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Abstract: A terrestrial Light Detection and Ranging (LIDAR) system has high productivity 

and accuracy for topographic mapping, but the harsh conditions of Antarctica make LIDAR 

operation difficult. Low temperatures cause malfunctioning of the LIDAR system, and 

unpredictable strong winds can deteriorate data quality by irregularly shaking co-registration 

targets. For stable and efficient LIDAR operation in Antarctica, this study proposes and 

demonstrates the following practical solutions: (1) a lagging cover with a heating pack to 

maintain the temperature of the terrestrial LIDAR system; (2) co-registration using square 

planar targets and two-step point-merging methods based on extracted feature points and the 

Iterative Closest Point (ICP) algorithm; and (3) a georeferencing module consisting of an 

artificial target and a Global Navigation Satellite System (GNSS) receiver. The solutions were 

used to produce a topographic map for construction of the Jang Bogo Research Station in Terra 

Nova Bay, Antarctica. Co-registration and georeferencing precision reached 5 and 45 mm, 

respectively, and the accuracy of the Digital Elevation Model (DEM) generated from the 

LIDAR scanning data was ±27.7 cm. 

Keywords: terrestrial LIDAR; Antarctica; GNSS; point cloud; co-registration; 

georeferencing; DEM; topographic map 
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1. Introduction 

Antarctica is a highly valuable for representing global climate change trends; thus, extensive research 

has investigated and analyzed its environment [1,2]. In particular, elevation mapping to monitor changes 

in glaciers and ice sheets is important in tracking climate changes. Many glaciologists have used Digital 

Elevation Models (DEMs) to investigate the topography of Antarctica [3–6]. 

The remote location and harsh weather conditions of Antarctica make direct ground elevation 

observations difficult. For this reason, satellite-based technologies that can obtain periodic surface 

information on inaccessible areas have been widely used to produce DEMs of Antarctica [7]. 

Specifically, satellite altimetry, optical satellites, and Interferometric Synthetic Aperture Radar (InSAR) 

have all been utilized for this purpose. Satellite altimetry can directly measure surface elevations over a 

large area using radar and laser technologies [8–12]. Moreover, optical and Synthetic Aperture Radar (SAR) 

satellites also can acquire elevation information for a large glaciated region based on photogrammetry 

and the InSAR technique, respectively [7,13–17].  

Satellite-based technologies can be applied in the large-scale research of glaciers and ice sheets 

because of their high productivity, but DEMs from these approaches are limited in terms of accuracy 

and spatial resolution. On the other hand, the Global Navigation Satellite System (GNSS) approach 

provides the direct 3D coordinates of the GNSS receiver with a high degree of accuracy. This method 

has been widely used in small-scale studies on research areas such as Antarctic plate motion and 

deformation and accuracy evaluation of satellite observations [18–21]. Despite the high accuracy of 

GNSS observations, however, achieving high-density elevation information across a large area is  

labor intensive. 

With recent increasing demand for high-resolution DEMs, the airborne and terrestrial Light Detection 

and Ranging (LIDAR) systems have received attention from various fields, such as forestry [22,23], 

urban mapping [24–26], and disaster management [27–29]. Airborne LIDAR, which linearly profiles 

target areas using a laser scanning system, can obtain a DEM with decimeter-level resolution [30–33]. 

However, the low accessibility of Antarctica makes operation of the airborne LIDAR impractical. 

Moreover, surface characteristics and weather conditions can lead to unpredictable errors, such as those 

due to poor signal return and rolling of the LIDAR platform, and important surface information may be 

missed [34,35]. 

Terrestrial LIDAR, which observes the 3D shape of land surfaces with centimeter-level accuracy, is 

widely used for various applications [36–40]. Although terrestrial LIDAR functions similarly to a total 

station, it rapidly emits laser pulses and produces detailed 3D information on objects [41]. In addition, 

color images collected by a digital camera mounted on the terrestrial LIDAR system can be merged with 

the laser scanning data. However, despite the high productivity and accuracy of terrestrial LIDAR 

observations, the actual use of terrestrial LIDAR in the harsh weather conditions of Antarctica is 

difficult. Accordingly, sufficient planning for LIDAR observation is required [42]. However, no 

formulaic procedure has been suggested for the operation of the terrestrial LIDAR system in extreme 

weather conditions [42]. This study therefore proposes and demonstrates practical solutions for 

terrestrial LIDAR observation, especially for the operation, co-registration, and georeferencing 

procedures, to obtain high-resolution elevation data in the harsh environment of Antarctica. 
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2. Experimental Section 

2.1. Study Area 

In 2006, the Korean government created a long-term plan to build a second research station in 

Antarctica to enhance scientific capabilities and promote collaboration among Antarctic communities. 

Korea’s first Antarctic station, the King Sejong Station (62°13′ S, 58°47′ W), located in Barton 

Peninsula, King George Island, is used primarily to investigate the behavior of energy particles entering 

Earth’s magnetic field from space. The site of the second station at Terra Nova Bay in northern Victoria 

Land was chosen from ten candidate locations of scientific interest. The research team conducted an 

intensive field survey of the area in order to build the station. Terrestrial LIDAR and GNSS observations 

were conducted over 13 days around the new station, Jang Bogo Station, in February 2011. The 

geographic coordinates of the research site were 74°37′24″ S, 164°13′42″ E, and the area was approximately 

459,200 m2. Figure 1 shows the location map of the research site. 

 

Figure 1. Research site and field survey: (a) location map; (b) terrestrial LIDAR 

observation; (c) Real-Time Kinematic (RTK) GNSS observation. 

Figure 2 depicts the weather conditions in Antarctica during the field survey. As shown in the figure, the 

temperature fluctuated between −8.6 and −1.5 °C, and the wind speed varied, reaching up to 14.74 m/s. 

Harsh weather conditions, such as heavy snow and blizzards, caused time delays for field surveying. On 

February 6, 2011 (Figure 2b), despite relatively warm temperatures and low wind speeds, surveyors 

could not move because thick snow covered the surface of the research site. Additionally, because of 

blizzards with strong winds and heavy snow on the mornings of February 8 (Figure 2c), and the 

afternoons of February 10 (Figure 2d), and 11 (Figure 2e), it was impossible to perform GNSS and 

LIDAR surveys. 
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Figure 2. Weather conditions in Antarctica during the research period: (a) temperature and 

wind speed; (b) heavy snow on 02/06/2011; (c–e) blizzards on 02/08/2011, 02/10/2011, and 

02/11/2011, respectively. 

2.2. Overview of Methodology 

Operation, co-registration, and georeferencing procedures directly affect the final accuracy of 

terrestrial LIDAR observations [43]. Because of the cold and irregularly windy weather conditions of 
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Antarctica, LIDAR scanning at each station should be conducted within a short period. At the same time, 

both the stability during scanning and the laser reflectivity for snow-covered surfaces should be 

guaranteed. For this reason, terrestrial LIDAR specifications, such as effective range, scan rate, intensity 

of the emitted laser, and operating temperature, are the major concerns for effective and time-efficient 

scanning. Additionally, because the low temperatures of Antarctica can impede LIDAR operation, 

preliminary tests to verify the scanning stability of a LIDAR system in harsh weather conditions are 

essential. Based on the test results, practical solutions to maintain the necessary temperature to keep the 

LIDAR system continuously in the operational phase must be pursued. 

Co-registration is the process of transforming multiple LIDAR scanning data into a common 

reference coordinate system. For high precision of co-registration, a sufficient number of matched points 

in pairwise point clouds is required in addition to the geometry. Co-registration method and stability of 

scanners and targets at the scan site also affect the final accuracy of multi-scanned data. Moreover, the 

occlusion area of a scanning site must be minimized while the scanning coverage is maximized. In this 

regard, square planar targets were mainly utilized, and subsidiary target-free techniques were applied to 

improve time efficiency and co-registration precision. 

In LIDAR point cloud data processing, georeferencing follows co-registration. A procedure that 

converts the relative coordinates of a point cloud into an absolute coordinate system, georeferencing is 

one of the most important processes in accurate topographic mapping with terrestrial LIDAR data. For 

a robust georeferencing process, a significant number of fixed control points whose 3D coordinates are 

known is required. However, since the terrain is very complex and irregular in Antarctica, it is difficult 

to extract well-defined 3D coordinates of feature points from LIDAR scanning data. To acquire accurate 

3D coordinates of feature points, we developed a practical georeferencing module consisting of a GNSS 

receiver and planar target. The modules were installed during LIDAR scanning and used for 

georeferencing after the scanning. Triangulated Irregular Network-based (TIN-based) linear 

interpolation was applied to generate a DEM from the processed point cloud [44,45]. 

To evaluate the performance of our proposed solutions for LIDAR scanning, checkpoints were 

acquired using the Real-Time Kinematic (RTK) GNSS technique, which can obtain accurate 3D 

coordinates of a GNSS receiver within a very short period of time. To obtain the 3D coordinates of 

several thousand checkpoints, three GNSS receivers for RTK GNSS data acquisition (one for the base 

station and two for the rover receiver) were utilized. The detailed methodology of each procedure is 

explained in the following sections. 

2.3. Operational Phase 

The first critical issue for operation is to determine whether the terrestrial LIDAR system can function 

in the harsh environment of the research site. As operation in subzero temperatures is not guaranteed [46], 

a feasibility test should be conducted to determine functionality in such conditions. Another key 

consideration in achieving efficiency and high quality of observed point cloud data is the type of 

terrestrial LIDAR. Terrestrial LIDAR systems generally use one of two types of measurement schemes: 

A Direct Time of Flight (TOF) or an Amplitude-Modulated Continuous Wave (AMCW). 

Each method has its own effective range, scan rate, and accuracy [47,48]. Direct TOF terrestrial 

LIDAR systems can cover a range of up to several hundred meters and are suitable for outdoor 
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observation. However, in order to generate and emit pulses with an intended intensity, direct TOF 

systems require more time to obtain high-density point cloud data than do AMCW systems [48]. On the 

other hand, the effective range of AMCW systems is generally limited to 100 m because the modulated 

signal is too weak to measure the phase shift between the emitted and received signals at greater 

distances. AMCW systems do have the advantage of a higher scan speed and thus are used for indoor 

observation [48]. Because of such differences in terrestrial LIDAR systems, careful selection of a 

suitable system type is important for observation productivity and accuracy. 

Considering the outdoor, harsh conditions of Antarctica, a direct TOF system, Leica’s ScanStation C10, 

was selected for its high intensity and effective range of 300 m at 90% albedo and 100 m at 18% albedo. 

Moreover, the reflectance of the laser beam at a wavelength of 532 nm was suitable for observing snow 

surfaces [37]. Detailed specifications of the ScanStation C10 are summarized in Table 1. 

Table 1. ScanStation C10 Specifications [46]. 

ScanStation C10 Specification 

Type Pulsed 

Wavelength 532 nm 

Range 
300 m at 90% albedo, 134 m at 18% albedo 

(minimum range 0.1 m) 

Scan rate 
Up to 50,000 points/s  

(maximum instantaneous rate) 

Accuracy of single measurement * 

Position 6 mm 

Distance 4 mm 

Angle 60 µrad 

Field of view 
Horizontal 360° (maximum) 

Vertical 270° (maximum) 

Weight 13 kg 

Size (depth, width, height) 238, 358, 395 mm 

Operating temperature 0 °C to +40 °C 

Storage temperature −25 °C to +65 °C 

Camera 
Auto-adjusting, integrated  

high-resolution digital camera with zoom video 

* At 1–50 m range, one sigma. 

In addition, since unpredictable weather conditions such as strong winds and heavy snow can lead to 

errors, the system must have an adequate scan rate and operating temperature range. The scan rate of the 

ScanStation C10, equipped with a Smart X-Mirror™ and a vertically rotating mirror on a horizontally 

rotating base, was quite sufficient for observations in Antarctica [46]. Moreover, the LIDAR has a  

dual-axis compensator to correct the horizontal angle when the device is inclined [49]. In addition, the 

high-resolution camera mounted on the terrestrial LIDAR provided RGB information combined with  

3D point data. However, the operating temperature range was between 0 and 40 °C. Because this range 

is the most critical factor for stable operation in the field, additional usability verification of the system 

was essential. 

To verify the functionality of the system at low temperatures, feasibility tests were conducted in an 

artificial chamber in which the temperature could be dropped to −15 °C. The results of the experiments 
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indicated that the terrestrial LIDAR system failed to operate below −10 °C. Although the battery of the 

device drained quickly between −10 and 0 °C, the LIDAR system operated well in this range after a 

preheating time of about seven minutes. However, below −10 °C, the system was unable to emit its laser 

even after sufficient preheating. To resolve this problem in the field, a lagging cover was designed, 

containing six heating packs to raise the temperature of the instrument. Since the terrestrial LIDAR 

system consumes substantial energy and requires preheating for operation in low temperatures, a 

portable generator was additionally required. The devised lagging cover is shown in Figure 3a and its 

usage in the field in Figure 3b. 

  

(a) (b) 

Figure 3. (a) Devised lagging cover for the terrestrial LIDAR; (b) in situ usage of the cover 

in Antarctica. 

2.4. Co-Registration and Georeferencing Phases 

Co-registration can be classified into two categories: target-based and target-free approaches. The 

target-based co-registration approach utilizes user-made artificial targets and is the most popular method 

because of its convenience and accuracy [43]. Paper, paddle, and sphere targets have been widely used 

for co-registration in terrestrial LIDAR systems. Co-registration using sphere targets has shown the best 

performance in both indoor and outdoor environments [50]. When the use of artificial targets is 

impractical, co-registration is usually performed using natural feature points extracted from overlapped 

point clouds [51]. Since erroneous extraction of the feature points can cause severe reduction of  

co-registration accuracy, feature points should be carefully selected by an expert. When there is no  

target or feature point for co-registration, the Iterative Closest Point (ICP) algorithm, which conducts 

co-registration by minimizing the locational inconsistency between a pair of point sets, is commonly 

used [52,53]. 

Considering the pros and cons of the co-registration methods and the environment of Antarctica, 

target-based co-registration using the square planar targets (7.62 × 7.62 cm) as matching points was 

selected and conducted. The research team also avoided strong winds over 10 m/s and secured tripods 

with ropes and turnbuckles to achieve sufficient precision of co-registration. When unpredictable strong 

winds affected the stability of artificial targets, we extracted matching points from natural feature points 

in overlapped point clouds to apply the target-based algorithm. The ICP algorithm was additionally 

applied to improve co-registration precision. 
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Even after co-registration is complete, a merged point cloud still has a relative coordinate system. 

Georeferencing is required to convert this system into an absolute coordinate system. During 

georeferencing, control points whose absolute 3D positions are known are needed. To overcome the 

problems presented by strong winds and obtain accurate 3D coordinates of control points for 

georeferencing, a special georeferencing module that combined a square planar target with a GNSS 

receiver was devised (Figure 4). The devised module can be used to transform a relative point cloud 

coordinate system into the World Geodetic System 1984 (WGS84). As shown in Figure 4b, the center 

coordinate of a square planar target of 7.62 × 7.62 cm can be identified accurately from the point cloud 

data. This square planar target can be replaced by another artifact, such as a circular planar target 

developed by UNAVCO [54]. The center points of the planar targets were used as the control points for 

georeferencing, and the 3D coordinates of the control points were calculated based on the observed 

coordinates of the GNSS receivers. Sufficient numbers of the modules were installed during LIDAR 

scanning to achieve geometry for precise georeferencing. 

 

Figure 4. Devised target module for georeferencing of scanning data: (a) in situ utilization; 

(b) configuration after scanning (3D coordinates of the center point of the target can be 

identified accurately in a point cloud). 

2.5. Digital Elevation Model (DEM) Generation 

To produce topographic maps of the research site, we consecutively generated a high-resolution 

Triangulated Irregular Network (TIN), grid-based DEM, and contour lines from the georeferenced point 

cloud data. Prior to all data processing, noisy point data, such as those obtained from snow, fieldworkers, 

and field devices, were filtered out to improve the quality of the final products. Figure 5 shows examples 

of noisy data points. 
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(a) 

 

(b) 

 

(c) 

Figure 5. Filtered noise points for TIN modeling: (a) snow; (b) workers; (c) devices. 

After filtering out noise, a TIN model can be created from the filtered point data. However, as shown 

in Figure 6a, unnecessary triangles that cause distortion in the final topographic map can be generated 

along the edge of point cloud. To improve the final quality of the DEM generated from the TIN, triangles 

with long edges and containing large areas are removed. A high-resolution DEM and contour lines can 

then be generated using the TIN-based linear interpolation technique [44] (Figure 6b). As shown in the 
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figure, the height ( gz ) of each grid cell (G ) can be calculated from the vertices of each TIN element  

(
1P , 

2P and 
3P ). Equation (1) is used for the TIN-based linear interpolation, as follows: 
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where 
jz  is the height of the vertices of each TIN element, and 

jd  is the horizontal distance between 

each grid cell ( ,g gx y ) and vertex ( ,i ix y ), calculated by Equation (2) as follows: 

2 2( ) ( )i g i g id x x y y     (2) 

 

Figure 6. Description of data processing for DEM generation: (a) TIN model (red circles 

are points of an observed point cloud, red lines are generated TIN, and green triangles 

represent the removed TIN elements with long edges and consisting of a large area around 

the point cloud); (b) TIN-based interpolation for DEM generation: blue lines are DEM grids, 

and the 3D coordinates of a white circle ( G ) are xy location ( ,g gx y ) and interpolated  

height ( gz ) from the vertices of the TIN element (
1P , 

2P and 
3P ). 

2.6. Accuracy Assessment 

To evaluate the accuracy of the final terrestrial LIDAR data, checkpoints obtained from RTK GNSS 

observations were utilized. It is well known that the RTK GNSS method can acquire 3D coordinates of 

a point with high accuracy and precision [55,56]. To perform RTK GNSS, at least two GNSS receivers 

are required as a rover receiver and base station. A rover GNSS receiver rapidly measures the 3D 

coordinates of observed points. A receiver at the base station transmits real-time correction information 

to the rover using a radio modem. In this research, two rovers, one base station, and a TDL-450 UHF 

radio modem were operated to calculate 3D coordinates of checkpoints with approximately 20 m line 

spacing. Figure 7 depicts the RTK GNSS observation during field research. Since RTK GNSS is a  

real-time technique and the rover receivers can observe 3D coordinates of points within a few seconds, 

the influence of wind may be negligible. However, base station movement might affect observation 



Sensors 2015, 15 23524 

 

 

accuracy. Our research team therefore continuously monitored the movement of the base station to 

minimize this effect. 

Accuracy assessment of the processed point cloud was conducted based on the nearest neighborhood 

scheme. For each checkpoint, the nearest point was found from the LIDAR data, and the Root Mean 

Square Error (RMSE) between the two points was calculated. The RMSE was calculated by Equation (3), 

as follows: 
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i

RMSE z z
N 

   (3) 

where N  is the number of the matched points, 
cp

iz  is the height of the ith checkpoint, and 
pc

iz is the 

height of the ith closest point to the checkpoint inside the point cloud. 

  

(a) (b) 

Figure 7. GNSS observation at the research site: (a) installation of a base station and radio 

modem for RTK GNSS; (b) in situ observation using a rover. 

3. Results and Discussion 

3.1. Data Acquisition 

Table 2 lists all activities performed during the research period from 3–14 February 2011 based on a 

pre-activity plan, as the core of fieldwork in the harsh Antarctic environment, which included a backup 

plan. GNSS observations and terrestrial LIDAR scanning were conducted for five days and two days, 

respectively. Fieldwork could not be performed at all on 6 February (Figure 2b) because of the heavy 

snow. Blizzards on the morning of February 8 (Figure 2c) and the afternoons of 10 February (Figure 2d) 

and 11 February (Figure 2e) delayed GNSS observation and LIDAR scanning. Even with irregular strong 

winds in the afternoon of February 8, field research teams were able to continue with GNSS observation. 

Because 3D positioning using GNSS was conducted based on the RTK GNSS technique, which enabled 

a high degree of accuracy within a short observation period, wind conditions did not have a significant 

effect on the final accuracy of the observations. On the other hand, most the LIDAR observations were 

conducted when there was no strong wind, no rain, and no snow to guarantee the stability of scanning 

operation. Moreover, since each scanning process lasted for an hour in windy conditions, a dual-axis 

compensator was operated with the terrestrial LIDAR to minimize the effect of winds. However, 
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unpredictable strong wind occurred during scanning at station 4 and affected on recognizing  

co-registration targets. 

Table 2. Activities during the research period. 

Date Activity Date Activity Date Activity 

02/04 
Installation of the base lines for 

GNSS observation 
02/07 

GNSS 

observation 

02/10 Terrestrial LIDAR 

scanning 
02/05 GNSS observation 02/08 02/11 

02/06 
Time delay due to  

bad weather condition 
02/09 02/12 

Check for the observed 

data and instruments 

The selected locations of the terrestrial LIDAR stations, co-registration targets, and georeferencing 

modules for in situ observation are shown in Figure 8. Each pair of stations was able to observe at least 

three common targets and modules, and the distances between targets and stations were less than 70 m. 

During the nine sets of terrestrial LIDAR observations, installation of the instrument on a steep relief 

was avoided to ensure visibility while maximizing coverage and minimizing occlusion. However, an 

overlapped area could not be obtained between station 7 and 9 because of the steep relief of the research 

site. For this reason, co-registration and georeferencing of the point clouds at station 8 and 9 were 

performed separately. 

 

Figure 8. Location of stations for terrestrial LIDAR scanning, co-registration targets and 

georeferencing modules. 
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Figure 9 shows the location of observed points using RTK GNSS. The 3D coordinates of 3134 check 

points were observed based on the RTK GNSS technique for the accuracy assessment of the point cloud. 

To minimize mistakes during RTK GNSS observation, 15 rows of points measurement spaced 40 m apart 

were conducted first, followed by the measurements of the remaining 15 rows. Measured 3D coordinates 

of check points were utilized for the accuracy assessment of the LIDAR point cloud and the DEM. 

  

Figure 9. Location of check points observed by RTK GNSS. 

3.2. Co-Registration and Georeferencing 

Co-registration and georeferencing results are summarized in Table 3. As shown in Table 3, at  

least three targets were recognized in the point cloud of each station except for station 4, and precise  

co-registration could be conducted using the targets except for the co-registration between stations 3 and 4. 

Since no planar target was detected in the point cloud observed in station 4 because of an 

unpredictable blizzard on February 10, natural feature points were used for initial co-registration 

between the point clouds of stations 3 and 4, and the ICP algorithm was then applied to improve the 

precision of co-registration. Figure 10 represents the extracted feature points in overlapped point clouds 

and the result of co-registration between a pair of point clouds observed at station 3 and station 4. Initial 

co-registration parameters were estimated using the extracted features. Then, the ICP algorithm was 

applied based on the estimated parameter. As shown in Figure 10b, although no artificial target was 

used, co-registration was successful. The average RMSE of co-registration could be achieved by 5 mm. 

  



Sensors 2015, 15 23527 

 

 

Table 3. Results of co-registration and georeferencing. 

Station 
Distance 

(m) 

Overlapped 

Area (m2) 
Target ID 

Co-Registration 

Precision (mm) 

Georeferencing Precision (mm) 

Before Filtering After Filtering 

st1–st2 126.223 15,907 

1 c * 3 - - 

1 g ** 2 317 52 

2 c 3 - - 

st2–st3 73.465 6522 

1 c 10 - - 

2 g 4 1164 Outlier ***** 

3 c 8 - - 

st3–st4 71.062 10,990 
3 c,2 g, 4 c X **** - - 

ICP *** 6 - - 

st5–st6 77.581 10,447 

5 c 5 - - 

6 c 3 - - 

3 g 5 357 52 

st6–st7 115.115 23,264 

5 c 2 - - 

7 c 3 - - 

4 g 4 827 Outlier 

5 g X - - 

st8–st9 ****** 117.381 25,555 

6 g 14 62 62 

7 g 10 32 32 

8 g 5 29 29 

9 g X - - 

RMSE 5 398 45 

* Co-registration target; ** Georeferencing module; *** Because of the blizzard during scanning at station 4, 

the co-registration between point clouds of station 3 and 4 was conducted based on extracted natural targets 

and the ICP algorithm; **** The center point of a target was not recognized in a point cloud; ***** Filtered 

as an outlier with a large error; ****** Co-registration and georeferencing of the point clouds obtained at 

station 8 and 9 were performed separately from other point clouds. 

 

(a) 

 

(b) 

Figure 10. Co-registration between point clouds of stations 3 and 4: (a) examples of 

extracted natural feature points used for co-registration; (b) co-registration results (left and 

top-right: merged point cloud with color information, bottom-right: red colored point cloud 

and blue-colored point cloud were achieved at stations 3 and 4, respectively). 
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The coordinate systems of the co-registered point clouds were transformed into WGS 84 based on the 

3D coordinates of the installed georeferencing modules and the average RMSE of georeferencing was 

398 mm. Because of the instability due to strong winds during scanning, which may have led to 

locational errors of the modules, the second and fourth geolocation modules, which had large errors, 

were considered to be outliers and therefore removed. After filtering, the average precision of 

georeferencing reached 45 mm. 

A total of 84,569,243 points were obtained during the nine rounds of terrestrial LIDAR scanning  

over the research site (Figure 11a). In addition, texture information was added to the point sets using a 

camera mounted on the terrestrial LIDAR system. Figure 11a shows an example of the point cloud with 

color information. This information (Figure 11d) helped in the identification of feature objects from the 

point clouds. 

 

Figure 11. Visualization of point cloud data: (a) by plane view; (b) by gray-scale point 

cloud; (c) with intensity information of the received signal; (d) with color information 

obtained from the camera mounted on a terrestrial LIDAR system. 

3.3. DEM Generation 

To produce an ancillary topographic map for the construction of Jang Bogo Station in Antarctica, we 

generated a high-resolution TIN, grid-based DEM, and contour lines from the georeferenced point cloud. 

Figure 12 shows the results of each step used to create the final DEM of the research site. After successful 

merging of point cloud data sets (Figure 12a) and removal of noisy points due to scanning, equipment, 

and research personnel on site, a TIN model (Figure 12b) was created. Further filtering was performed 

on the generated TIN model. As shown in Figure 12c, manual editing was required to remove 

unnecessary triangles with large areas and long edges on the boundary region of the research site. Using 

the filtered TIN model, a DEM with a 50 cm grid size (Figure 12d) and contour lines with 1 m line 

spacing (Figure 12e) were generated. As indicated in the circles of Figure 12e, notably, the final contour 

lines was smooth enough visually to represent the continuity and variability of the topography despite 

the sparse point information. 
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Figure 12. DEM generation from the merged point set: (a) merged point set; (b) TIN model 

(circle: Triangles with large areas or long edges); (c) filtered TIN model (circle: Erased 

unnecessary triangles in the original TIN model); (d) DEM of 50 cm spatial resolution;  

(e) contour lines of 1 m spacing overlapped on the TIN mesh (circle: Sparse point 

information, but a smooth contour was produced). 

3.4. Accuracy Assessment 

Figure 13 shows a histogram and error map of the locational consistency between point clouds and 

checkpoints and between the generated 50 cm DEM and checkpoints. In a point cloud, the 3D 

coordinates of a checkpoint and the point closest to it were compared. If the distance between the 

checkpoint and nearest point was longer than 3.5 m, the checkpoint was excluded from the point group 

for calculating the histogram (Figure 13a,c) and represented by a green circle (Figure 13b,d). As  

shown in Figure 13a,c, the mean error and RMSE between the elevation values of the point cloud  

and checkpoints were 0.3 cm and ±26.9 cm, respectively. The mean error and RMSE between the 

elevation values of the DEM and GNSS observations were −0.7 cm and ±27.7 cm, respectively. 

Although the terrestrial LIDAR system can observe large areas within a short period of time with a high 

degree of accuracy, as shown by the green circles in the yellow box of Figure 13b, steep relief caused 

occluded areas and reduced accuracy. However, as shown in the boxes of Figure 13b,d, points in 

occluded areas could be interpolated in the DEM from the TIN-based linear interpolation and histograms 

in Figure 13a,c, which represent similar trends in the elevation errors. 
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Figure 13. Elevation error: (a) and (b) between GNSS data and point cloud acquired using 

terrestrial LIDAR (yellow box: Occluded areas caused by high relief); (c) and (d) between 

GNSS data and generated DEM from scanning data (yellow box: Occluded area interpolated 

based on TIN). 

Figure 14 shows the elevation error for the point cloud acquired at station 4. Locational inconsistency 

between the GNSS data and the point cloud of station 4 was only ±32.1 cm of RMSE, and the error trend 

was similar to that of the whole point cloud dataset. If there are adequate feature points for co-registration 

and a sufficiently overlapped area between a pair of point clouds, the co-registration method based on 

feature points extracted in overlapped point clouds and the ICP algorithm can achieve accuracy as high 

as that of co-registration using artificial targets. 

Considering the environment of Terra Nova Bay, we can deduce that the elevation errors were caused 

by the complexity of the scanning site and the snow covering the land surface. Since terrestrial LIDAR 

scanned snow-covered land surfaces, the elevation of the scanning data was higher than the results of 

the GNSS observation (Figure 15a). In addition, small rocks and steep relief resulted in occlusion areas 

in point cloud (Figure 15b,c). 
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Figure 14. Elevation error of the point cloud acquired at station 4. 

 

Figure 15. Causes of location inconsistency between GNSS observation and scanning data: 

(a) snow-covered land surface; (b) small rocks; (c) occluded areas in point clouds. 

4. Conclusions 

In the operation of a terrestrial LIDAR system in Antarctica, harsh weather conditions can affect 

stability and decrease the accuracy of observed data. Since the low temperatures in Antarctica can cause 

device malfunction, preliminary tests to verify stability of the LIDAR system and practical solutions to 

ensure LIDAR functionality are required. Furthermore, irregular strong winds and complex terrain 

covered with thick snow make co-registration and georeferencing of point clouds difficult. Therefore, 

establishing methods of reducing the time requirement for LIDAR operation and ensuring quality of the 

final results are necessary. 

This study proposes and demonstrates the following practical solutions for observations using a 

terrestrial LIDAR system in Antarctica: (1) a lagging cover with a heating pack to maintain the 
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temperature of the terrestrial LIDAR system; (2) co-registration using square planar targets and two-step 

point-merging methods based on extracted feature points and the ICP algorithm; and (3) the 

georeferencing module consisting of an artificial target and GNSS. From the in situ observations, it is 

evident that the proposed methods and devices ensured stable operation of the terrestrial LIDAR system 

and accurate observations. Despite the complex terrain, irregular winds, and thick snow cover, there was 

only ±27.7 cm of RMSE between the checkpoints observed by RTK GNSS and the DEM obtained from 

the LIDAR scanning data. 

The terrestrial LIDAR system has several advantages over GNSS observation. Terrestrial LIDAR is 

able to cover a large area in a single observation with high precision and point density and exhibited 

much higher productivity than did RTK GNSS. The inclusion of color information using the camera 

mounted on the LIDAR system can also improve the interpretation of objects in a point cloud. 

Furthermore, a TIN model, a DEM with 50 cm resolution, and 1 m contour lines were produced using 

the terrestrial LIDAR scanning data. Based on the high-resolution DEM and contour lines produced in 

this study, the Jang Bogo Station in Antarctica was successfully constructed in February 2014. 

Acknowledgments 

This research was supported by the Disaster Safety Technology Development &  

Infrastructure Construction Program funded by the Ministry of Public Safety and Security  

(“2014-MPSS04-008-01010000-2015”). The authors also express gratitude to Leica Geosystems Korea 

for their generous support in providing 3D laser Scanner for this research. 

Author Contributions 

Hyoungsig Cho and Hong-Gyoo Sohn were the main directors of the fieldwork in Antarctica. 

Hyoungsig Cho and Sangmin Kim did the in situ. Seunghwan Hong, Hyokeun Park and Ilsuk Park did 

post-processing of the LIDAR scanning data and analyzed the data. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Payne, A.J.; Hunt, J.C.; Wingham, D.J. Evolution of the Antarctic ice sheet: New understanding 

and challenges. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2006, 364, 1867–1872. 

2. Steig, E.J.; Schneider, D.P.; Rutherford, S.D.; Mann, M.E.; Comiso, J.C.; Shindell, D.T. Warming 

of the Antarctic ice-sheet surface since the 1957 international geophysical year. Nature 2009, 457, 

459–462. 

3. Wingham, D.J.; Ridout, A.J.; Scharroo, R.; Arthern, R.J.; Shum, C. Antarctic elevation change from 

1992 to 1996. Science 1998, 282, 456–458. 

4. Shepherd, A.; Wingham, D.; Rignot, E. Warm ocean is eroding West Antarctic ice sheet.  

Geophys. Res. Lett. 2004, 31, doi:10.1029/2004GL021106. 

5. Cuffey, K.M. A matter of firn. Science 2008, 320, 1596–1597. 



Sensors 2015, 15 23533 

 

 

6. Frey, H.; Paul, F. On the suitability of the SRTM DEM and ASTER GDEM for the compilation of 

topographic parameters in glacier inventories. Int. J. Appl. Earth Obs. Geoinf. 2012, 18, 480–490. 

7. Bamber, J.L.; Rivera, A. A review of remote sensing methods for glacier mass balance 

determination. Glob. Planet. Chang. 2007, 59, 138–148. 

8. Herzfeld, U.C.; Lingle, C.S.; Lee, L.-H. Geostatistical evaluation of satellite radar altimetry for  

high-resolution mapping of Lambert Glacier, Antarctica. Ann. Glaciol. 1993, 17, 77–85. 

9. Shepherd, A.; Wingham, D.J.; Mansley, J.A.; Corr, H.F. Inland thinning of pine island Glacier, 

West Antarctica. Science 2001, 291, 862–864. 

10. Moholdt, G.; Nuth, C.; Hagen, J.O.; Kohler, J. Recent elevation changes of Svalbard glaciers 

derived from ICESat laser altimetry. Remote Sens. Environ. 2010, 114, 2756–2767. 

11. Pritchard, H.; Ligtenberg, S.; Fricker, H.; Vaughan, D.; Van den Broeke, M.; Padman, L. Antarctic 

ice-sheet loss driven by basal melting of ice shelves. Nature 2012, 484, 502–505. 

12. Rignot, E.; Jacobs, S.; Mouginot, J.; Scheuchl, B. Ice-shelf melting around Antarctica. Science 

2013, 341, 266–270. 

13. Sohn, H.-G.; Jezek, K. Mapping ice sheet margins from ERS-1 SAR and SPOT imagery. Int. J. 

Remote Sens. 1999, 20, 3201–3216. 

14. Rosen, P.A.; Hensley, S.; Joughin, I.R.; Li, F.K.; Madsen, S.N.; Rodriguez, E.; Goldstein, R.M. 

Synthetic aperture radar interferometry. IEEE Proc. 2000, 88, 333–382. 

15. Paul, F.; Huggel, C.; Kääb, A. Combining satellite multispectral image data and a digital elevation 

model for mapping debris-covered glaciers. Remote Sens. Environ. 2004, 89, 510–518. 

16. Kääb, A. Glacier volume changes using ASTER satellite stereo and ICESat GLAS laser altimetry. 

A test study on Edgeøya, Eastern Svalbard. IEEE Trans. Geosci. Remote Sens. 2008, 46, 2823–2830. 

17. Cook, A.; Murray, T.; Luckman, A.; Vaughan, D.; Barrand, N. A new 100-m digital elevation model 

of the Antarctic Peninsula derived from ASTER Global DEM: Methods and accuracy assessment. 

Earth Syst. Sci. Data 2012, 4, 129–142. 

18. Bouin, M.N.; Vigny, C. New constraints on Antarctic plate motion and deformation from GPS data. 

J. Geophys. Res. Solid Earth 2000, 105, 28279–28293. 

19. Dietrich, R.; Rülke, A.; Ihde, J.; Lindner, K.; Miller, H.; Niemeier, W.; Schenke, H.-W.; Seeber, G. 

Plate kinematics and deformation status of the Antarctic Peninsula based on GPS. Glob. Planet. 

Chang. 2004, 42, 313–321. 

20. Donnellan, A.; Luyendyk, B.P. GPS evidence for a coherent Antarctic plate and for postglacial 

rebound in Marie Byrd Land. Glob. Planet. Chang. 2004, 42, 305–311. 

21. Zanutta, A.; Vittuari, L.; Gandolfi, S. Geodetic GPS-based analysis of recent crustal motions in 

Victoria Land (Antarctica). Glob. Planet. Chang. 2008, 62, 115–131. 

22. Nilsson, M. Estimation of tree heights and stand volume using an airborne LIDAR system.  

Remote Sens. Environ. 1996, 56, 1–7. 

23. Popescu, S.C.; Wynne, R.H.; Nelson, R.F. Measuring individual tree crown diameter with LIDAR 

and assessing its influence on estimating forest volume and biomass. Can. J. Remote Sens. 2003, 

29, 564–577. 

24. Hong, S.H.; Cho, H.S.; Kim, N.H.; Sohn, H.G. 3D indoor modeling based on terrestrial laser 

scanning. J. Korean Soc. Civ. Eng. 2015, 35, 525–531. 



Sensors 2015, 15 23534 

 

 

25. Chehata, N.; Guo, L.; Mallet, C. Airborne LIDAR feature selection for urban classification using 

random forests. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2009, 38, 207-212. 

26. Yu, B.; Liu, H.; Wu, J.; Hu, Y.; Zhang, L. Automated derivation of urban building density 

information using airborne LIDAR data and object-based method. Landsc. Urban Plan. 2010, 98,  

210–219. 

27. Jones, L. Monitoring landslides in hazardous terrain using terrestrial LIDAR: An example from 

Montserrat. Q. J. Eng. Geol. Hydrogeol. 2006, 39, 371–373. 

28. Wang, Z.; Li, H.; Wu, L. Geodesics-based topographical feature extraction from airborne LIDAR 

data for disaster management. In Proceedings of the 18th International Conference on 

Geoinformatics, Beijing, China, 18–20 June 2010; pp 1–5. 

29. Jaboyedoff, M.; Oppikofer, T.; Abellán, A.; Derron, M.-H.; Loye, A.; Metzger, R.; Pedrazzini, A. 

Use of LIDAR in landslide investigations: A review. Nat. Hazards 2012, 61, 5–28. 

30. Woolard, J.W.; Colby, J.D. Spatial characterization, resolution, and volumetric change of coastal 

dunes using airborne LIDAR: Cape Hatteras, North Carolina. Geomorphology 2002, 48, 269–287. 

31. Arnold, N.; Rees, W.; Devereux, B.; Amable, G. Evaluating the potential of high‐resolution 

airborne LIDAR data in glaciology. Int. J. Remote Sens. 2006, 27, 1233–1251. 

32. Chen, Q. Airborne LIDAR data processing and information extraction. Photogramm. Eng.  

Remote Sens. 2007, 73, 109–112. 

33. Roering, J.J.; Stimely, L.L.; Mackey, B.H.; Schmidt, D.A. Using DInSAR, airborne LIDAR,  

and archival air photos to quantify landsliding and sediment transport. Geophys. Res. Lett. 2009, 

36, doi:10.1029/2009GL040374. 

34. Liu, X. Airborne LIDAR for DEM generation: Some critical issues. Prog. Phys. Geograph. 2008, 32, 

31–49. 

35. Pope, A.; Willis, I.; Rees, W.; Arnold, N.; Pálsson, F. Combining airborne LIDAR and landsat 

ETM+ data with photoclinometry to produce a digital elevation model for Langjökull, Iceland.  

Int. J. Remote Sens. 2013, 34, 1005–1025. 

36. Slob, S.; Hack, R. 3D terrestrial laser scanning as a new field measurement and monitoring 

technique. In Engineering Geology for Infrastructure Planning in Europe; Springer: Berlin, 

Germany, 2004; pp. 179–189. 

37. Prokop, A. Assessing the applicability of terrestrial laser scanning for spatial snow depth 

measurements. Cold Reg. Sci. Technol. 2008, 54, 155–163. 

38. Entwistle, J.; McCaffrey, K.; Abrahams, P. Three-dimensional (3D) visualisation: The application 

of terrestrial laser scanning in the investigation of historical Scottish farming townships.  

J. Archaeol. Sci. 2009, 36, 860–866. 

39. Ergun, B. A novel 3D geometric object filtering function for application in indoor area with 

terrestrial laser scanning data. Opt. Laser Technol. 2010, 42, 799–804. 

40. Abellán, A.; Oppikofer, T.; Jaboyedoff, M.; Rosser, N.J.; Lim, M.; Lato, M.J. Terrestrial laser 

scanning of rock slope instabilities. Earth Surf. Proc. Landf. 2014, 39, 80–97. 

41. Reshetyuk, Y. Investigation and Calibration of Pulsed Time-Of-Flight Terrestrial Laser Scanners.  

Ph.D. Thesis, Royal Institute of Technology (KTH), Stockholm, Sweden, October 2006. 

42. Abate, D.; Pierattini, S.; Fasani, G.B. LIDAR in extreme environment: Surveying in Antarctica. 

ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2013, 1, 1–6. 



Sensors 2015, 15 23535 

 

 

43. GSA BIM Guide For 3D Imaging. Available online: http://www.gsa.gov/portal/mediaId 

/226819/fileName/GSA_BIM_Guide_Series_03.action (accessed on 28 January 2015). 

44. Mitas, L.; Mitasova, H. Spatial interpolation. In Geographical Information Systems: Principles and 

Technical Issues; Longley, P.A., Goodchild, M., Maguire, D., Rhind, D.W., Eds; John Wiley & 

Sons, Inc.: New York, NY, USA, 1999; Volume 1, pp. 481–492. 

45. Akima, H. A method of bivariate interpolation and smooth surface fitting for irregularly distributed 

data points. ACM Trans. Math. Softw. 1978, 4, 148–159. 

46. Leica Geosystems. Datasheet of Leica ScanStation C10. Available online: http://hds.leica-

geosystems.com/downloads123/hds/hds/ScanStation%20C10/brochures-datasheet/ 

Leica_ScanStation_C10_DS_en.pdf (accessed on 28 January 2015). 

47. Ingensand, H. Metrological aspects in terrestrial laser-scanning technology. In Proceedings of the 

3rd IAG/12th FIG symposium, Baden, Austria, 22–24 May 2006. 

48. Schulz, T. Calibration of A Terrestrial Laser Scanner for Engineering Geodesy. Ph.D. Thesis, ETH 

Zurich, Zurich, Switzerland, 2007. 

49. Chris Cothrun. The Technical Side: Dual Axis Compensators. Available online: 

http://www.krcmar.ca/sites/default/files/1995_Spring_Dual%20Axis%20Compensators_1.pdf 

(accessed on 20 August 2015). 

50. Becerik-Gerber, B.; Jazizadeh, F.; Kavulya, G.; Calis, G. Assessment of target types and layouts in 

3D laser scanning for registration accuracy. Autom. Constr. 2011, 20, 649–658. 

51. Jaw, J.J.; Chuang, T.Y. Registration of ground‐based LIDAR point clouds by means of 3D line 

features. J. Chin. Inst. Eng. 2008, 31, 1031–1045. 

52. Besl, P.J.; McKay, N.D. A method for registration of 3-D shapes. IEEE Trans. Patt. Anal. Mach. Intell. 

1992, 14, 239–256. 

53. Rusinkiewicz, S.; Levoy, M. Efficient variants of the ICP algorithm. In Proceedings of the 3th 

International Conference on 3D Digital Imaging and Modeling, Quebec City, QC, Canada,  

28 May –1 June 2001; pp 145–152. 

54. UNAVCO. UNAVCO TLS Target. Available online: http://facility.unavco.org/kb/questions/ 

739/UNAVCO+TLS+Target (accessed on 20 August 2015). 

55. Gili, J.A.; Corominas, J.; Rius, J. Using global positioning system techniques in landslide 

monitoring. Eng. Geol. 2000, 55, 167–192. 

56. Schloderer, G.; Bingham, M.; Awange, J.L.; Fleming, K.M. Application of GNSS-RTK derived 

topographical maps for rapid environmental monitoring: A case study of Jack Finnery Lake (Perth, 

Australia). Environ. Monit. Assess. 2011, 180, 147–161. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


