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ABSTRACT 
 

Terrestrial laser scanning (TLS) or ground based LiDAR (light detection and ranging) is 
a relatively new technology that digitally maps geological outcrops at a (mm-cm) 
resolution. This paper reports the results of a trial TLS project that has two main aims: 
collecting scans for monitoring gully erosion and conducting a survey to connect field 
methods of TLS with geomorphology. The site of the TLS survey was located at 
Arapahoe County, Colorado and data collection consisted of a three-day campaign. This 
project focus is applying a new approach to analyzing and measuring deformation and 
erosion in gully dominated landscapes. Our approach to make the survey consisted of 
going to the field with an Optech scanner to acquire the data, searching for different field 
acquisition strategies, practicing with data processing and making a web page of the 
project for the scientific community. A preliminary terrain model is made in Polyworks 
software using only twenty percent of the scans and giving us an insight of how the 
landscape model can look in the future. The long-term goal of this research is to keep 
track of the changes in the morphology of the gullies located at the West Bijou Creek in 
Colorado using Real Time Kinematic GPS (RTK-GPS) and Terrestrial Laser Scanning 
(TLS). Because applications of TLS in geology and geophysics are evolving rapidly, in 
this project a web page including a forum is made to provide the scientific community 
with a summary of current field acquisition practices for sharing ideas and discoveries. 
 
  
 
 
  
  
This work was performed under the auspices of the Research Experience in Solid Earth Science for Students 
(RESESS) program. RESESS is managed by UNAVCO, with funding from the National Science Foundation 
and UNAVCO.  RESESS partners include the Significant Opportunities in Atmospheric Research and Science 
Program, the Incorporated Research Institutions for Seismology, the United States Geological Survey, and 
Highline Community College. 
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1.Introduction 
 

 Terrestrial laser scanning (TLS) or ground based LiDAR (light detection and 

ranging), is a recent innovation for data acquisition, which allows geological outcrops 

and landforms to be digitally captured with unprecedented resolution and accuracy 

(Buckley et al., 2008).  TLS instruments are becoming helpful tools for the rapid and 

efficient capturing of accurate mm to cm high resolution datasets for many applications 

(Lichti et al., 2008). Light Detection and Ranging (LIDAR) is a remote sensing system 

used to collect topographic data. As said by Bonnaffe (2007), with LiDAR data we can 

digitally visit and analyze outcrops in 3D with our computers, because the data provide a 

cm-scale resolution terrain model. The terrestrial LiDAR method is based on sending and 

receiving laser pulses for the construction of a point file of 3D coordinates on almost any 

surface (Collins et al., 2007). These laser pulses allows us to create a 3D point cloud of 

the scanned outcrop that can then be converted to triangulated surfaces for the draping of 

high resolution photos of the same area (Bonnaffe et al., 2007). The use of TLS was 

original mainly for engineering and structures, but with time it has caught the attention of 

the geological sciences. In other words, it is cutting edge technology recently applied in 

geological sciences. This technology was recently applied in an investigation located in 

Daly City, California showing great results and models, in which TLS data were 

transformed into 3D surfaces for volumetric and cross-section analyses (Collins et al., 

2007). The data processing and analysis of this almost new system is not well known for 

Earth Sciences purposes, and this project involves the discovery of new ways to manage 

the TLS in the area of this study. One of the main challenges in this project is the post-

processing of the data, because it requires a large amount of time (Buckley et al., 2008) 
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and software not completely developed for geologic and geomorphologic purposes. TLS 

measurements can be used to complement Synthetic Aperture Radar (SAR), Airborne 

LiDAR, and Spaceborne LiDAR techniques in providing smaller-scale, higher-resolution 

plots of important areas and in filling in areas inaccessible by these other techniques. 

Some of the advantages of using TLS are the direct measurement of 3D coordinates, high 

degree of automation, easy to use hardware and massive sampling capability (Monserrat 

& Crosetto, 2008).  The TLS technique can be applied to disciplines like geology, 

geophysics, glaciology and volcanology. Other potential TLS applications include the 

mapping of outcrop geometries for understanding building reservoir models, morphologic 

mapping of fault scarps for paleoseimic analysis and for making repeated surveys of 

landforms to detect quantity erosion patterns like this project.  This project utilized long-

range TLS unit is owned by UNAVCO and was used to scan the gully network area of the 

West Bijou Creek. This is the first time that the UNAVCO TLS unit is used in an arid 

region. 

 

a. Using TLS to quantify gully dynamics 

The geomorphology of semi-arid rangelands (low to moderate relief terrain) is 

characterized by ephemeral stream channels and unchanneled valleys (Tucker et al., 

2006). An ephemeral stream is a stream that flows in direct response with precipitation, 

always above the water table. In this kind of stream dry channels known as gullies or 

arroyos are common. In these regions, convective flash flood thunderstorms typically 

occur in the summer and create very high shear stresses, possibly contributing to the 

incision of the channels (Tucker et al., 2006). One of the goals of this project is to keep 
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track of the changes in the morphology of the gullies located at the West Bijou Creek 

using Real Time Kinematic GPS (RTK-GPS) and Terrestrial Laser Scanning (TLS). The 

site of this study is located in Arapahoe County, Colorado (Figure 1.1). A gully is defined 

in geomorphology as an incised (downcut), steep-sided channel with slumping sidewalls 

and an eroding headcut. The gullies are commonly caused by fluvial erosion due to 

changes in tectonics, climate or base level drop (Instanbulluoglu et al., 2005). The long-

term goal of this project is to make a TLS study each year for a few years to observe how 

the landscape is evolving. It could be possible to make comparisons between recently 

taken airborne LiDAR images on West Bijou Creek and this project ground-based 

LiDAR images. The results from this study could help us to understand how fast erosion 

can change the morphology of gullies, for example the rate of headcutting retreat and the 

results can be compared with other similar areas located in the United States and 

elsewhere. This project could help start solving the issue of the lack of knowledge that 

geologists have in the formation of arroyos or gullies (Tucker et al., 2006). These 

landscapes can be altered by human made structures such as dams that can change the 

flow of a creek and its depositional and erosional regime of it.  
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Figure 1.1 - Photo showing the scanned area of West Bijou Creek gully network. 

 

One of the motivations and questions of this research is to find out how fast and 

what controls the erosion of gullies in a landscape. In the long term, modeling could be 

possible with the compilation of all the data and we could measure the topography before 

the erosion took place and develop interpretations of what might happen in the future. As 

mentioned before, in order to keep track of the changes in the topography of the area a 

TLS study including RTK-GPS over a period of several years is needed.  

 

The use of TLS is rapidly changing and evolving. Different research groups use 

various field data acquisition techniques. TLS can be an efficient method to acquire large 

quantities of data in a simple and rapid way, but there are important factors that one must 

take into account before the survey. A second goal of this research is to look for different 

approaches to field acquisition methods using TLS. A well-designed survey leads to 

simpler, less confusing data processing. The survey design takes in account the location 

of the scanner, the resolution of each scan, and the number and position of the controls 

points. Because applications of TLS in geology and geophysics are evolving rapidly, 

another goal of this project is to provide the scientific community with a summary of 
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current practices together with a web-based forum for sharing ideas and discoveries 

because they evolve every day.  

 

2. Methods 

 
a. TLS Applications 

 
 The Terrestrial Laser Scanning method is based on the sending and receiving of 

laser pulses for the construction of point files of 3D coordinates on different surfaces 

(Collins et al., 2007). The TLS unit used in this project is an Optech ILRIS-3D (Figure 

2.1), which consists of a Class 1 laser, internal 3-megapixel digital camera, an external 

12-megapixel digital SLR camera (Nikon D300), a data sampling rate of 2,500 points per 

second, a 360 degree field view, and a distance measurement from 3 meters to more than 

1,500 meters (Optech, 2006). In the field, the scanner is mounted on a tripod in one 

particular position, until all the scans desired in the area are finished. Then, the scanner is 

moved to another particular position. A handheld computer manages the TLS. In order to 

make a scan, a 360-degree photo needs to be taken with the internal camera of the TLS. 

After this is done, a box is drawn in the photo with an electronic pen in the area of the 

desired scan. Then, the operator chooses the light conditions of the day and the resolution 

of the scan. After the resolution is selected, the TLS gives an estimation of the time that 

the scan will take. The product of a single terrestrial LiDAR scan is a large volume of 3D 

data point measurements, each consisting of x, y and z coordinates and intensity value 

(Buckley et al., 2008). 
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Figure 2.1 - Terrestrial Laser Scanner showing high resolution Nikon camera on the top 

                                          and gray tilting base on the bottom. 

 

The West Bijou Creek Terrestrial Laser Scanning project consisted of a three-day 

data collection campaign at a side located at Arapahoe County, CO in the month of June, 

2008. The site was chosen because it exhibits highly active gullying and has a good road 

access. The day of June 6 included a two-hour static GPS survey (Figure 2.2) for a high-

precision measurement of a reference point and a site reconnaissance for the location of 

the TLS scan sites. The days of June 11 and June 12 were based on the survey of the 

Terrestrial Laser Scanner and RTK-GPS on the West Bijou Creek gully network. 

Different scan positions are needed in order to eliminate the shadows and some 

obstructions in the outcrop. There were a total of three scan sites.  The first site was 

located near a dirt road in the area and had a broad view of the gully network. The second 

site was located at the east part of the main headscarp and third site was located at the 

west part of the main headscarp. There were a total of 20 scans (Site #1: 7, Site #2: 4, Site 

#3: 9), (Figure 2.3) taken from the area. In order to have control points for the data 
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processing in the area, seven foam balls were placed in different parts of the outcrop. 

These control points were designed to merge the point cloud scans during the processing 

step. The RTK-GPS was used for the precise location and georeferencing of instruments, 

control points and topographic features for referencing the TLS data in an absolute 

reference frame and for future studies in the area. Some features surveyed by RTK-GPS 

included: the rim of the main headscarp, a long fence near the top of the outcrop, valley 

ridges, 6” foam balls (Figure 2.4, Figure 2.5) and TLS scan sites. The RTK-GPS (Figure 

2.6) survey is helpful, both because it provides precise coordinates for each TLS tripod 

position, and because it provides additional data that can be compared between different 

time periods in order to detect landform change. In the field, notes of each scan were 

made on the point spacing, mean distance, weather conditions and camera file name. 

(Table 2.1, Table 2.2). As part of this research a web page containing this investigation 

information, field procedures recommendations and a forum is made to provide the 

scientific community with a summary of current practices for sharing ideas and 

discoveries because the field keeps evolving.  

 

 

 

 

 

 

Figure 2.2 - Static GPS Survey. 
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Figure 2.3 - Three TLS scan sites in West Bijou Creek, Airborne LiDAR image. 

 

 

 

 

 

 

 

 

 

Figure 2.4 - West Bijou Creek Gully Network showing reference (foam) balls, numbers 

representing the ID’s in the RTK-GPS. 

 

1 

2 3 

26 

20 

22 - 23 

24 

Headscarp 21 



RESESS 2008, Emanuelle A. Feliciano, 10 
 
 

 

 

 

 

 

Figure 2.5 - Control point used in the survey (6” foam ball). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 - RTK-GPS survey. 
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TLS SCAN FILE 

NAME 

POINT SPACING 

(mm) 

MEAN DISTANCE 

(m) 

NIKON CAMERA 

FILE NAME 

TOTAL 

TIME (min) 
NOTES 

1-1 15.8 98.7 - 10  Sunny 

1-2 51.4 85 - 7 Windy 

1-3 18.8 117 - 20 Windy 

1-4 15.9 99.41 - 27 Less wind 

1-5 52 57.8 
tls_323.nef to 

tls_328.nef 
20 

Windy. Cloudy 

1-6 15.5 40.7 
tls_329.nef, 

tls_330.nef 
7 

Less Wind 

1-7 15.1 39.7 
tls_331.nef, 

tls_332.nef 
11 

Sunny 

2-1 50.2 36 - 14 Windy, Sunny 

2-2 46.8 34 
tls_333.nef to 

tls_337.nef 
14 

Sunny 

2-3 20 41.6 
tls_338.nef to 

tls_340.nef 
31 

Very Windy, 

Sunny 

2-4 22.4 22.4 
tls_341.nef to 

tls_345.nef 
35 

Very Windy 

 

Table 2.1 - Field Notes of TLS Campaign, June 11. 
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TLS SCAN FILE 

NAME 

POINT SPACING 

(mm) 

MEAN DISTANCE 

(m) 

NIKON CAMERA 

FILE NAME 

TOTAL TIME 

(min) 
NOTES 

3-1 50.4  36.51 
tls_352.nef, 

tls_353.nef 
7 

Sunny, Very 

Windy 

3-2 50.4 36.51 
tls_354.nef to 

tls_356.nef 
7 

Sunny, Very 

Windy 

3-3 50 35 tls_357.nef 3 
Sunny, Very 

Windy 

3-4 50 30.5 tls_358.nef 2 Sunny, Windy 

3-5 4.5 37.5 tls_359.nef 3 Sunny, Windy 

3-6 19.8 29 
tls_360.nef to 

tls_362.nef 
23 

Sunny very 

Windy 

3-7 19.8 20.6 
tls_363.nef to 

tls_366.nef 
16 Sunny, Windy 

3-8 18.8 21 
tls_367.nef, 

tls_368.nef 
11 Sunny, Windy 

 

Table 2.2 - Field Notes of TLS Campaign, June 12. 

 

One of the challenges of working with TLS is the data processing. Innovmetric’s 

Polyworks 10.x is the software must commonly use for this. This project involved the use 

of this software in an experimental way. In order to work with the software some 

processes had to be done. The TLS scan files were parsed into .pf format files using 

parsing software that comes with the Optech scanner. Polyworks is divided in different 

modules: IMAlign, IMMerge, IMMedit and IMInspect. First, the point cloud files are 
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imported to IMAlign to work with the aligning and to reduce the overlap of the point 

clouds. If the scans are not merged automatically when the files are imported, a tool 

called N-point pair can be used to align the images. This is done, by selecting at least 

three similar points or features in each point cloud and then they can be merged. Some 

cleaning can be done in IMAlign. After that step, the complete aligned point cloud is 

imported to IMMerge and the polygonal model is created. When the model is created it is 

imported to IMMedit for the final editing, including excess triangle and shells cleaning 

and hole filling. To make comparisons between different models of a same place 

IMInspect can be used, though this part is under investigation by different research 

groups. 

 

b. ArcMap Gully Study 

 In the summer of 2006 Airborne LiDAR images of West Bijou Creek were taken. 

With these images a small study including 20 gullies adjacent to the main channel was 

made. The study consisted of taking measurements of the length of each gully and 

comparing it with the drainage area of each of them. The objective is to find out how fast 

are the gullies eroding and retreating. This is an excellent place for this, because there is 

evidence that the gullying in this area started after a flooding that occurred in East Plum 

Creek located in Colorado, its tributaries and adjacent areas in June 16, 1965 (Griffin and 

Smith, 2004). This was possible using ArcMap Version 9.2 software.  
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3. Results 
 

a. TLS Applications 

In this study, a total of 20 scans of the region were made. Two scans showing 

point cloud examples are shown in Figure 3.1 and Figure 3.2 Using these point clouds a 

preliminary model of the West Bijou Creek Gully network was made using Polyworks 

(Figure 3.3, Figure 3.4), giving us an insight of how it can look on the future. Figure 3.3 

shows the first step of merging the point clouds. A different color is given to each scan. 

After making this process, a reduction in overlap is made. The merged point clouds are 

imported to IMMerge and the model is created and it is changed to only one color (Figure 

3.4). The model shows that the scanning process in the field was made in the right way 

except the fact that the reflectors cannot be seen and it is difficult to see landscape 

features because the overlap area was small. The model shows a certain quantity of holes 

and shadows, some of them later filled in IMMedit with special tools. The main 

headscarp can be clearly recognized in the model. 

 

 

 

 

 

 

 

Figure 3.1 - West Bijou Creek gully photo and 3D point cloud of the same scanning position. 
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Figure 3.2 - West Bijou Creek west side of headscarp photo and 3D point cloud of the same scanning 

position. 
 

 

 

Figure 3.3 - 3D point cloud mesh of the fours scans from the first scanner position showed in IMMalign. 
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Figure 3.4 - 3D preliminary model of West Bijou Creek Gully Network with only four scans showed in 

IMMedit. 

 

 

b. Arc Map Gully Study 

 This section presents a graphic of West Bijou gullies made in Excel with data 

obtained by Airborne LiDAR images and using ArcMap (Figure 3.5). The graph shows a 

simple comparison about drainage area vs. gully length (Figure 3.6). Twenty gullies 

adjacent to the main channel of the West Bijou Creek were analyzed in ArcMap. Length 

of valley sides gullies, reveals an average growth rate of 0.5 meters a year since the 1965 

flood. Gully length in this area range from 10 to 60 meters. These rates should be 

detectable with TLS. This shows some degree of correlation with the drainage area. 
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Figure 3.5 - West Bijou Creek Airborne LiDAR image, gullies are represented by green circles and were 

measured in ArcGis. Gullying in the side of the valley may have started after the 1965 flood. 

 

 

 

Figure 3.6 – West Bijou Creek Gully graphic showing a relation; the x-axis is represented in a logarithmic 

scale. 
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4. Discussion 

 In this section, the preliminary West Bijou Creek Gully Network model and TLS 

field acquisition recommendations are discussed. A brief discussion concerning the 

ArcMap gully study is also made. 

 

a. West Bijou Creek Preliminary Model 

 The point cloud data of the West Bijou Creek project were imported to 

Polyworks, but only the first four scans from the first scan site were automatically 

merged. Polyworks is supposed to merge all the scans from the same scan position. 

Another way to merge the scans is to select three similar points with a special tool in 

Polyworks. But there were no visible features to make the three-point selection and the 

reflectors used in the site were not traceable in the point clouds. As a result of this, only a 

draft model of the gully consisting of the first four scans was possible (Figure 3.4). 

Because of this situation, a certain amount of holes and shadows can be noticed in the 

model. Another factor that may have caused this problem is called “zeroing”. When the 

TLS makes a scan it is supposed to turn to the same position that it started and sometimes 

in the field there were problems with this situation and we needed to restart the scanner 

again. For this reason, further research is needed in the applications of the Optech scanner 

in the field. As we know, this field keeps evolving with each study. Several research 

groups, including University of Texas at Dallas, Arizona State University and UNAVCO 

regarding field procedures, provided different recommendations. It is clear that more 

studies with this scanner and software are needed to develop a standard workflow. 
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Lessons learned during this project will contribute to the development of recommended 

best practices for future surveys. 

 

b. Arc Map Gully Study  

In the summer of 2006 Airborne LiDAR images were taken in the area. There is 

evidence that gullying started in 1965 after a flood that may have expanded the channel 

of West Bijou Creek (Griffin and Smith, 2004). With these images we can make several 

studies and make some hypotheses. In the long term a comparison of these images with 

the ones obtained of the TLS is planned. The gully measurement graph (Figure 3.6) 

didn’t show a linear relation as expected. In most cases, drainage area is directly 

proportional with gully length. This graph may reflect that the drainage area in some 

gullies is smaller because of the man-made constructions like ponds and dirt roads 

located upstream in the valley. These constructions can be actually reducing the runoff 

water over the different headscarps, so therefore reducing the drainage area. This 

situation may be reducing at the same time the sediment supply to the main creek. 

Several studies like this one can be possible with Airborne LiDAR images and they can 

be compared with the ground-based LiDAR data. 

 

c. Data Collection Recommendations 

One of the goals of this project was to investigate different field acquisition 

procedures used by different research groups. For this to be possible, some interviews 

were made to institutions like Arizona State University and University of Texas at Dallas 

(UTD). At the end of the section there is a brief summary of field recommendations. One 
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of the reports made by UTD reported that the scans from one site but in different 

directions did not merged as they should and that they didn’t have sufficient overlap to 

allow cloud merging either from a single site. A large overlap is needed in order to have 

more similar points or features. Another recommendation is to use reflectors mounted in 

tripods that are made of compact discs with red reflective fabric material. High-resolution 

scans of the reflectors are needed, so when the files are input to Polyworks they are 

automatically merged as control points with the scans. In this way the merging of all of 

the scans from different positions is made in a rapid way. Other recommendations include 

making large scans instead of small scans. Basically, the most important factor is to have 

a minimum of three or four control points that can be seen from all of the scanner 

positions. In addition, it would be good to have geologic or outcrop features repeated in 

the scans, because in this way it is easier to make the three-point alignment in Polyworks. 

Some of the most important field procedures are: 

 

-Set up 4 to 6 spheres or control points on plumbed range poles on surveyed monuments 
(rebar) 
 
-Put reflective material in the control points, e.g., red reflective fabric material 
 
-Use as many targets as possible, and make sure they are at different depths, heights 
and angles from the scanner position 
 
-Resolution determines the scan time; a window of time of 20 to 40 minutes per scan 
tends to work well 
 
-A single scan should include a minimum of 3 scan targets 
 
-Make separate high resolution scans of the reflectors 
 
-Use plenty of overlap area in adjacent scans (30 to 35 percent works well) 
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-Add extra space around the area that you want to scan to avoid accidentally cutting off 
the edge of the target 
 
-Backup data on a USB key attached to the LiDAR itself.  If the computer 
shut down while the LiDAR is scanning, the scan will still be saved to the LiDAR 
 
-Do not let the scanner overheat. Place a damp towel on top of the scanner if it starts to 
feel hot  

 

As mentioned before, Terrestrial Laser Scanning is a relatively new technology 

being applied recently to earth sciences. Actually, there is not a standard established 

technique for the use of TLS in the field. Every research group uses different scanners 

and approaches because landscapes and outcrops differ from place to place. For this 

reason a web page including this project information was created. In this way, the 

research community can contribute with new ideas. The URL is: 

www.unavco.org/research_science/science_highlights/tls2008_summer_project.  

 

5. Conclusion 

Gully erosion is a natural process that can be altered or can cause damage to man-

made structures. Several factors such as runoff water and ground water may accelerate 

this process. More research related to this process needs to be done in order to have an 

idea of how gully dominated landscapes evolve. It is important to understand the 

processes and environmental factors that control headcut gully retreat rates because they 

can be good indicators of climate and environmental changes (Wijdenes and Byron, 

2001). Cases of damage relating chemicals and sediments to watercourses and properties by 

runoff from agricultural land relating gullying had been reported, so there is a need for 

doing monitoring, experimental and modeling studies of gully erosion for making 

predictions (Poesen et al., 2002). In the long term, this project will be a useful piece 
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toward better understanding of gully erosional landscapes. As more Terrestrial Laser 

Scanning projects are done, the scientific community will be able to share more field 

acquisition and data processing procedures. I conclude that one of the more important 

steps of working with TLS, if not the most important is the field acquisition procedure. 

Additional work is needed to develop best practices for TLS data collection and analysis 

for gully erosion studies. The integration of TLS data with Airborne LiDAR data would 

be an excellent approach to improving our understanding of gullying processes. We 

created a website to share results from this project and ongoing TLS developments with 

the community. This is a learning process that is going to take several studies for then to 

be simpler to work. 
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