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Abstract. This paper explores the application of Kite Aerial Photography at the coastal
environment along with digital photogrammetry for seabed geomorphological mapping.
The procedure of acquisition, processing and interpretation of kite aerial imagery from the
sub-littoral zone up to 5 meters depth is analysed. Using a calibrated non-metric digital compact
camera we managed to acquire several near-vertical aerial images from two neighboring coastal
sites in the Attica Peninsula (Greece). Both sites express significant geomorphological variability
and they have a relatively smooth slope profile. For the photogrammetric processing topographic
and bathymetric survey simultaneously with Kite Aerial Photography using a portable DGPS of
sub-meter accuracy are acquired. Processing steps included the interior and exterior orientation as
well as ortho-rectification of images. This produced final orthomosaics for each site,
at approximately 1:500 scales, with spatial resolution of a few centimeters. Interpretation of the
seabed was based on colour and texture features of certain areas with explicit seabed reflectivity
and was supported by underwater photographs for ground truthing. At the final stage of image
analysis, the boundaries (contrasting reflectivity) between different bottom types were recognised
and were digitised as 2D objects using GIS. Concluding, this project emphasizes on the advantages
and physical restrictions of Kite Aerial Photography in mapping small-scale geomorphological
features in shallow water environments with accepted water clarity. Furthermore, this study
appoints the suitability of the KAP method for mapping shallow water habitats such as soft/hard
substrates, coastal reefs and sea grass meadows. Consequently, the application of low altitude
digital photogrammetry is proposed for shallow water surveying as an alternative or
supplementary to the side scan sonar and backscatter recorder until a maximum depth of 10 meters,
along with certain improvements.
Keywords. Kite aerial photography, coastal zone, photogrammetry, seabed imaging, benthic
habitats.

1. Introduction
1.1. Background and objectives
This study explores the application of low-altitude aerial photogrammetry for imaging the
sub-littoral zone seabed and its benthic habitats. This method takes advantage of sea-water
clearance that allows the transmission of sunlight through the water column and backscatter of
seabed reflection under certain conditions of sunlight, weather and sea state [1]. For that purpose
Kite Aerial Photography (KAP) were utilised along with photogrammetric processing of the
acquired images. In order to be able to process the imagery without onboard GPS/INS sensor, GPS
survey were conducted, measuring Ground Control Points on land and Bottom Control Points on
seabed as well. In order to deal with the bottom control measurements Bottom Control Points were
developed, which were placed on the seabed. These act like the Ground Control Points and they can
be easily deployed in the marine environment. The areas under investigation comprise relatively
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smooth slope offshore with a variety of geomorphological features, including soft/hard substratum,
Posidonia meadows and rocky bottom. The scope of this project was to obtain aerial images over
these areas and then to rectify them for the creation of orthomosaics. Additionally these images
interpreted in GIS environment for seabed discrimination and production of benthic habitat thematic
maps.
1.2. Applications of low-altitude aerial photography and digital photogrammetry in the
Geosciences
During the last decades, aerial photogrammetry has been applied in a wide variety of land surveys
whereas accumulated experience led to automated and straightforward procedures for the
production of orthoimagery. At the same time, image quality of commercial cameras has been
increased and accordingly their metric capabilities have been tested [2], [3], [4], [5]. As a result,
automated photogrammetry found prosperous ground in many disciplines of the Geosciences for
low cost surveys [6], [7], [8]. Taking into account the low cost and high practicability, small format
areal imaging creates another perspective in seabed exploration and marine environmental surveys
and bridges the gap between terrestrial images and high-altitude photographs [8].
1.3. Seabed imaging and benthic habitat mapping
In the field of coastal oceanography, seabed mapping and seabed classification according to bottom
geomorphological features is crucial for the majority of coastal projects including engineering,
environmental surveys and management of protected areas. As a consequence, a variety of soundbased instrumentation has been utilised the last decades in order to achieve information about
seabed topography and geomorphology. On the other hand, important steps have become recently
by utilization of light-based instrumentation for seabed imaging. Significant datasets, obtained by
satellites or airborne surveys provide high-resolution realistic imagery for mapping the shallow
areas. Ranging from meter to 102m spatial resolutions they cover extended areas of 102 km2 per
time unit (Table 6). Important studies for shallow water seafloor imaging by aerial photography
have been undergone by some researchers during the last 15 years. Finkbeiner focused on BHM by
means of aerial imagery [9]. In his paper he analyzes each step in the procedure of obtaining,
processing and interpreting aerial images from shallow areas of the US. He also sets the basic
standards for this specific kind of aerial surveys. Mount studied the behavior of light at the air/sea
interface in order to infer optimal weather/sea state conditions for acquisition of through water
airborne survey [1]. He utilised the sun glitter, sun elevation (azimuth) and wind speed in order to
estimate the appropriate time window during the day that seabed imaging from high altitude can be
achieved. In addition, Mount postulated the combination of aerial imagery with GIS for BHM
taking into advantage the water clarity [10].
However, datasets acquired by satellites and airplanes are traditionally expensive, once these
platforms require time and money-consuming procedures including, mobilization of means and
instruments, permits, insurances and flight personnel.
2. Methods
2.1. Acquisition
The two coastal areas under investigation are located in the southern Attica peninsula near the town
of Anavyssos (Figure 3). They are neighbouring sites surrounded by the Saronikos gulf waters. For
acquisition of the imagery a Delta kite equipped with an appropriate rig for compact cameras
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(Figure 1 c, d) was utilised. The rig holds the camera vertically to the ground and with a mounted
servo the camera takes shots every 7 seconds (custom). The most suitable weather conditions were
when northern winds (ashore) blown 5-6 Bf minimizing sea surface roughness that increases noise
by sun glint. Before KAP, land and offshore GPS surveys took place. A DGPS was utilised of
sub-meter accuracy in order to measure the positions of Ground Control Points (GCPs) onshore and
Bottom Control Points offshore (artificial) (Figure 1 a). Artificial Bottom Control Points are
consisting of a white plastic plate 44 cm in diameter that can be anchored with pebbles on seabed
(Figure 1 h). Their white color increases their reflectance thus making them traceable on the aerial
images. The measurement of BCPs took place by the snorkel surveyor over each BCP and using a
waterproof casing for the GPS (Figure 1 b, f). Apart from KAP, bathymetric surveys wereconducted
on both areas in order to produce a grid for rectification of imagery. For the need of bathymetry
measurements were deployed using a weighted measure tape and a DGPS from a small inflatable
boat (Figure 1 e, g).

Figure 1: Sketch of the KAP survey for seabed imaging with individual equipment; a) DGPS, b) waterproof case,
c)Delta kite, d) camera and rig, e) measure tape, f) snorkel surveyor, g) boat survey, h) artificial Bottom Control Point.

2.2. Processing
The camera used for this survey is a FE3010 Olympus compact digital camera with 12Mpixels
image resolution and 1.5877 microns pixel size of sensor. Before KAP survey the camera was
calibrated according to the automated procedure provided by Photomodeler Scanner© which
performed using an ad-hoc calibration field. The calibration field shot from 4 main directions
horizontally with 90 degrees camera tilting around its optical axis. Camera calibration took place by
combination of 11 photographs (Table 1) providing also radial lens distortion parameters. After
KAP survey the aerial images were imported in block files using Orthobase© from ERDAS
Imagine© 8.4 for the orthorectification. Regarding the exterior orientation, parameters were set to
unknown due to lack of onboard GPS/INS sensors. Orthobase applies the model of bundle block
adjustment in order to calculate the exterior orientation parameters. For the orthorectification
process, a bathymetric grid for each area of 0.4 m pixel size was created. Images were rectified
using bilinear interpolation once the bathymetry grid dimensions where greater than the extent of
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the imagery. It was not intended to process the data for correction of refraction effects in order to
extract a bathymetry DEM [11]. This procedure was concerned for future work once it requires a
focused study on it with comparison to current methods about bathymetric surveying.
Table 1. Camera calibration parameters for the FE 3010 Olympus camera.
Final RMSE (pixels)
CCD sensor width (mm)
CCD sensor height (mm)
Focal length at infinity focus (mm)
Principal point Xo (mm)
Principal point Yo (mm)
Radial lens distortion K1 coefficient
Radial lens distortion K2 coefficient
Total photos used
Average point coverage

1st stage:

Appropriate
weather
conditions

2nd stage:

OK area

Test flight

1.4
6.3
4.7
6.7
3.1417
2.6166
1.293e-003
1.362e-004
11
83%

Possible
Control
Positions

Camera Calibration

a. Placement and GPS
measurements of
GCPs on land and
BCPs on bottom

Bathymetry with
measure tape

Interpolation with
IDW in GIS

b. Kite Aerial Photography

3rd stage:

1.inner/outer
orientation of
images
2.Bundle block
adjustment
3.Orthorectification

GIS
analysis
and
interpretation

Final ortho‐
imagery &
thematic maps

Figure 2: Flow chart of the photogrammetric survey procedures.

2.3. Interpretation
Finally, orthorectified images were further analysed in GIS (Figure 2) for seabed discrimination
according to colour and texture variability on each image. The ortho-images were the base for
creation of a thematic map for each area. The interpretation of images was assisted by underwater
photography (Tables 2, 4) and histogram stretching, in order to enhance poor contrast objects on the
imagery. Then, each identified object was digitised into polygon with a discrete label.
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The digitisation of polygons was made zooming at a 1:200 scale, in order to identify better the
boundaries of contrasting reflectivity of seabed.
3. Results
3.1. Description of Area 1 orthomosaic
The orthoimages (Figure 4) cover an area of 130X130 meters from the coastline reaching maximum
depth of 3 meters. Both images comprise very good verticality (Table 3) whereas they were taken
from 115 and 140 m altitude according to the bundle block adjustment results. Their pixel
resolution is 3 and 4 cm respectively. For triangulation, 4 control points were used of which, 2 were
on land (natural) and 2 on seabed (1 artificial BCP and one natural). Additionally 2 more points
were utilised for check, one on the coastline (natural) and one on the seabed (artificial BCP). The
coast is at its most part sandy and almost plain. The seabed comprises relatively of smooth slope
(Figure 5) and has mean water depth 1.7 meters.

Figure 3: From left to the right; Satellite image of Greece. Red square includes the southern Attica Peninsula. The red
arrow points at the location of the two survey areas.

Figure 4: Orthomosaic of Area 1.
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Table 2. Underwater photography and interpretation of Area1 imagery.
INTERPRETATION OF AREA1 ORTHOMOSAIC
Optical signature on
Underwater photograph
Ref.
Interpretation
aerial imagery

-

a
(Fig.4)

simple texture, brownblue hues

soft substratum, brown algae

b
(Fig.4)

linear texture and dark
brown hues

rocky reef with cavities,
brown algae, sponges

c
(Fig.4)

chaotic texture patches
(often in wavy pattern)
dark tones

d
(Fig.4)

flaked texture, brownorange hues

fragmented sandstone

e
(Fig.4)

chaotic spotted texture,
bright tones

sun glint

dead Posidonia leaves

Table 3. External orientation parameters according to the calculations of the bundle block adjustment for Area 1 images.
Image

Altitude (m. asl)

ω (dd)

φ (dd)

κ (dd)

1

114

1.0292

-4.5692

108.2329

2

140

1.9686

-1.8391

160.3491
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Figure 5: Topographic beach profile of Area 1.

According to the interpretation of the orthoimagery (Table 2), main coastal feature is an
elongated formation of thin fragmented rock (possibly sandstone). A significant proportion of it lies
underwater as it is indicated by flaked texture of brown-orange hues. This type of seabed covers
mainly the central part of the mosaic and seawards tends to become patchier. Another prominent
feature offshore is indicated by linear texture and dark brown hues that represent a rocky reef with
cavities at depth of 2 meters that is parallel to the shoreline and is covered by brown algae and
sponges (personal inspection). The rest of the area is soft substratum bottom occasionally covered
by brown algae and with accumulations of dead Posidonia leaves in places. It is recognised by
brown-blue hues with chaotic texture patches. Finally on a small area at the SE part of the
ortho-imagery noise is being introduced by sun-glint creating white spots in a dense pattern.

Fig. 7
h

f

c
e
i

Figure 6: Othomosaic of Area 2.
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Table 4. Underwater photography and interpretation of Area1 imagery.
INTERPRETATION OF AREA2 ORTHOMOSAIC
Optical signature on aerial
Underwater photograph
Ref.
imagery

‐
‐

Interpretation

f
(Fig.6)

complex texture and browngreen hue

hard substratum covered
by brown algae

g
(Fig.6)

poor texture grey-brown hue

rocky bottom

h
(Fig.6)

plain texture and brown-blue
tones

soft
substratum
with
occasional gravels and
boulders

i
(Fig.6)

Deep dark tone, no obvious
texture

Posidonia meadows

e
(Fig.6)
c
(Fig.6)

chaotic
spotted
texture,
bright tones
chaotic texture patches, dark
tones

sun glint
dead Posidonia leaves

Table 5. External orientation parameters according to the calculations of the bundle block adjustment for Area 1 images.
Image

Altitude (m. asl)

ω (dd)

φ (dd)

κ (dd)

1

100

3.3524

-5,1273

-54.8806

2

72

5.0997

8.0877

-15,8009
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Figure 7: Topographic beach profile of Area 2.

3.2. Description of Area 2 orthomosaic
The orthoimages (Figure 6) cover an area of 100X70m from the coastline reaching a maximum
depth of 5 meters. There is an ovelap between the two images by almost 50% and they were taken
from 100m and 72m altitude according to the bundle block adjustment solution. The lower altitude
image appears to be slightly tilted beyond vertical standards (0-5 degrees) as shown in the bundle
block adjustment results. Their pixel resolution is 2 and 2.7 cm respectively. We utilised 4 control
points in sum, 2 of which on bottom (artificial BCPs) and 2 others on land (natural). In the area
covered by this stereo-pair we were not able to have enough common points for check. The land
adjacent to the coast expresses a steep gradient formed by an eroding coastal cliff (Figure 3). The
seabed topography follows the onshore steep slope having mean depth of 3 meters (Figure 7). The
coastline comprises beach rock formation highly eroded with sandy beach on the foot of the coastal
cliff. Also two rocky islets appear, one in the proximity of the coastline and the other seawards.
According to the orthoimagery interpretation, seabed can be discriminated in 4 major units (Table
4). The first one is mainly hard substratum covered by brown algae. It can be recognised by
complex texture and brown-green hue from the coastline and until the isobath of 3 meters. The
second unit is characterized by poor texture grey-brown hue that indicates rocky bottom extending
around the deeper islet. The third unit is soft substratum with occasional boulders recognised by
plain texture and brown-blue tones. Accumulations of dead Posidonia leaves in places are indicated
by chaotic texture of dark tones. The final unit is Posidonia meadows patches that extend in the
deeper part of the area and appear with a dark tone and no obvious texture in the orthoimages.
Finally on a small area at the SW part of the orthoimagery noise is being introduced by sun-glint
creating white spots in a dense pattern.
4. Discussion
4.1. Seabed mapping
The role of acoustic methods has been appointed for several decades for benthic habitat mapping
and seabed classification. Nevertheless, recent advances in optical sensors (e.g. LiDAR) established
a new species of marine mapping with increased spatial resolution and area coverage. Furthermore,
the role of optical sensors gains clearly ground in coastal zone mapping, where research vessels
cannot operate safely and remote sensing data are unaffordable or of poor resolution [12].
Consequently [1], [9], [10] the basic standards have been set for seabed optical imaging along with
GIS mapping of submerged habitats. Major habitats of the sublittoral zone that are mappable with
optical imaging include Submerged Aquatic Vegetation (SAV), unconsolidated sediments, coral
reefs hard bottom, macroalgae beds [9] [12]. It is also noteworthy that most of the previous benthic
habitats form areas protected by international conventions [13] thus mapping is of crucial
importance to their sustainable management.
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This study promotes seabed optical imaging from low-altitude that allows for detection and
mapping even of restricted habitats with minimum area of 300m2 [9]. We managed to acquire
images from 70-140 m altitude that capture submerged topography in centimeter resolution.
Accordingly, after interpretation of the orthoimagery, seabed features were digitized in GIS
environment with increased thematic accuracy. Each identified feature on the orthomosaics was
represented by a polygon with tabular information regarding the seabed geomorphology (Figures 8,
9). The main habitats or potential habitats recognised here included Posidonia meadows, hard
substratum covered with brown algae, fragmented slabs of rock and rocky reef formation that is
inhabited by sponges and algae (Tables 2, 4). It is noteworthy that interpretation of aerial images
according to optical properties such as colour and hue is depended on depth, sun elevation and
weather conditions. Consequently interpretation of imagery accounts only for images taken from
the same area and at the same time during the day. For example, orange-coloured fragmented rock
from -1 m may seem dark yellow in deeper water or if the image was shot in the afternoon or with
clouds. The only restriction in interpretation came from noise induced by sun-glint. This kind of
noise is almost unavoidable in KAP surveys once wind is a prerequisite for flight. For that reason
also, ground truthing with underwater photography is highly recommended. Wind-generated waves
can also obscure the imagery, however they had negligible height because of ashore blowing wind
that develops sea away from the coastline. Generally, images from both areas were fully
interpretable up to 5 meters depth due to significant seawater clarity. The oligotrophic character of
the outer Saronic gulf that is connected to the Aegean Sea [14] contributes significantly to that
effect. Regarding ground coverage, the imagery was obtained within half an hour in each area
resulting in approximately 0.3 km2 per hour (Table 6) as ground sampling rate. Ground coverage is
depended on wind momentum that results in vertical movements of the kite (i.e. change in flight
height) and lateral movements on shore by the KAP surveyors. As far as the Area 2 is concerned,
there were lateral movements on shore restricted by the anomalous terrain of the coastal area
(Figure 3).
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Figure 8: Geomorphological map based on photo-interpretation of Area 1 mosaic.

Figure 9: Geomorphological map based on photo-interpretation of Area 2 mosaic.

4.2. Data accuracy
The quality of the obtained datasets from KAP and GPS survey has an impact in the resulting
accuracy of the final orthoimagery and the thematic maps. Despite the fact that both areas represent
smooth elevation differences, they can cause significant image distortions for given scale because
they are shot from low altitude (Equation 1). According to this situation a DEM is required for
orthorectification of aerial imagery. Major sources of error in this study come from the GPS
accuracy, the spatial distribution and amount of control/check points, the positioning of the GPS
during the offshore measurements and the verticality of aerial images.
Equation (1):
Z = {(e*ws)/f}s
where: Z: minimum elevation difference
e: acceptable error (mm)
ws: width of sensor (mm)
f: focal length (mm)
s: scale on map
The threshold in spatial accuracy comes from the accuracy of the DGPS measurements of the
control points which hold a horizontal deviation 1m ± 0.3m. Since vertical accuracy of the GPS
contained increased vertical deviations we will point only on horizontal accuracy of the
orthoimagery. Regarding horizontal accuracy, the mean RMSE of the control points in Area 1 is
less than one meter. However the mean RMSE of the check points is 1.5 meters which is considered
acceptable, taking into account the general standards for this type of mapping [9]. In Area 2 the
RMSEs values of the control points are less than 1 meter, though the images do not contain check
points due to limited overlap between them. Additionally, measurements of Bottom Control Points
were affected by positioning of GPS above them and the buoyancy of the snorkel surveyor. Main
factor that also affects the spatial accuracy is the amount of control points used to reference the
imagery. In this study, totally 8 control points were used at both areas whereas more it is
recommended to be placed near the boundaries of the area where maximum distortions may occur
[5].
Generally, the acquisition of images was affected by rapid changes in wind momentum that
caused change in the flight height. This resulted in groups of images taken from different heights,
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hence holding variable scales. Another acquisition-related factor that affects spatial accuracy is the
vertical orientation of the camera relatively to the ground. This cannot be absolutely controlled in
KAP, however the vertical tilting of the camera-rig, minimizes the possibility of undesirable
rotations. Thus, the verticality of the acquired images could only be assumed during selection of
appropriate images.
4.3. Methodology assessment
The overall application of KAP in a coastal photogrammetry project comprises both advantages and
limitations. However, this work is a clear paradigm of what can be achieved by low-altitude seabed
imaging. Kite Aerial Photography is a straightforward technique to obtain aerial images between
heights of 50-500 m [8]. It requires minimum effort in assemblage of material and flight, and is
purely depending on wind as energy source. This means that several flights can take place as
frequently as it is needed and acquisition is limited only by wind velocity. In the occasion of coastal
aerial imaging, ashore blowing winds play a crucial role in vertical movements, by gaining altitude
and introducing noise due to sea surface roughness. Furthermore, regarding ground coverage it also
depends on how much area is available for horizontal movements on land. This might be important
in steep gradient coasts, such as in the case of Area 2 where horizontal movements were constrained
by cliff and vegetation. The mapped areas extent is approximately 100x100 m each, leveling this
method second in centimeter resolution after synthetic aperture sonar that samples significantly
larger area at a given time (Table 6). As far as the final orthoimages are concerned, low-altitude
means resolution of centimeter scale. Accordingly, objects of a few tens of squared centimeters can
be well-recognised along with the minimum pixels needed for object identification by [15]. This is
evident by recognition of artificial Bottom Control Points during processing that possess 44cm
diameter. The high-resolution of the orthoimages increases also thematic accuracy of the digitised
2-D objects.
In all, this study proved that detailed mapping of shallow seabed can be made by low altitude
aerial survey, in a cost- and time-effective way. Therefore, the use of unmanned/remotely controlled
platform is suggested for that purpose. Accordingly, the method of this study bridges the gap
between terrestrial and airborne/satellite observations [8] regarding the coastal zone and enhances
interpretation of seabed geomorphological units. It also implies that centimeter resolution imagery
may be appropriate for identification of artificial objects and small-scale bedforms projects.
Furthermore it is suggested that by increasing horizontal and vertical accuracy it will be feasible to
detect small-scale geomorphological changes of submerged landscape [9], [12].
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Table 6. Resolution versus area mapped by different sensing systems, (modified original from [16]).

5. Conclusions
Through aerial survey and the automated photogrammetric procedure described above, we were
able to produce high-resolution orthoimagery of the sub-littoral zone seabed up to 5 meters depth.
These images provided useful information about different expressions of seabed which then were
digitised for the production of thematic geomorphological maps (Figures 8, 9). The seabed types
recognised in this study possess the potential of forming benthic habitats of the Mediterranean
coastal zone. Thus it is appointed the suitability of low-altitude aerial imaging for mapping these
habitats.
The application of KAP over shallow clear waters produced significant orthoimages of seabed
at 1:500 scales. Images capture seabed geomorphology in centimeter resolution with acceptable
spatial accuracy of 1.5 meters maximum deviations. This technique provides a low-cost and easyto-deploy solution for seabed imaging and benthic habitat mapping in high resolution over shallow
areas such as estuaries, lagoons, and relatively smooth sloped coastal zones with acceptable water
clarity. The accuracy of the resulting orthoimages can be increased by placing a greater number of
Bottom Control Points and obtaining multiple vertical images of the same height. The incorporation
of GIS allowed the production of seabed geomorphological maps based on the orthoimagery. This
study postulates the application of remote controlled platforms (kites, blimps, r/c helis) for coastal
aerial photogrammetry where the need for seabed imaging data cannot be met by sound-based
surveys. This might be due to safe operating depth limitations or equipment shortage. Additionally,
this kind of platforms may be utilised repeatedly once they do not require complex logistics and
specialized personnel for flying.
5.1. Further work
The need for dense and accurate bathymetric and geomorphological data from transitional coastal
waters is increasing once the global coasts are on high demand of development and under
ecological pressure [11]. Low altitude photogrammetry with unmanned aerial platforms offers a low
cost way to obtain such data in very high resolution. The experience through this study will lead our
next projects to apply the water refraction correction in order to obtain a detailed bathymetric DEM.
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Accordingl, these bathymetric data can then be validated with traditionally-obtained or LiDAR
bathymetry. Furthermore, the need of a very dense DEM for low-altitude aerial imagery
orthorectification, may be satisfied by DEMs produced by LiDAR or photogrammetric derived
bathymetry. It is suggested due to the compatibility of centimeter resolution of imagery with the
high-resolution of LiDAR datasets. To conclude, it can be stated that LiDAR bathymetry and
orthomosaics of shallows appear as analogue to multibeam/single beam bathymetry and side-scan
sonar mosaics. As a result, a combined image sensor with GPS and gyro sensor on a remote
controlled platform may be envisaged for mapping the seabed up to 10 meters depth, without the
need of control points, depending only on water optical conditions.
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