for example, has a sampling interval of 0.7
meters in the along-track direction and more than 3.3 kilometers in the vertical-track
direction, so it is difficult to meet the requirements of three-dimensional terrain
mapping with a single pass, which limits the scope of application.

However, as the satellite cycle operation can realize the same area repeatedly
observed several times, the sampling distance between sparse beams is gradually
reduced, and the point cloud data interval in the vertical track direction can be
effectively reduced by using joint processing of multi-track data, Figure 16 shows the
results of multi-track photon counting point cloud data processing using airborne 51-
beam LiDAR. The sampling interval between the two directions gradually converges
to the same, and finally realizes 3D mapping of the surface object, which can provide a
better data source for 3D model reconstruction.

The simulation of satellite operation by airborne experiment shows that although the
laser points are widely spaced in the vertical orbit direction, the dense point cloud with
more uniform distribution can be obtained by multi-track coverage, which can better
reflect the three-dimensional shape of the ground surface. Further, the laser point cloud
can be filtered and classified, and a typical algorithm such as the adaptive progressive
triangular network filtering method can classify the point cloud into two categories:
ground points and non-ground points. Then, according to the spatial distribution of non-
ground points, they are further divided into buildings, vegetation and others. In the case
of building point clouds, RANSAC plane detection and clustering as well as key point/
corner point and boundary extraction are used to achieve automatic reconstruction of

Figure 15.
Changes in the elevation of the Greenland ice sheet from 2003 to 2019 based on the intersection of ICESat and
ICESat-2.
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LOD1 level building 3D models, as shown in Figure 17, and higher detail levels require
further integration of multi-source data such as high-resolution multi-view images, spec-
tral information, geographic information and even mobile phone videos.

At the same time, in order to further improve the efficiency and fineness of the
target 3D measurement, the combination of LiDAR measurement and oblique photo-
grammetry to achieve rapid 3D mapping of the target is an effective technical
approach. At present, a payload device Leica CityMapper, which integrates two
detection instruments, has emerged in the aerial photogrammetry field, collecting 3D
city oblique photography images and laser point cloud data simultaneously, which can
effectively improve the productivity and data quality of creating digital city 3D
models, realizing efficient and low-cost acquisition of highly detailed and accurate 3D
data, and making the widespread use of 3D models a reality. This provides a good
reference for the design of a satellite-based hybrid 3D mapping system.

5.5 Shallow Sea topographic mapping

Shallow bathymetry is the basic geographic data required for many applications
such as marine engineering construction and marine environmental research, and it is

Figure 16.
Airborne multi-orbit photon counting point cloud data and processing results.

Figure 17.
Automatic building extraction from 5m laser point cloud data and LOD1 level 3D reconstruction.
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a difficult and hot spot in the field of marine mapping to obtain shallow bathymetry
accurately and efficiently [91–93].

Laser propagation has to go through a complex process of atmosphere-water body-
atmosphere, and the returned laser energy is significantly weakened due to the atten-
uation of the water body, it is difficult for satellite platforms to detect shallow water
depth in the linear detection laser stage, and the ultra-high sensitivity of photon-
counting LiDAR makes it a reality. The on-board experimental results of MABEL
(ICESat-2 principle prototype) show that the laser bathymetry depth reaches 8 m with
a root mean square error 0.7 m [94]; after the release of ICESat-2 data, analysis
showed a maximum bathymetric depth of up to 40 m with a root mean square error in
the range of 0.43–0.6 m [53]. Figure 18 shows the joint bathymetry test with World-
View-2 optical images using ICESat-2 at the Xisha coral reef in China, with an accu-
racy of 0.23 � 0.98 m. It should be noted that the standard product released by
ICESat-2 does not have shallow bathymetry, i.e., the elevation value of ATL03 point
cloud does not take into account the refraction of the water body, so the practical
application needs to carry out targeted denoising, refraction correction, surface/sub-
merged separation, and bathymetry calculation; at the same time, due to the large
spacing of ICESat-2 beam vertical tracks, many distant islands and reefs are not passed
by the survey line, so the joint processing of laser and image in a certain range to carry
out water body inversion parameter transposition is a more feasible method for the
area lacking direct active bathymetry values.

6. Conclusions

The rapid development of satellite-based LiDAR earth observation technology
provides an effective way to rapidly collect global surface 3D point clouds, and the
advantages and characteristics of laser point cloud data make it a core data component
for the construction of the next-generation global mapping database, establishing an
infrastructure for the construction of high-precision global control grids and highly
efficient surveying of digital elevation maps, and providing support for the rapid
construction of high-precision 3D digital geospatial frameworks. At the same time for
the global laser point cloud application needs and overall design, it is also necessary to
strengthen the research to continuously optimize the technical process, focusing on
the following aspects:

Figure 18.
Schematic diagram of ICESat-2 shallow bathymetry. (a) Geographical location of Xisha Coral Island; (b) ICESat-2
photon profile point cloud and refraction correction effect; (c) shallow water deep pseudo-color map.
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1.Global point cloud density. Laser measurements are similar to field
measurements in that they are single point measurements, but due to the
disorderly nature of laser point cloud data, different applications have
corresponding requirements for point cloud density. For regional/national
airborne point cloud density is generally 6–10 points/m2, for example, for the
whole of Finland, the area is 338,000 km2, there are 640 billion points, and the
data volume is about 11 TB, while for ground mobile LiDAR point cloud data, the
density may exceed 1000 points/m2. In general, point cloud density is closely
related to the application environment. For the global three-dimensional
framework construction, the current satellite laser point cloud spacing of 5–10 m
should be a reasonable interval, taking into account the mapping efficiency and
satellite instrument performance.

2.Point cloud automated mapping. The extraction of multiple spatial information
from the satellite-based point cloud data, including terrain, buildings,
vegetation, etc., needs to further improve the degree of automation and
accuracy, to provide effective support for the construction of three-dimensional
digital geospatial information framework. Laser point cloud data automatically
classifies ground points and non-ground points, and reliable ground points are
the key to rapidly generate digital ground models; non-ground points contain
structural information of surface targets, from which there is still a great
challenge to automatically reconstruct the 3D framework model of ground
targets.

3.Multi-sensor integration. In order to obtain finer surface 3D information, multi-
sensor integration and fusion will be an inevitable choice for the development of
satellite-based earth observation technology, to achieve the high accuracy of
satellite-based LiDAR measurement data and the high resolution of optical/
microwave imaging technology combined to give full play to the advantages of
multiple detection means [22, 95–97]. The need to study the automatic and
accurate matching between LiDAR measurement data and imaging sensor data,
as well as the overall fusion strategy for the difference in accuracy between the
two, are issues that need to be further studied and solved.

4.Rapid application mode. Point cloud data are a discrete expression of the earth
surface, directly superimposed orthophoto fast 3D display has a more intuitive
visualization ability than only using vector maps, on the basis of which further
superimposed thematic information can meet the rapid application needs in
emergency situation. This mode has higher efficiency and flexibility compared
with point cloud 3D model reconstruction. Therefore, it is necessary to pay
attention to the development of technologies such as 3D game engines, including
the host platform, development environment, and tools applicable to global point
cloud data, as well as the construction and development of standard interfaces.

Since the first satellite-based laser altimetry satellite ICESat-1 was successfully
launched in 2003, after nearly two decades of development, satellite LiDAR earth
observation technology has achieved great progress and gradually developed into an
emerging remote sensing exploration instrument. Especially since 2018, ICESat-2
satellite (2018), GEDI (2018), Gaofen-7 (2019), Gaofen-14 (2020), and terrestrial
ecological environment monitoring carbon satellite (2022) have been continuously
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launched into the sky, and the satellite laser observation technology has come to a
climax of development. The update of acquiring tools has provided new opportunities
for the global mapping technology, and studies have shown that spaceborne laser
observation data have strong application potential in the fields of precise positioning
of global earth, polar ice sheet monitoring, and shallow ocean topography mapping,
etc. It is foreseen that in the near future, with the further development of satellite-
based LiDAR technology, it will become possible to directly acquire global digital
surface models and digital elevation models, thus providing an active technical way to
establish uniformly accurate elevation data in a global even grid, and a new means to
establish a higher precision 3D digital earth model.
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