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Climate change and the imminent sea-level rise mean that coastal protection is be-
coming increasingly important, and measures must be taken to ensure that life and
important infrastructure in coastal areas are protected. An essential prerequisite for
the implementation of appropriate coastal protection measures is the monitoring
of endangered areas through appropriate sensor technology for the documenta-
tion and quantification of damages caused. In this contribution, a practical applica-
tion is introduced using low-cost UAS (unmanned aerial system) to perform aerial
flights for the monitoring of a coastal cliff at the Baltic Sea in Germany, since cliffs
are exposed to and unprotected from autumn and winter storms. In comparison to
UAS-based photogrammetric monitoring with terrestrial laser scanning (TLS), the
photogrammetric method showed the same accuracy, but better coverage of the in-

vestigated area and a more efficient workflow.
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Wegen des Klimawandels und des bevorstehenden Meeresspiegelanstiegs wird der Kiistenschutz immer
wichtiger. Mit zahlreichen Mal3nahmen werden Leben und wichtige Infrastrukturen in den Kistengebie-
ten geschitzt. Eine wesentliche Voraussetzung fir die Umsetzung entsprechender Kistenschutzmal-
nahmen ist die Uberwachung der gefahrdeten Gebiete durch geeignete Sensorik zur Dokumentation
und Quantifizierung der verursachten Schaden. In diesem Beitrag wird eine praktische Anwendung vor-
gestellt, bei der ein Kistenkliff an der Ostsee, das ungeschitzt und exponiert gegentber Herbst- und
Winterstlrmen ist, mit Hilfe von kostengtinstigen UAS (unbemannten Flugsystemen) Gberwacht wurde.
Ein Vergleich des luftgestitzten photogrammetrischen Monitorings mit terrestrischem Laserscanning
(TLS) zeigte, dass die photogrammetrische Methode die gleiche Genauigkeit aufweist, aber eine bessere
Abdeckung des Untersuchungsgebiets und einen effizienteren Arbeitsablauf ermoglicht.

1 Introduction

Due to climate change and the consequent rise of
sea level, coastal areas are increasingly at risk from
extreme weather events such as storm-induced
flooding, which can lead to increased coastal ero-
sion. According to Alexander (1993), the natural
potential for coastal erosion is influenced by the
following five factors: (1) the lack of protection of
rocks and sediments against waves and currents,
(2) the topography of the coast, (3) the tidal range
and the intensity of currents, (4) the coastal climate
and (5) the (lack of) sediment supply. In addition,
coastal erosion may be enhanced by anthropo-
genic modifications such as the removal of veg-
etation and other materials (e.g. sand).

In order to document, analyse and evaluate the
damage to coastal objects and structures, geo-
detic surveying techniques such as terrestrial and
airborne laser scanning or aerial photography and
UAS (unmanned aerial system) photogrammetry
are increasingly used today, depending on the
size of the area. However, the idea is not new. In
earlier works, for example, Mills et al. (2005) pre-

sent a solution, based on two component tech-
nologies — the Global Positioning System (GPS)
in kinematic mode and digital small format aerial
photogrammetry for change detection between
temporal data epochs for a rapidly eroding coast-
line (Filey Bay, North Yorkshire, England). Many
years later terrestrial laser scanning (TLS) became
a popular technology for these tasks. For exam-
ple, the use of TLS for monitoring coastal rocks
on the island of Rigen, Germany, and the analy-
sis of mass movements is presented in Kuhn and
Prufer (2014). Tschirschwitz et al. (2016) present
a TLS-based monitoring system for the defor-
mation analysis of groynes (also known as wing
dykes used as hard coastal protection structures)
at the River Elbe. Lim et al. (2005) use terrestrial
photogrammetry in combination with TLS for cliff
monitoring. Michoud et al. (2015) present a study
for testing boat-based mobile LIDAR capabilities
by scanning 3D point clouds of unstable coastal
cliffs along Dieppe coastal cliffs in High Norman-
dy, France. In one research project, Tiepolt (2016)
investigated mobile laser scanning and the use

Hydrographische Nachrichten



Peer-reviewed paper

of UAS for recording coastal areas and protective
structures on the North and Baltic Seas.

Today, UAS are increasingly being used for the
acquisition of coastal data and objects due to their
cost efficiency and high flexibility. Traut (2017)
describes their investigations with the high-end
fixed-wing UAS Q-200 with post-processing kin-
ematic (PPK) from the company QuestUAV. In the
aforementioned study, UAS photogrammetry is
successfully used without control points to meas-
ure long-term erosion along the Northumberland
coast in northeastern England. Another example
of the use of UAS photogrammetry with a DJI
S1000 octocopter is described by Barlow et al.
(2017). They generate point clouds and spectral
data for the kinematic analysis of the chalk cliffs
in Telscombe - a rock face of about 750 m length
and 20 to 49 m height east of Brighton in England.
Dewez et al. (2016) also use UAS imagery to gener-
ate very high-resolution point clouds in order to
document small-scale changes in a chalk cliff at
the English Channel coast. Further research on the
use of UAS for the monitoring of coastal landslides
and environments can be found in Esposito et al.
(2017) and Irvine et al. (2018). Since 2016, the Lower
Saxon State Office for Water Management, Coast-
al and Nature Conservation (Niedersachsischer
Landesbetrieb flr Wasserwirtschaft, Kisten- und
Naturschutz, NLWKN) has been using a fixed-wing
UAS for surveying and documenting the coast-
lines of the German North Sea coast (Dirks 2018).

This paper describes the use of two low-cost
UAS systems from DJI for aerial flights over a nat-
ural coastal object, the Brodten cliff at the Baltic
Sea, by the Laboratory for Photogrammetry &
Laser Scanning of the HafenCity University Ham-
burg. The monitoring of the Brodten cliff started in
2004 with terrestrial laser scanning as a study pro-
ject for students and continued until 2016 using a
variety of different laser scanning systems. Since
2016 UAS-based aerial image data have been used
three times for photogrammetric monitoring of
the Brodten cliff. The temporal changes of the cliff
have been documented and quantified from 2004
until 2020 through comparisons of the 3D surface
models from different periods. Results of the UAS-
based monitoring were visualised and the 2016
data set was compared to corresponding TLS data
with respect to the criteria coverage, accuracy and
efficiency.

2 The Brodten cliff

The Brodten cliff is a steep coast, upwards of 4 km
long, located on the Bay of Lubeck (Baltic Sea)
between Travemiinde and Niendorf in Schleswig-
Holstein. Due to the onset of glacial melting dur-
ing the last ice age, a huge glacier tongue formed
the present-day bay, where sandy sediments, marl
and human-sized erratic blocks transported by the
glacier were deposited in a moraine, forming the
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Fig. 1: The coastal cliff at Brodten with the Hermannshohe restaurant in the background,
photographed from the DJI UAS on 20 January 2020

outline of the current Baltic Sea coast (Schmidtke
1992). The coastline, in places up to 20 m high, is
in large sections still an active cliff. It recedes on
average up to one metre per year due to the ero-
sive action of waves generated by east-northeast
winter storms, heavy rainfall with the accompany-
ing softening and washing out of sediment lay-
ers, as well as freezing seepage water spreading
in volume. In the immediate vicinity of the steep
bank is the restaurant Hermannshohe, built before
the First World War and replaced by a new build-
ing in May 2012, which is a popular destination for
tourists. The HCU Hamburg carried out coastal
cliff monitoring with terrestrial laser scanners in
2016 in order to document the changes and land-
slides. In 2016 the steep coast was surveyed with a
UAS for the first time (Kersten and Lindstaedt 2017)
followed by a second survey with the same UAS in
gation area at the Brodten cliff with the restaurant
building in the background, located some 52 m
from the edge of the cliff (status January 2020).

3 Systems used
Different terrestrial laser scanning systems were
used for the documentation and monitoring of

Following comparison of terrestrial laser scan-
ning and UAS photogrammetry for the monitor-
ing of the cliffs, it was decided to continue the

Fig. 2: Terrestrial laser scanning at the coastal cliff of Brodten — Z+F IMAGER 5003 (2004), Mensi
GS100 (2005), Riegl VZ-400 (2010) and Faro Focus3P X330 and Z+F IMAGER 5010 (2016)
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including remote control and signalised ground

Period Date Scanner Scan station ) - 7

¢} 15.03.2004  Mensi GS100 and Z+F IMAGER 5003 3andn control points, is illustrated in Fig, 3. .The centrgl
component of the KlauPPK hardware is the multi-

! 03062005 Mensi G100 6 channel multi-frequency GNSS receiver of NovAtel.

2 22.06.2006  Mensi G5100 7 The KlauPPK software provides sophisticated PPK

3 13112007 Mensi GS100 3 (21 scans) data processing to determine the precise coordi-

4 17082009  Mensi GS100 and Z+F IMAGER 5006i 2and 6 nates of the projection centre of each image taken

. 02062010 Rieg VZ-400 o in the requested coordinate system.

6 21062016 Z+F IMAGER 5010 (top) and Faro Focus3P X330 (bottom)  5and 8

4 Data acquisition and aerial
triangulation

While the Brodten cliff has been surveyed seven

times by different terrestrial laser scanning systems

on various scan stations between 2004 and 2016,

DJI Phantom 3 Advanced DJI Phantom 4 Pro KlauPPK the UAS system DJI Phantom flew over the cliff

Table 1: Terrestrial laser scanning at the Brodten cliff — periods, dates and scanner

Camera Sony Exmor Zenmuse X4S three times: on 21 June 2016, 10 December 2018
Lens Integrated 4.0/2.8 Integrated 8.8/2.8 (both DJI Phantom 3 Advanced) and 20 January
Sensor CMOS CMOS 2020 (DJI Phantom 4 Pro). The DJI Phantom 3 was
. ol Clona manually controlled during the aerial flights over
utter ofing oba the section of the steep bank, whereby vertical
Resolution [MP] 124 20 and oblique images were taken. For the DJI Phan-
Sensor size [mm] 616 X 4.62 13.2% 88 tom 4 two automatic nadir aerial flights were con-
Image resolution 4000 X 3000 5472 X 3648 ducted, in addition to a manual controlled flight
Pixel size [urm] 154 s for pbligue images..The techhical data ofthe three
aerial flights including the flight date, flight dura-

Focal length [mm] 4.0 8.8

tion, number of photos, average flight altitude and
Table 2: Technical specification of both cameras: DJI Phantom 3 Advanced and DJI Phantom 4 Pro ﬂight speed, pixel size on the ground and number

average flight speed was estimated from the dis-

documentation of the cliff only by UAS systems
due to higher efficiency. For this task low-cost UAS
systems from DJI were used: Phantom 3 Advanced
with a fixed 12 MP camera (www.dji.com/de/phan-
tom-3-adv) and the Phantom 4 Pro KlauPPK with
the 20 MP camera X4S (klauppk.com/hardware/)
allowing the precise determination of each image
position from GNSS in a post-processed kinematic
(PPK) mode using the KlauPPK software from Klau
Geomatics (Australia). The key technical data of the
DJI Phantom 3 Advanced and the associated cam-
era are summarised in Kersten et al. (2019), but the
technical specifications of the cameras of both DJI

Fig. 3: DJI Phantom 4 Pro KlauPPK (left), remote control with Apple iPad (centre)
and signalised ground control point (right)
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tance flown, which was calculated from the spatial
positions of each photo, and the flight duration.

Signalised ground control points (GCP) with a
target diameter of 10 cm were well distributed in
object space and then determined with geodetic
surveying methods using three fixed reference
points close to the restaurant. While all control
points in each period from 2004 until 2016 were
determined by a Leica total station in a geodetic
network with a standard deviation of 1to 2 cm, the
coordinates of the control points at the top and
bottom of the cliff were determined in the UTM
coordinate system by RTK-GNSS Trimble R8s and
the correction data service Trimble VRS Now with
a standard deviation of 1 to 2 cm. However, Trim-
ble specifies the accuracy of single points with 1 to
2cmin XY and 2to 4 cmin Z for VRS Now (SITECH
2020).

The determination of the adjusted image ori-
entation and camera calibration were carried out
in a bundle block adjustment using the software
Agisoft PhotoScan (version 14.4) and Metashape
(version 1.5.5). Therefore, the coordinates of image
orientation, only for the aerial flight in 2020, which
were computed from the PPK observations, were
introduced into the bundle block adjustment as
weighted observations with an accuracy of £3 cm.
All pixel coordinates of correlating image points
were automatically measured in all photos used.
The reference to the geodetic coordinate system
was established by manual measurements of the
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Flight date Flying time Number of Average flying Average flight Ground sampling Number of ground

[min] photos height [m] speed [m/s] distance [mm] control points
DJI Phantom 3 Advanced 21.06.2016 15 170 201 0.8 107 15
DJI Phantom 3 Advanced 10122018 26 186 201 13 6.8 12
DJI Phantom 4 Pro KlauPPK  10.02.2020 27 174 203 13 79 9

Table 3: Technical specification of the UAS-based flight data

signalised control points in the respective images
of each aerial flight. The configuration of nine GCP
(bottom). During each aerial UAS flight, a very high
overlap of more than nine images per area could
be achieved for all photogrammetric blocks.
giving average deviations at the ground control
points of less than 1 cm for all UAS flights, a suf-
ficient result for this particular monitoring task. The
slightly higher deviations for the image block re-
corded in January 2020 are probably due to a bad
signalling of the control points and their geodetic
measurements. The projection error (last two col-
automatic pixel measurements. For these aerial tri-
angulations the projection error is 1/4 to 1/6 pixel
with maximum values below one pixel, indicat-
ing a good result. In an adjustment without con-
trol points, the following deviations are achieved
at the nine check points for the UAS aerial flight
2020: X=28cm,Y=18 cm and Z=5.5 cm. How-
ever, if only one control point is used to support
the height in the adjustment, the result at the
eight check points is slightly better: X=2.0 cm,
Y =14cmand Z=3.8 cm. These two results dem-
onstrate that it would be possible to carry out the
project without control points when performing
an UAS-based aerial flight with RTK or PPK. How-
ever, it is recommended to always use at least one
control point for the adjustment of image obser-
vations of RTK/PPK aerial flights.

5 Generation of digital surface models

After the determination of image orientation
and camera calibration, a dense point cloud was
generated with PhotoScan (2016 and 2018) and
Metashape (2020) with the following parameters:

quallty medium (CorreSpohds toan Image requc,_ Fig. 4: 3D meshed models of the Brodten Cliff derived from UAS-based aerial imagery — June
tion by factor 4) and ﬁltermg aggressive to elimi- 2016 (top), December 2018 (centre) and January 2020 (bottom) including the configuration of
nate gross errors. The generated point clouds were  nine ground control points (yellow dots with blue flags)

then manually cleaned and the area of interest

Flight date Number of Number of ground |s,] Sx'y’ RMS PE Max PE

photos control points [mm] [pixels] [pixels] [pixels]
DJI Phantom 3 Advanced 21.06.2016 170 15 6.4 6.9 7.8 1.06 0.25 0.85
DJI Phantom 3 Advanced 1012.2018 186 12 5.4 8.4 7.4 112 0.20 071
DJI Phantom 4 Pro KlauPPK  10.02.2020 174 9 8.0 6.7 181 054 015 0.47

Table 4: Results of aerial triangulation for three UAS-based photogrammetric image blocks
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Fig. 5:3D comparison of 3D meshed models derived from TLS and UAS-based aerial
imagery in the year 2016 — differences higher than +5 cm (green) are indicated in
different colour (reddish or bluish)

segmented. For the reduced point cloud, Photo-
Scan/Metashape calculated a triangular mesh in
high resolution, which represents a digital surface
surface models of the cliff after texture mapping
using the colour images.

6 Cliff monitoring

The 3D point clouds from different periods gen-
erated from TLS and UAS photogrammetry data
were then used to document the changes in Geo-
magic Control. To evaluate the quality of the UAS
data, a 3D comparison between the 3D models
from terrestrial laser scanning and from the UAS
image flight, both from the same day in 2016, was
also calculated. The deviations between the two
Most of the deviations between TLS and UAS are
in the range of +£5 cm (green), so that the results
from UAS image data are comparable with the TLS
data. The achieved accuracy for the digital surface
model of a few centimetres is therefore more than
sufficient for the evaluation of the cliff monitoring,
i.e. both methods meet the requirements for cliff
monitoring, since the deviations are on average
up to one metre per year. Especially in the areas of
vegetation, higher deviations are visible between
both data sets, since TLS is mostly able to pen-
etrate the vegetation, while all automatic image

point measurements in the photos are on top of
the vegetation.

The time required to survey the coastal section
in 2016 using terrestrial laser scanning (including
ground control point signalisation and surveying
by tachymetry) by up to ten students and two
scanners was approximately five hours, while the
UAS image flights took only up to 25 minutes. To-
gether with the control point measurement by the
RTK-GNSS Trimble R8s, a two-man team needed
only 2.5 hours on site (2018 and 2020). If the evalu-
ation of the laser scan data (registration and geo-
referencing of the scans, filtering, meshing and 3D
comparison) takes one working day (estimated),
the results of the UAS image flight are available af-
ter only half a working day if a powerful computer
is available. This is a reduction of the workload by
a factor of 2.

As monitoring for the cliff in Brodten by ter-
restrial laser scanning (TLS) and recently by UAS
photogrammetry has been carried out since
2004, results from previous investigations are
already available (Qualmann 2010; Kersten and
Lindstaedt 2017; Kersten et al. 2019). The visualisa-
massive erosion (blue colour) for the cliff section
in the period between 2016 and 2020 (left), while
erosion between 2018 and 2020 is significantly
less (right), as expected due to the shorter period
of 13 months.
by coloured virtual edge profiles at 18 m and
1.5 m height from 2004 to 2020. The rearrange-
ment of the footpath due to variation in the posi-
tion of the cliff edge can also be seen quite well
in this figure. According to Fig. 7, the retreat of
the cliff edge from 2004 until 2020 (190 months
or 15.8 years) ranges between 90 cm and 50 cm
per year (at the 18-m profile close to the edge of
the cliff).

7 Conclusions and outlook

In this article it was demonstrated that aerial flights
with low-cost UAS systems are very suitable for the
monitoring of coastal areas and objects, since they
guarantee a high resolution of the data including

Fig. 6: 3D comparison of 3D meshed models derived from UAS-based aerial imagery: 2016-2020 (left) and 2018-2020 (right)
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Blue =2004 (TLS)
Green =2010 (TLS)
Red =2016 (UAV)
Light blue = 2020 (UAV)

Old and new footpath :

Fig. 7: Temporal changes at the Brodten cliff from 2004 until 2020 documented by coloured profiles at the height 18 m (left) and at the height 1.5 m (right)

including distances of the profiles between 2004 and 2020 at selected positions for the documentation of the damages

sufficient accuracy. The comparison of the data
acquisition and processing using TLS and UAS
photogrammetry showed an estimated doubling
in speed of project processing due to the short
aerial flights and the automated image-based
generation of point clouds and surface models.
The achievable accuracies for the products (sur-
face models) from the UAS image flights corre-
spond to those of terrestrial laser scanning. How-
ever, the optimal recording geometry of images
with the UAS flights provides better coverage of
the area under investigation.

A comparison of the system costs turns out in
favour of the low-cost UAS system, as the comput-
er, software and UAS (here the new DJI Phantom
4 RTK) are significantly cheaper, at approximately
EUR 12000, when compared to a terrestrial laser
scanning system at approximately EUR 50 000.
Thus, UAS systems are more flexible, faster and
cheaper than terrestrial laser scanners for applica-

tions in small-scale coastal monitoring. Today, a
significant reduction of control points is possible
using UAS systems with RTK-GNSS on-board or
using the RTK data in a post-processed kinematic
mode (PPK), which reduces the time for data ac-
quisition in the field due to reduced ground con-
trol signalisation and measurements. The UAS
flights should be performed in the winter period
to determine a better surface model due to the
non-existent green vegetation.

The monitoring of the investigated Brodten cliff
has shown that the steep coast is severely dam-
aged by erosion of autumn and winter storms
and loses significant mass every year. Further UAS-
based aerial flights will be carried out in the future
to continue documenting the damages as part
of the study project of HCU Hamburg. However,
the continuous erosion of the cliff will have drastic
consequences for the restaurant only in about es-
timated 50 years. //
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