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Abstract: Combining measurements of the surface and subsurface is a promising approach to 

understand the origin and current changes of karstic forms since subterraneous processes are often 

the initial driving force. A karst depression in south-west Germany was investigated in a 

comprehensive campaign with remote sensing and geophysical prospecting. This contribution has 

two objectives: firstly, comparing terrestrial laser scanning (TLS) and low-altitude airborne 

imaging from an unmanned aerial vehicle (UAV) regarding their performance in capturing the 

surface. Secondly, establishing a suitable way of combining this 3D surface data with data from the 

subsurface, derived by geophysical prospecting. Both remote sensing approaches performed 

satisfying and the established digital elevation models (DEMs) differ only slightly. These minor 

discrepancies result essentially from the different viewing geometries and post-processing concepts, 

for example whether the vegetation was removed or not. Validation analyses against high-accurate 

DGPS-derived point data sets revealed slightly better results for the DEMTLS with a mean absolute 

difference of 0.03 m to 0.05 m and a standard deviation of 0.03 m to 0.07 m (DEMUAV: mean 

absolute difference: 0.11 m to 0.13 m; standard deviation: 0.09 m to 0.11 m). The 3D surface data 

and 2D image of the vertical cross section through the subsurface along a geophysical profile were 

combined in block diagrams. The data sets fit very well and give a first impression of the 
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connection between surface and subsurface structures. Since capturing the subsurface with this 

method is limited to 2D and the data acquisition is quite time consuming, further investigations are 

necessary for reliable statements about subterraneous structures, how these may induce surface 

changes, and the origin of this karst depression. Moreover, geophysical prospecting can only 

produce a suspected image of the subsurface since the apparent resistivity is measured. Thus, 

further measurements, such as borehole drillings or ground-penetrating radar are necessary for a 

closer analysis of the subsurface. In summary, satisfying results were achieved, which however 

pave the way for further studies. 

Keywords: Terrestrial laser scanning; low-altitude airborne imaging; digital elevation model;  

high-resolution mapping; geoelectric; electrical resistivity tomography; karst landscape 

 

1. Introduction 

Major applications of remote sensing in geoscience are detecting and monitoring 

geomorphological structures. Generally, the overall aim of most geomorphological studies is 

assessing terrain features in an area of interest (AOI) with a sufficiently high topographic and 

objective differentiation [1]. Innovations and technical progresses in the field of remote sensing 

caused a rapid increase in the number of available sensors and methods of capturing surfaces in 3D. 

Even though these remote sensing methods allow a reliable surface mapping, investigating the 

subsurface is almost impossible. This would however be beneficial for investigations in which 

surface changes might be explainable by subterraneous processes. Hence, it is desirable to combine 

surface and subsurface data. 

Investigations in karstic regions are one example where such combined investigations should 

be worthwhile, since subterraneous solution and subsidence processes are likely to cause surfaces 

changes. In this study, a karst depression in south-west Germany was investigated, where surface 

changes are expected based on human-based long-term observations. Monitoring campaigns with 

terrestrial laser scanning (TLS) during the last two years, have however not shown discernible 

movements yet [2]. This detection of temporal changes is not the primary topic of this contribution. 

Instead, the focus lies on a better understanding of the surface and subsurface structures and their 

interrelation. Strictly speaking, the results of a comprehensive campaign are presented, where TLS 

and low-altitude airborne imaging from an unmanned aerial vehicle (UAV) were applied for 

capturing the surface, and electrical resistivity tomography (ERT) was conducted for imaging 

subsurface structures. This contribution follows two aims: (I) investigating the usability of both 

remote sensing systems for capturing fine karstic structures and (II) establishing a suitable way of 

combining the surface mapping with the data from the subsurface and examining its benefit. The 

latter presupposes the visualization of the ERT measurements. 
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1.1. Capturing the surface 

A large number of remote sensing approaches already exist for capturing surfaces in 3D. With 

regard to the topic of this paper, a short introduction into laserscanning and into low-altitude 

airborne imaging are in the focus of this paragraph. Measurements based on Light Detection and 

Ranging (LiDAR) are generally widely applied due to their known accuracy and reliability [3]. 

LiDAR measurements may be performed as airborne laser scanning (ALS) or terrestrial laser 

scanning (TLS) depending on factors such as the targeted spatial and temporal resolution, the 

desired level of detailedness, or the extent and accessibility of the AOI. Examples for both methods 

can be widely found [4–6]. Even though TLS measurements are considerably cheaper and easier to 

perform than ALS approaches, the effort and expense should still not be underestimated. Beside the 

costs, major issues are the unsuitability in terrains with difficult access or the time requirement. 

An important step in the evolution of remote sensing was the development of UAVs as 

platform for different remote sensing sensors over the last several years. Further benefited by the 

rapidly increasing quality of affordable conventional digital cameras, a growing research interest on 

low-cost UAV-based imaging for scientific studies can be determined [7,8]. Key features of most 

approaches are to be as flexible and time- and cost-effective as possible. Moreover, areas which are 

not or less accessible with ground-based sensors can be investigated. The captured images are 

commonly used to derive 3D information based on the structure from motion (SfM) approach [9,10]. 

Only little research has however been done so far on the accuracy and reliability of collected data in 

comparison to traditional remote sensing methods. The integration of UAV-based photogrammetry 

and TLS for the mapping of open-pit mine areas for example was performed by Tong et al. [11]. 

Moreover, Smith et al. [12] and Ouédraogo et al. [13] outlined the benefits and challenges of  

low-altitude airborne imaging for studies in physical geography. Nevertheless, the widespread and 

further growing number of available systems still requires research focusing on the practical 

application. Moreover, validation analyses against reliable reference data are required. Comparative 

studies with trustworthy data and measuring procedures are therefore necessary. 

1.2. Investigating the subsurface 

Capturing information about the subsurface is generally more difficult than investigations of 

the surface since the access is obviously limited. Different approaches of deriving information exist, 

which can be divided into destructive and non-destructive methods. The latter ones are often based 

on near-surface geophysical prospection methods, such as ground penetrating radar, seismic surveying, 

or electrical resistivity tomography (ERT) [14]. A major advantage of these non-destructive 

measurements is that, information can be gained without disturbing the subsurface. Moreover, with 

most of the methods quite large areas can be assessed in a short time. In this study, ERT 

measurements were performed, as they are known for their suitability in karstic regions [15–17]. 
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Moreover, ERT was already successfully used in combination with TLS [18,19]. The result of an 

ERT profile is a visualization of the suspected subsurface, derived from the measured apparent 

resistivity. This 2D image can indicate the existence of different layers in the subsurface. The 

resistivity values are plotted as pseudosections, resulting from an inversion model. Thus, these 

pseudosections can show the variation of the measured resistivity in relation to the position and the 

effective depth of penetration but cannot show the exact depths of layer borders. Moreover, the 

material of the subsurface cannot be determined from ERT measurements alone. 

In contrast, destructive measurements, such as borehole drillings, can be used for specific 

statements about the material of the subsurface or the depths of layer borders. Borehole drilling is a 

commonly used method of investigating the subsurface and also applied in karstic regions [17,20]. 

A major limitation of borehole drilling is that only data at single locations can be achieved in a time 

consuming process, which limits the recordable data in a short campaign. Overall, an efficient 

approach should base on the combination of geophysical prospecting and borehole drilling. 

2. Materials and Methods 

2.1. Study area 

Large parts of the land surface which are today located in the temperate zone of central Europe 

were situated in the subtropics and below sea level during the Triassic, lasting from ~230 to ~195 

million years BP [21]. Calcareous sediments, shells, and other marine features were hence deposited 

under marine environs and later fossilized. This is also indicated by the name of this 

lithostratigraphic unit Muschelkalk (shellbearing limestone), which covers the older Buntsandstein 

(colorful sandstone) and lies below the younger Keuper. Outcrops of Muschelkalk can be found in 

Middle and South Germany, where weathering of the limestone induces the development of karstic 

phenomena. Such regions are marked by sinkholes, ponors, or karst depressions [1]. 

In this study, an episodically water-filled karst depression, named Ottensee, in the region of 

Hohenlohe in the German federal state Baden-Württemberg was investigated (Figure 1). The area, 

which is protected as a small nature reserve, is about 100 m by 200 m in size and embedded in a 

larger and geologically older valley [22]. The area surrounded by the trees (Figure 1 top) can 

roughly be regarded as AOI. Since only a very small part of the depression is constantly filled with 

water, the rest of the area is used for pasture farming. However, torrential rain and the consequential 

subterranean run-off through southern lying higher aquifers cause a flooding of the depression from 

time to time. This results in a small lake, which lasts for a few hours to weeks, depending on the 

filling level and the general natural inflow. Then the water drains off through ponors in the northern 

part of the depression, where the entire terrain is also a bit lower. This episodic flooding is likely to 

change the surface and to induce dissolution processes in the subsurface. 
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Figure 1. Karst depression Ottensee in the region of Hohenlohe, Baden-Württemberg. Top: 

Picture captured from the south side. Area surrounded by the trees can roughly be regarded as 

AOI. Bottom: Map of the closer region (right) and its location in the South of Germany (left). 

2.2. Data acquisition 

An extensive field campaign was carried out between the 26th and 29th of May 2016. The 

surface was almost continuously captured in 3D with terrestrial laser scanning and low-altitude 

airborne imaging. The pasture in the AOI was previously mown for an easier detection of the bare 

ground. Several point measurements were carried out with the high-accurate differential global 

positioning system (DGPS) device Topcon HiPer Pro [23] for acquiring two reference point data 

sets. A relative accuracy of 1 cm is reached with this device. The subsurface was investigated with 

geoelectrical measurements. As mentioned above, such ERT profiles can only provide a suspected 

2D image of the subsurface derived from the measured apparent resistivity and illustrate the 

existence of different layers or structures in the subsurface. Hence, borehole drilling was performed 

to analyze the material of the subsurface and detecting the specific depths of layer borders. These 

analyses were however neglected in this contribution, due to the focus on imaging methods. The 
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general detection of subsurface structures from the ERT measurements and their interrelation with 

the surface data were of primary importance.  

2.2.1. Capturing the surface 

Laser scanning was performed using the Riegl LMS-Z420i with the digital camera Nikon 

D200 mounted on top [24]. This time-of-flight scanner applies a near-infrared laser beam with a 

beam divergence of 0.25 mrad. It can record up to 11,000 points/sec with a field of view up to 80 ° 

in the vertical and 360 ° in the horizontal direction. In this study, a resolution of 0.04 ° was used. 

The point clouds gained from the laser scanner can be colorized from the images taken by the 

camera. Six scan positions were established to attain an almost uniform spatial coverage of the 

whole AOI (marked in Figure 2). The coordinates of the scan positions and additional reference 

targets were measured with the DGPS device. These targets are required for the georeferencing and 

merging of the positions in the post-processing. Highly reflective cylinders arranged on ranging 

poles act as reference targets. They can be easily detected by the scanner and thus their exact 

position in relation to the scan position can be measured. 

 

Figure 2. Orthophoto of the Ottensee derived from the UAV-based imaging. Scan positions 

(SCP) marked in red and electrical resistivity tomography (ERT) profiles marked in blue. 
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In contrast to the expensive TLS system, a low-cost approach was pursued for the low-altitude 

airborne imaging. The DJI Phantom 3 Professional was therefore used [25]. This UAV is equipped 

with a camera, which is attached via a gimbal and thus stabilized in the three axes (roll, pitch, and 

yaw). The camera has a 1/2.3" CMOS sensor with an effective number of pixels of 12.4 M and a 

94 ° field of view. During the campaign, the UAV was remotely piloted with the included 

controller and the DJI GO app [26], installed on an attached tablet PC. The real-time downlink 

during the flight allows seeing exactly which area is covered. Moreover, software options enable to 

define waypoints. During the final image acquisition, the thereby predefined flight paths can be 

controlled by an autopilot. Hence, a constant height and speed can be ensured. Since the maximal 

flight time of the Phantom 3 with one battery pack is about 23 minutes, two battery packs were 

necessary for the entire acquisition process. The final image capturing was carried out in 38 m 

altitude with a speed of 0.8 m/s and continuous shooting (1 image per 5 sec). About 200 images 

were taken to cover the AOI. This resulted in an image overlap of > 9 in almost the entire area and 

a ground resolution of 1.32 cm/pixel. Before the flight, 50 ground control points (GCPs) were 

distributed in the AOI and their coordinates were measured with the DGPS device. These GCPs can 

be detected in the images during the post-processing and are used to enhance the georeferencing. 

2.2.2. Investigating the subsurface 

Electrical resistivity tomography (ERT) was carried out with the multi-electrode system 

GeoTomMK8E1000RES/IP/SP [27]. Four ERT profiles were taken with lengths of 50 m to 100 m 

and electrode spacings of 0.5 m to 1.0 m (marked in Figure 2). The exact position of each electrode 

was measured with the DGPS device for a topographic correction of the data in the post-processing. 

Various measuring methods and arrangements are generally possible, differing in features, such as 

electrode spacing and design [28,29]. The Wenner array is known of having a high sensitivity to 

vertical resistivity changes and is well suitable for detecting horizontal structures [30,31]. Thus, it 

was used in this study. The result of one ERT measurement is a 2D image of the vertical cross 

section, showing the apparent resistivity. They are referred to as 2D images of apparent resistivity 

in the following. 

2.3. Data analysis 

During the field campaign an extensive data set was acquired, including: (I) one TLS point 

cloud per scan position, (II) the coordinates of these scan positions, (III) all single images from the 

low-altitude airborne imaging, (IV) the coordinates of the GCPs, (V) two reference point data sets, 

(VI) four 2D images of apparent resistivity from the ERT profiles, and (VII) the coordinates of 

each electrode. Consequently, the post-processing and analysis process were quite extensive, 

involving overall eight software programs as shown in the workflow (Figure 3). According to the 
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aims stated at the beginning, this complex scheme could be divided into two main analysis paths, 

which will be explained in the following. The first aim was mapping the surface from the TLS data 

and from the UAV-derived images, compare the results, and validate them with the reference data 

sets. The second aim was combining the surface visualization with the suspected image of the 

subsurface. Prior to that, visualizing the subsurface was necessary. 

2.3.1. Surface visualization 

The scanner software RiSCAN Pro was applied for the first post-processing steps of the TLS 

data (Figure 3 center top). A software implemented terrain filter was used to remove most of the 

vegetation, complemented by a manual editing. Then the AOI was extracted. A common way for 

analyzing and presenting such data is the visualization as digital elevation models (DEMs). Hence, 

after importing the point cloud to Esri ArcMap 10.4.1, a raster data set containing the height values 

was created using the inverse distance weighting (IDW) algorithm. IDW is an exact, deterministic 

algorithm. The accuracy of measurements with a high density is maintained, since it retains 

measured values at their discrete sample location [32]. The result of the interpolation is a DEM 

raster data set. 

All single UAV-derived images were merged to an orthophoto and the DEM covering the 

entire area was generated with the SfM-based software Agisoft PhotoScan 1.2.0 (Figure 3 right top). 

A coarse georeferencing is already achievable with the GPS information stored for each image. The 

DGPS-derived coordinates of the GCPs were however used to enhance this georeferencing. The 

final DEM was exported and then ArcMap was used to extract the AOI in conformity with the 

DEMTLS. 

Due to the different acquisition methods, the resulting point densities and distributions were 

quite heterogeneous in the AOI. The TLS-and UAV-derived raster data sets were resampled to a 

common resolution of 0.05 m, which can still be regarded as being a sufficiently high resolution for 

this study. The difference between these comparable DEMs was calculated with the ArcGIS raster 

calculator. The result is a raster data set, showing the spatially resolved difference between the 

DEMTLS and the DEMUAV. This raster data set as well as the DEMTLS and DEMUAV were finally 

cartographically illustrated and exported. 

The DGPS-derived reference data sets were used for validating the DEMs. Two data sets, 

namely set A and B, were acquired with 20 and 18 points, respectively (Figure 3 very right). It has 

to be mentioned that set A was already part of the GCPs for the georeferencing of the UAV-derived 

orthophoto. Hence, this data set is only for the DEMTLS a completely independent reference. Both 

data sets were converted to vector point data for automatically extracting the height values from the 

DEMs. The minimum height of the respective DEM was extracted for a created buffer area around 

each point (radius of 0.20 m). These values were used to prevent overestimations caused by 

remaining vegetation in the calculated DEMs. In addition, the standard deviation per buffer area 
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was calculated to check whether the extracted heights could be regarded as representative for their 

particular location. Finally, these DEM heights were validated against the DGPS-derived heights of 

the reference data sets. 

 

Figure 3. Workflow of the the post-processing and analysis process. The following 

abbreviations are used: Area of interest (AOI); Differential global positioning system (DGPS); 

Digital elevation model (DEM); Electrical resistivity tomography (ERT); Ground control 

points (GCPs); Inverse distance weighting (IDW); Minimum (Min); Point cloud (PC); Scan 

position (SCP); Standard deviation (SD); Terrestrial laser scanning (TLS); Triangulated 

irregular network (TIN); unmanned aerial vehicle (UAV). 
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2.3.2. Subsurface visualization 

The 2D images of apparent resistivity achieved from the ERT profiles were post-processed 

with the RES2DINVx64 software [33] (Figure 3 left top). This post-processing included a cleaning 

of errors (values with a standard deviation > 5 %) and the topographic correction of the surface 

contour. The latter was based on the DGPS-derived coordinates of each electrode. Such topographic 

corrections are recommended in the case of considerable altitudinal differences or complex relief 

structures for a better positioning of the measured values in the subsurface. Moreover, the correct 

surface contour is necessary for merging the images of the subsurface with the surface data. The 

measured apparent resistance values were inverted according to the method of Loke & Barker [34] 

for a rapid least-square model optimized by a quasi-Newton method. An initial model of the 

subsurface, consisting of the same number of rectangular blocks as measuring points, is optimized 

in several iterations to minimize the difference between measured and calculated values. 

2.3.3. Combination of surface and subsurface data 

The created raster DEMs are sufficient for exclusively visualizing the surface and a resultant 

interpretation and validation. They are however less suitable for visualizations with an oblique 

viewing perspective on the surface, which is necessary for the combination with the 2D images of 

the subsurface in a block diagram. Triangulated irregular networks (TINs) are recommendable for 

such pseudo 3D visualizations. For this first approach, the TLS-derived point cloud was used, as it 

better presents the bare ground of the karst depression since the vegetation was removed. The 

UAV-derived data set was neglected so far, but in principle, a similar approach can be carried out.  

A first attempt was made to create a TINTLS with the software tools in Esri ArcScene 10.4.1. 

Unfortunately, the result was very edgy with sharp corners and could not be regarded as realistic 

depiction of the surface. Thus, an additional software, namely Geomagic Wrap 2015.1.3, was 

applied (Figure 3 center). This software can be used to transform 3D scan data into 3D models with 

a stronger focus on computer-aided design (CAD) features than in ArcScene. After importing the 

TLS point cloud, a noise reduction was executed and the resulting point cloud was triangulated to a 

TINTLS. Software implemented functions were then used for removing spikes, smoothing the 

surface, and filling holes in the mesh. The coordinates of two ERT profiles were also imported. The 

final TINTLS was cut along these lines for the later visualization in block diagrams. 

From this processing, a realistic depiction of the supposed bare surface could be achieved, but 

for the final visualization further features were desired, such as a coloring of the TINTLS by height 

and a vertical exaggeration of the TINTLS. A transfer of the data to ArcScene was necessary, since 

this was not possible in Geomagic Wrap. As shown in the bottom center of Figure 3, a series of 

tools from the ArcGIS toolbar was therefore necessary. Finally, the cartographically illustrated TINTLS 

with a vertical exaggeration of 1.5 was exported as image with an oblique viewing perspective on the 
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surface. Generally, any image processing software can then be used to combine this pseudo 3D 

visualization and the 2D image of the apparent resistivity in the subsurface. In this study, Microsoft 

PowerPoint 2016 was used (Figure 3 left bottom). The images of the surface and subsurface were 

adjusted and finally visualized as block diagram. 

3. Results and Discussion 

Terrestrial laser scanning and low-altitude airborne imaging were performed for capturing 

the surface of the karst depression Ottensee in a high resolution. Due to the almost simultaneous 

acquisition, comparing both models is possible and the DGPS-derived reference data sets allowed 

validating the measured heights. In addition, geoelectrical measurements were performed for 

investigating the subsurface. Finally, the combined visualization of these data sets aims to increase 

the understanding of the connection between surface and subsurface structures. According to the 

workflow, in the following the derived DEMs are presented and discussed first, followed by 

discussing the images of the subsurface. Finally, the combined visualization as block diagram is 

assessed. 

3.1. Digital elevation models 

A common way to present the surface of a terrain captured by remote sensing is to visualize 

the achieved DEM as raster data set colored by height. Such maps were generated for the DEMTLS 

(Figure 4A) and the DEMUAV (Figure 4B). Figure 4C) shows the spatially calculated difference 

between the DEMs to compare the results of both sensors. In general, the differences between the 

DEMs are quite marginal. Since the vegetation was however not removed in the low-altitude 

airborne imaging approach, the height values are mostly slightly higher than in the TLS-derived 

model. In particular, the trees at the edges of the AOI cause very high values. Differences between 

the DEMs larger than 1 m were excluded from the classification since they can be regarded as error 

due to the vegetation (grey color in Figure 4C). In most parts of the AOI the difference between the 

DEMs is less than 25 cm (very light red/ green in Figure 4C), or even less than 10 cm (off-white in 

Figure 4C). 

As already mentioned for Figure 1 the AOI can be roughly defined by the trees at the edges of 

the depression. This area can be described as kidney-shaped valley with a flat hollow in the 

southern part and a deeper one in the norther part. The southern one is almost constantly filled with 

water, allowing sedge and reeds to grow there. This vegetation is mainly responsible for the 

differences between the DEMs. The nadir perspective of the UAV-based camera allows capturing 

very low points between the vegetation, which cannot be reached from the oblique perspective of 

the laser scanner. However, since the vegetation was removed from the TLS-derived point cloud 

the DEMTLS shows a smooth surface in this area. In contrast, the DEMUAV shows a rougher surface 
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with high values due to the remaining vegetation and low values from the ground between it. The 

northern hollow is generally deeper and only covered by pasture, as the rest of the AOI. Hence, the 

DEMs are more similar with quite small differences in this part. 

 

Figure 4. Digital elevation models (DEMs) as raster data sets, derived by A) 

Terrestrial laser scanning and B) low-altitude airborne imaging. Height  

values > 462 m were excluded from the color ramp and colored in white as they are 

caused by trees. C) Spatially calculated difference between both raster data sets, 

calculated by subtracting the DEMTLS from the DEMUA V. 

The DGPS-derived reference data sets were used for validating the DEMs (Table 1). While 

both data sets are an independent reference for validating the DEMTLS, set A was already used for 

the georeferencing of the DEMUAV and had thus an influence on the accuracy of this model already. 

The minimum height and standard deviation in the circular buffer area around each reference point 

are given for both DEMs. The standard deviation (SD) is with 0.01 m to 0.04 m per buffer area 

very low and thus, the stated values can be regarded as representative for the particular location. In 

addition to the difference between the DEM height and the vertical coordinate of each reference 

point (Z), the absolute value is given for a more reliable comparability of the discrepancies. The 

DEMTLS can generally be regarded as being accurate with a mean absolute difference of 0.05 m and 

0.03 m and SD values of 0.07 m and 0.03 m for set A and B, respectively. The discrepancies 

between the DEMUAV and the reference data sets are generally slightly higher with a mean absolute 

difference of 0.13 m and 0.11 m and SD values of 0.11 m and 0.09 m for set A and B, respectively. 
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Table 1. Validation of the digital elevation models (DEMs) against the reference data sets. Set 

A was already used for the georeferencing of the DEMUAV and can thus only be regarded as 

independent validation for the DEMTLS (Z: vertical coordinate of reference point; SD: standard 

deviation; Diff.: Difference; Abs. Diff.: Absolute difference). 

Reference data sets DEMTLS DEMUAV 

Name 
Z  
(m) 

Height 
(m) 

SD  
(m) 

Diff. 
(m) 

Abs. Diff. 
(m) 

Height 
(m) 

SD  
(m) 

Diff.  
(m) 

Abs. Diff. 
(m) 

Set-A_P01 459.97 459.93 0.02 0.04 0.04 459.87 0.03 0.10 0.10 
Set-A_P02 460.43 460.28 0.04 0.16 0.16 460.18 0.03 0.26 0.26 
Set-A_P03 460.89 460.88 0.02 0.01 0.01 460.94 0.02 -0.05 0.05 
Set-A_P04 458.55 458.60 0.02 -0.05 0.05 458.52 0.01 0.02 0.02 
Set-A_P05 458.62 458.66 0.04 -0.04 0.04 458.42 0.02 0.20 0.20 
Set-A_P06 461.19 461.23 0.02 -0.04 0.04 461.17 0.02 0.03 0.03 
Set-A_P07 459.75 459.77 0.02 -0.02 0.02 459.74 0.01 0.02 0.02 
Set-A_P08 459.00 459.07 0.01 -0.06 0.06 459.00 0.01 0.00 0.00 
Set-A_P09 458.45 458.48 0.01 -0.03 0.03 458.33 0.02 0.12 0.12 
Set-A_P10 458.51 458.78 0.04 -0.27 0.27 458.74 0.04 -0.23 0.23 
Set-A_P11 458.67 458.82 0.01 -0.15 0.15 458.28 0.02 0.38 0.38 
Set-A_P12 458.52 458.52 0.01 -0.01 0.01 458.46 0.01 0.06 0.06 
Set-A_P13 458.57 458.57 0.02 0.00 0.00 458.60 0.01 -0.03 0.03 
Set-A_P14 459.47 459.56 0.02 -0.09 0.09 459.65 0.01 -0.18 0.18 
Set-A_P15 458.62 458.66 0.02 -0.04 0.04 458.58 0.02 0.04 0.04 
Set-A_P16 457.32 457.29 0.01 0.02 0.02 457.18 0.01 0.14 0.14 
Set-A_P17 458.25 458.27 0.01 -0.02 0.02 458.32 0.01 -0.08 0.08 
Set-A_P18 458.01 458.03 0.01 -0.01 0.01 457.81 0.01 0.21 0.21 
Set-A_P19 457.83 457.84 0.01 -0.01 0.01 457.51 0.02 0.33 0.33 
Set-A_P20 458.64 458.64 0.02 0.00 0.00 458.68 0.04 -0.05 0.05 
Mean 0.05 0.13 
SD 0.07 0.11 
Set-B_P01 458.26 458.19 0.03 0.07 0.07 458.22 0.02 0.04 0.04 
Set-B_P02 458.12 458.13 0.01 -0.01 0.01 458.13 0.02 -0.01 0.01 
Set-B_P03 456.53 456.57 0.01 -0.04 0.04 456.32 0.02 0.20 0.20 
Set-B_P04 458.01 458.01 0.01 0.00 0.00 457.81 0.01 0.20 0.20 
Set-B_P05 459.93 459.95 0.02 -0.03 0.03 460.06 0.02 -0.14 0.14 
Set-B_P06 459.92 459.95 0.03 -0.03 0.03 459.86 0.03 0.06 0.06 
Set-B_P07 461.09 461.12 0.03 -0.03 0.03 461.10 0.01 -0.01 0.01 
Set-B_P08 459.13 459.12 0.02 0.00 0.00 458.81 0.02 0.32 0.32 
Set-B_P09 458.66 458.59 0.03 0.07 0.07 458.66 0.02 0.00 0.00 
Set-B_P10 458.58 458.61 0.01 -0.04 0.04 458.38 0.03 0.20 0.20 
Set-B_P11 459.27 459.28 0.02 -0.01 0.01 459.30 0.02 -0.03 0.03 
Set-B_P12 458.75 458.77 0.02 -0.02 0.02 458.80 0.01 -0.05 0.05 
Set-B_P13 458.48 458.50 0.01 -0.02 0.02 458.53 0.02 -0.06 0.06 
Set-B_P14 457.23 457.24 0.01 -0.02 0.02 457.07 0.01 0.16 0.16 
Set-B_P15 458.39 458.40 0.01 -0.01 0.01 458.28 0.02 0.11 0.11 
Set-B_P16 458.46 458.47 0.01 -0.01 0.01 458.34 0.03 0.11 0.11 
Set-B_P17 458.61 458.71 0.02 -0.10 0.10 458.81 0.03 -0.21 0.21 
Set-B_P18 459.38 459.45 0.01 -0.07 0.07 459.39 0.02 -0.01 0.01 
Mean   0.03   0.11 
SD 0.03 0.09 
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In summary, it should be recalled that TLS is known as an trustworthy and accurate approach 

for geomorphological studies [4,5,35]. The here generated DEMTLS proves the suitability for 

capturing the relief of small-scale karstic forms, such as the investigated karst depression. However, 

low-altitude airborne imaging is increasingly used for geomorphological studies or more generally 

in physical geography [10,12,36]. The here followed UAV-based approach aims to be simple to 

perform as well as cost-and time-efficient. In this sense, the post-processing was reduced to a 

minimum. Vegetation was not removed prior to the DEM generation for example. Considering this, 

the results of the low-altitude airborne imaging are also satisfying and confirm the promising 

potential of low-altitude airborne imaging for geomorphological studies. 

One aim of the entire project, which was neglected in this contribution, is the detection of 

temporal changes in the karst depression Ottensee. Thus, further research is necessary to investigate 

whether the accuracy and detailedness of the low-altitude airborne imaging approach is sufficient 

for detecting changes. Obvious benefits of the UAV-based approach are the very fast data acquisition, 

the easy handling, and the possibility to capture areas which are not or less accessible with the 

ground-based laser scanner. In contrast, areas where dense vegetation obscures a nadir perspective 

can hardly be captured and hitherto available systems are prone to poor weather. 

A laser scanner is more robust against poor weather but due to the manual transportation and 

the measuring time, TLS measurements are quite time consuming. The here used Riegl LMS-Z420i 

is however quite an old system. Several available newer high-end sensors with the focus on longer 

scanning ranges, higher measuring rates, or a more lightweight buildup would already diminish 

some difficulties. Examples are the Riegl VZ-2000 [37] or the Leica Scan Station P40 [38]. A 

contrasting development are upcoming cost-effective systems like the Velodyne HDL-64E LiDAR 

sensor [39]. Such systems strongly reduce the cost for TLS measurements and thus increase the 

availability for a broader audience. Moreover, backpack systems like the AKHKA R2 [40] or 

hand-held mobile laser scanner such as the ZEB1 [41] might be useful alternatives, as they 

simplify the data acquisition. So far, such systems are only used in pioneering studies on the 

detection of trees. 

For this study, it can be summarized that the high quality of TLS measurements is worthwhile 

for capturing small-scale topographic features. Thus, such data sets are still required as trustworthy 

data for comparative studies with low-altitude airborne imaging. Nevertheless, UAV-based 

approaches offers a promising time-and cost-effective alternative for the rough acquisition of a 

terrain. Furthermore, it can be assumed that the entire potential of photogrammetric approaches 

cannot be evaluated yet since the performance capabilities of such systems are still rapidly 

increasing. Thus, the combination of laser scanning and photogrammetry-based approaches should 

be a conceivable option [42–44]. 

3.2. Images of apparent resistivity 
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The 2D image of apparent resistivity was created for each ERT profile. Some limitations of 

the method have to be reconsidered before the interpretation. First, the resistivity values of the 

different ERT values cannot be compared, since the measured resistivity strongly depends on the 

moisture content. This soil moisture, in turn, is quite variable over time and space and since the 

measurements were carried out across a few days, similar conditions cannot be assumed. Second, 

the depth axis can only be used as rough orientation since the resistivity values are plotted as 

pseudosections resulting from the inversion model. These pseudosections show the variation of the 

measured resistivity in relation to the position and the effective depth of penetration. Hence, the 2D 

images can be used for detecting subsurface structures and changes of material, such as the depth of 

the bedrock or the existence of different sediment layers. Destructive in-situ measurements, such as 

borehole drilling, are necessary for accurate statements.  

In Figure 5A) the image of apparent resistivity is shown for the 90 m long profile ERT01. Its 

location is marked in Figure 2. With a thickness of 2 m to 3 m, the reddish superficial layer of the 

southern part, starting at 0.0 m till ~55.0 m shows the generally highest values of ~60 m to ~100 m. 

This part of the surface has quite a flat topography, slightly dipping northwards. From the little 

slope at ~57.6 m northwards the surface is slightly wavy and resistivity variations in the superficial 

layer between ~30 m to ~60 m can be detected. In this part, the profile crosses the deeper 

hollow, already stated for the DEMs (Figure 4). Starting again from the southern end of the profile, 

the yellowish to greenish next layer below the first one, with a thickness of 2 m to 3 m, shows an 

apparent resistivity of ~20 m to ~50 m. Noteworthy are the three bluish ellipses in the center 

with lower values of ~0.11 m to ~20 m. Only in the center of the image, another deeper reddish 

layer with again higher values of ~60 m to ~100 m can be detected. 

Based on that image the following geological structure can be supposed (Figure 5B): the 

deepest lying reddish layer in the center is part of the bedrock. The yellowish to greenish layer is an 

aquifer made of consolidated soil with clayish lenses, visible as bluish ellipses. The latter are 

marked by a higher water content and thus a lower resistivity. The reddish superficial layer is made 

of unconsolidated sediment with a low water content, which might have its origin further uphill, in 

the south-east of the AOI and which was fluvial deposited. However, one has to keep in mind that 

the range of the resistivity values is quite small. Thus, the classification used in Figure 5A) 

influences this image interpretation. Further research is necessary to confirm and supplement the 

here achieved results. As already mentioned, borehole drillings are useful for validating the 

presumably detected structures. Furthermore, additional ERT profiles can be worthwhile for 

capturing how these structures change horizontally. 

It can be summarized that, images of apparent resistivity derived by geoelectrical measurements 

are worthwhile for non-destructive investigations of the subsurface and detecting geological 

structures. The results should be interpreted with care, due to the stated limitations. Further 

combined analyses with the borehole drillings are planned for the future. The general usability of 

ERT for detecting karstic structures as shown in other studies [15,16,45] was here confirmed. 
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Figure 5. A) Apparent resistivity in the subsurface along the north-south oriented electrical 

resistivity tomography profile ERT01, location marked in Figure 2. B) Supposed geological 

structure (CL: clayish lens). 

3.3. Block diagrams 

The targeted combination of surface and subsurface data was more time-consuming than 

expected at the beginning. First attempts with the conventionally used tools in Esri ArcScene 10.4.1 

did not yield any satisfactory result. The here proposed method (Figure 3) based on the creation of 

the TINTLS in the CAD software Geomagic Wrap 2015.1.3 and its visualization in Esri ArcScene 

10.4.1 finally yielded good results. An image with oblique perspective to the TINTLS, which almost 

represents the bare ground of the karst depression, was used for the pseudo 3D visualizations. The 

TINTLS of the entire AOI was previously cut along the ERT profiles for merging it with the 2D 

images of the subsurface in block diagrams. This is exemplary shown for the profiles ERT02 and 

ERT04 in Figure 6. Their locations in the karst depression are shown in Figure 2. In Figure 6 the 

bluish lines also show the location of the respective other profile for a better orientation. As stated 

for Figure 5A) the range of the resistivity values is quite small, which biases the classification and 

thus the interpretation. Further investigations on this issue are planned. 
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Figure 6. Block diagrams showing the surface captured with terrestrial laser scanning and 

the apparent resistivity in the subsurface derived by geoelectrical measurements. The surface 

as triangulated irregular network was cut along two electrical resistivity tomography (ERT) 

profiles. The bluish lines show the location of the respective other profile. A) View from the 

south side on the 100 m long ERT02 profile. B) View from the north side on the 50 m long 

ERT04 profile. 

The 100 m long ERT02 profile in the southern part of the depression (Figure 6A) crosses the 

suspected location of the spring, where subterraneous water reaches the surface. An evidence 
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therefore might be found in the geoelectrical measurements. The bluish superficial layer indicates 

low values of apparent resistivity. In the center, this can be attributed to lake sediments, which are 

saturated with water since this part of the depression is almost constantly filled with water. Trees 

are located at both ends of the profile, whose roots can enhance the soil water holding capacity and 

in turn reduce the apparent resistivity. The yellowish to greenish next layer below has a higher 

apparent resistivity, possibly due to a water-impermeable layer. This layer is closer to the surface at 

the suspected location of the spring. The deepest reddish layer, indicating the highest apparent 

resistivity, might be attributed to the bedrock. This assumption can be confirmed with the TINTLS. 

Considering that the assumed bedrock is closest to the surface in the eastern part, the TINTLS shows 

the highest elevation and steepest slope here as well. Around the spring the slope changes and the 

surface gets quite flat. The exact boundary of the constantly water-filled area can hardly be determined 

from the TINTLS, since the above mentioned mowing of the pasture was not homogeneously possible. 

Thus, the surface is quite uneven in this part and the height is influenced by the vegetation. 

The 50 m long ERT04 profile in the northern part of the depression (Figure 6B) crosses the 

location where one ponor is suspected. A remarkable structure in the image of apparent resistivity 

is the deep reddish to purplish elongated ellipse in the center of the deep layer that reaches the 

surface in a small part. This high resistivity might be attributed to very porous and thus  

water-permeable material, creating good conditions for water to drain off. The overall lowest height 

value of the TINTLS can also be found in this part, which confirms this assumption. The yellowish 

to greenish colors around the ellipse indicate a lower apparent resistivity, which might be 

interpreted as water-impermeable layer. The small bluish part at the bottom of the image indicates 

an even lower apparent resistivity, which might be the edge of another layer or just a measurement 

error. A reliable statement is not possible as the deeper and the more eastern subsurface is unknown. 

It is worth striving for further ERT measurements in this part of the depression, since another ponor 

is supposed to be around the eastern end of this profile. 

In summary, combing the surface and subsurface data is worthwhile for a better understanding 

of how the karst depression Ottensee was formed and how current changes are occurring. So far, 

only a few studies on such combined approaches exist. However, Siart et al. [18,19] investigated 

the combined use of TLS and ERT for achieving a comprehensive presentation of karst landforms 

and achieved good results. In contrast to the capturing of the surfaces, an issue for common ERT 

profile measurements is the limitation to 2D acquisitions. Thus, an entire link of surface structures 

to the underlying subsurface is hardly possible and limited to the analysis of several profiles. Only 

a few approaches for entirely capturing the subsurface exist so far. One of this is the 3D geoelectric 

tomography approach, presented by Mauriello et al. [46]. It was successfully applied for detecting 

archaeological structures by Alaia et al. [47]. A first step for the here investigated karst depression 

could be increasing the number of ERT profiles, which are ideally arranged raster-like. 

4. Conclusion and Outlook 
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Two main objectives were investigated in this contribution, based on a comprehensive field 

campaign carried out in May 2016 in the episodically water-filled karst depression Ottensee. The 

first was to investigate the usability of terrestrial laser scanning (TLS) and low-altitude airborne 

imaging from an unmanned aerial vehicle (UAV) for capturing fine karstic structures. The second 

objective was to establish a suitable way of combining this surface mapping with subsurface data 

achieved by geophysical prospecting and examine its benefit. The visualization of the apparent 

resistivity in the subsurface derived by the electrical resistivity tomography (ERT) measurements is 

a prerequisite for the latter. 

The known trustworthiness and accuracy of TLS was confirmed in this study. Validations 

against high-accurate reference data sets revealed mean absolute differences of 0.03 m to 0.05 m 

with a standard deviation of 0.03 m to 0.07 m. Since TLS approaches are however quite time–and 

cost-intensive, a more efficient approach was pursued for the low-altitude airborne imaging. The 

latter one has several advantages compared to TLS, regarding the data acquisition and  

post-processing, such as the use of a low-cost system, quite a short acquisition time, or an 

extensively automatized post-processing. Disadvantages should however be kept in mind, such as 

the sensitivity to rain and wind or the lower influenceability of the post-processing, due to this 

automatized processes. Comparing the results, the discrepancies between the UAV-derived values 

and the reference data sets are slightly higher, having a mean absolute difference of 0.11 m to 

0.13 m with a standard deviation of 0.09 m to 0.11 m. 

The spatially calculated difference between the digital elevation models (DEMs) leads to the 

conclusion, that the weaker performance of the DEMUAV is mainly caused by the vegetation, which 

was not removed prior to this DEM generation. In summary, the low-altitude airborne imaging 

approach can be regarded as promising alternative to common remote sensing methods like TLS. 

However, the detection of suspected temporal changes in the karst depression Ottensee was 

excluded in this contribution. Further field campaigns are necessary to investigate whether the accuracy 

and detailedness of the low-altitude airborne imaging are sufficient high enough for detecting such 

changes and whether an accurate merging of the temporal differing data sets is possible. 

The visualization of the ERT-derived apparent resistivity as prerequisite for the combined 

visualization was carried out following conventional methods. Overall, this geophysical prospecting 

was worthwhile for non-destructively investigate the subsurface and detecting geological structures. 

However, since only a suspected image of the subsurface can be achieved further research of the 

subsurface is necessary. The first step will be to analyze the cores taken with borehole drilling in 

the campaign in May 2016, regarding the material of the subsurface and detecting the specific 

depths of layer borders. This information might than be used to concretize the ERT-derived results. 

The second objective of combining the surface mapping and the suspected image of the 

subsurface was so far limited to the combination of the latter with the TLS data. Developing the 

here proposed method was overall more time-consuming than expected at the beginning, but finally 

satisfying results were achieved. The TLS-derived point cloud was meshed to a triangulated 
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irregular network (TIN) with a computer-aided design (CAD) software and then visualized with a 

geographic information system (GIS) software. The CAD software was used since implemented 

functions allowed an appropriate creating and editing of the TINTLS. GIS functionalities were 

however required for the desired visualization, such as coloring the TINTLS by height and a vertical 

exaggeration. The final merging of the image with an oblique view on the 3D surface and the 2D 

image of the apparent resistivity in the subsurface was simple. Establishing a similar approach 

based on the UAV-derived data is targeted for the future. 

The final outlook refers again to one of the main overall aims of this project, namely the 

detection of suspected temporal changes in the karst depression Ottensee. The day after the 

campaign in May 2016 was marked by heavy rain in south-west Germany. Consequently, the karst 

depression was filled with water, which lasted several weeks. According to human-based 

observations, remarkable surface changes occurred. Thus, in the field campaign, already scheduled 

for June 2017, a remote sensing based detection of changes might be possible. 
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