
1 Introduction
Coastal dunes and soft beaches are some of the most
valuable and dynamic systems of Scotland’s natural
heritage. They are naturally evolving and their
transformation at short temporal scales is sometimes
known, often based on anecdotal and qualitative evidence,
but there is no information on the exact rates of change.
Knowledge of the rates and patterns of change could be
crucial for supporting future management (Hansom and
Rennie, 2007).

The two-dimensional (2D) and three-dimensional
(3D) spatial data required for landscape modelling can be
gathered using various measurement techniques, ranging
from GPS surveys to the analysis of remotely-sensed
images. Field surveys provide good accuracy but can be
expensive and time consuming. Satellite imagery, although
very good for extensive monitoring (White and El Asmar,
1999), has not historically possessed the required spatial
resolution to determine the variability of small landforms,
and its availability in cloudy environments is limited. Air-
or ground-based light detection and ranging (LIDAR) is a
relatively new technique which has been used in some
geomorphic studies of coastal dunes (Woolard and Colby,
2002); its ability to collect a large number of points with
high accuracy in a short time and quite independently of
weather conditions makes it a useful tool for monitoring
coastal environments. Nevertheless, its relatively recent
use and lack of historical data limits its use for change
analysis.

Aerial photography, which has been available for
almost a century, provides a good record of landscape
change over the last 50 years and offers considerable
potential for describing general patterns of change (Miller

et al., 2007). To assess changes at the macro scale, i.e.,
hundreds to thousands of metres (Andrews et al., 2002),
photogrammetry is probably the most suitable spatial data
source. The recent development of digital methods has
increased the options for data processing, making it faster
and augmenting its applications.

The methodology used in this case study to visualize
and to measure coastal change from aerial photographs,
normally from two different dates, is presented below. An
overview of the steps taken to generate DTMs from aerial
photography is given, followed by some examples of the
different visualization and mapping techniques which
were used to assist interpretation and deductions.

2 Methodology
2.1 Study Areas
Seven sites on the Scottish coast were selected for analysis
(Figure 1). These locations have different levels of human
influence and were chosen with different positional
relationships to the post-glacial isostatic sea level (Dawson
et al., 2001). Among the sites there are some areas of
natural distinction such as the Sands of Forvie and Culbin
Sands and military reserves such as Luce Bay,
Morrichmore and, in part, the Rocket Range in South Uist.
The extent of these coastal areas ranges from 1.01 km2 in
Sandwood Bay to 46.60 km2 in South Uist.

2.2 Data Acquisition: Selection of Photography
Metric vertical photographs captured with the optical axis
of the camera less than 5° off the vertical (Graham and
Koh, 2002) are used. In addition, camera calibration data
are required for their interior and relative orientation. For
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five of the study sites, two sets of photography (one recent
and one historical) were available. However, for Luce Bay
and Sanday, only recent photographs were found.
Photographs taken in recent years were available in digital
format, but where no digital record existed the old
hardcopy sets are scanned with ~20 micron resolution and
saved in TIFF format (Table 1).

2.3 Data Processing: Creation of 3D Models
The aim is to extract 3D measurements of beach and dune
topography from the photographs. To do this a number of
standard photogrammetric processing steps are performed
to generate stereo-models from which DTMs can be
extracted. The software used, BAE Socetset®, is a
specialized digital photogrammetric package and can,
through the automation of some stages, save time in tasks
that otherwise would be very time consuming. Interior,

relative, and exterior orientation of photographic frames
are typical examples of the complex tasks simplified by
digital photogrammetry. The flexibility provided by the
digital tools means different approaches can be taken
during these tasks to allow for variations in the size and
shape of the models. The models were of varying extent,
the smallest formed by three frames (two stereopairs) and
the largest by 28 frames (Table 1). A standard workflow is
briefly described below (Figure 2) and an extensive
explanation of these processes is found in Shenk (1999)
and Wolf (2000).

The principle of photogrammetric operations relies
on the visual properties provided in the optical model
generated in the overlap area of a stereopair. To cover
extensive areas a large number of pairs are linked
together, forming a block. For the correct organization of
this block, some parameters must be established such as:
the number of lines, number of frames per line, flying
direction, flying height and overlap size. As a general rule
a sixty percent overlap between stereo pairs (endlap) and
around thirty percent between strips of photos (lateral lap)
is required.

Due to the camera attitude at the time of image
capture, distortions are present in the photographs, which
can lead to misinterpretation and must therefore be
corrected. For interior orientation three parameters are
required: the principal distance or calibrated focal length
and two shifts (x and y) of the principal point position.
Values for correction are available in the camera
calibration file and are a direct input into the software. By
measuring the fiducial marks, automatic or manual
internal orientation is performed.

Exterior orientation, the process of registering
frames to a real world reference system, requires the
determination of six parameters: three translations and
three rotations, which are calculated using known ground
control points (GCPs). Analytical photogrammetry solves
a complex system of equations in which the known GCPs
provide sufficient redundancy to enable a least squares
solution. GCPs were measured using two Global
Positioning Systems (GPS), a Fugro Omnistar HP
Differential system (DGPS), and a Trimble 5800 Real
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Figure 1 Location of study sites

Table 1 Some characteristics of the aerial photography used in each of the study sites (in some cases only one set of suitable
photography was available)

Site Photos
date 1 scale frames date 2 scale frames

Forvic 21/10/1967 6 12/05/2001 25 cm res 4
South Uist 24/04/1984 1:5,000 14 13/05/2005 25 cm res 19
Sandwood 28/04/1984 1:2,000 4 24/04/2005 25 cm res 3
Morrich More 26/05/1967 1:10,000 23 23/04/2005 25 cm res 17
Culbin 09/07/1976 1:11,000 25 02/08/2004 1:12,000 28

13/05/2000 1:10,000
Sanday 26/04/2005 25 cm res 18
Lucebay 31/07/2004 1:12,000 14



Time Kinematic (RTK) system. The use of good GCPs is
essential, their accuracy and distribution pattern within the
area are important factors which determine the quality of
the model (Wolf, 2000). The number of GCPs used for
each of the sites varies depending on the size of the area,
the shape of the block, and the availability of unambiguous
features which can be identified in the ground and on the
photographs. Wide areas of water and sand formations
often make the selection of good points difficult. All GCPs
are measured using the OSGB36 coordinate system. With
GCPs identified on the photographs, an automatic tie-point
generation routine is conducted to match points in the
overlapping areas.

Using the corrected photography, DTMs are
generated automatically after the selection of various
parameters. In all cases Adaptive Automatic Terrain
Extraction (AATE) is used for its flexibility to generate
image correlation strategies adapted to the type of terrain
and because the resulting DTMs are more accurate (BAE
Systems, 2004). A grid of points with a user-defined area
and resolution is produced, where each cell has a height
value. The DTMs are then manually edited to remove
noise. Inaccurate positions in the form of spikes are more
frequent in areas close to the water, probably due to the
effect of the moving waves captured in consecutive
photographs. Identification of the erroneous points is
carried out in stereo and height values corrected using
various algorithms available in BAE Socetset, such as
interpolation or smoothing. A general workflow of the
methodology is shown in Figure 2.

2.4 Spatial Resolution of the DTM
The spatial resolution of the DTM grid is an important
factor which can condition its application. The size of the
cells has to be small enough to capture the variability of
the terrain and represent the objects of interest. DTM cell
size becomes especially important for comparisons in
raster analysis, since each cell has a unique value
representing the height of its whole area. If the grid is not
adequate, inaccuracies can lie outside of the accepted
range, which depends on the application. In this research
the resolution of each model was in the range of 2–5m.
Finer resolutions were also tested, but these yielded noisy
DTMs with a large number of spikes.

3 Analysis: Comparison of DTMs at
Different Dates
The resulting DTM pairs from different dates are
compared in 2D and 3D space to enable change analysis.
Contour maps derived from the raster DTMs allow
planimetric comparisons of the position of certain height
lines of interest such as the zero height above ordnance
datum (AOD) or conspicuous dune features such as crest
lines. Areas where accretion or erosion has occurred can be
recognized and measured, especially in the inter-tidal zone
where sand bars have developed. Measurement of the
change in shoreline is much more difficult due to the
intrinsic problems of defining and identifying relevant
lines on the photographic image from two different dates.
As an example, the most common line in large scale maps
is HWMOST, but this ‘line’ cannot be seen on some aerial
photographs since it is underwater. Vegetation lines are not
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Figure 2 General methodology of the workflow for the assessment of change in coastal environments using 3D models (the
creation of DTMs from aerial photography is performed in BAE Socetset, with analysis and interpretation carried out in
ArcGISTM)



always adequate due to seasonality and rapidity of change.

For volumetric change analysis, raster algebra is
performed in ESRI ArcGISTM 9.2. Subtraction of DTM1
(early date) from DTM2 (recent date) results in a
difference layer or ‘change image’ in which positive values
indicate gains (accretion), negative values indicate losses
(erosion) and values of zero indicate no change (Figure 3).

Calculations of volumetric change (gain or loss) are
performed in areas where it is relevant (Figure 4) by
computing the total values in areas identified in the change
layer. Although these calculations are dependent on grid
resolution and the results are not as accurate as field
measurements, they can be used to provide a general
interpretation of dune systems behaviour. Nevertheless,
care has to be taken with the apparently ‘accurate’
numerical values of such change due to some of the
assumptions and approximations in this technique. Greater
confidence is possible if there is supplementary knowledge
such as field mapping and previous geomorphological
studies.

Cross sections can be created from the DTMs and
profiles extracted to allow further interpretation. Both
types of depiction were used in most of the study areas.
Profiles with a user-defined length and bearing are
extracted from various DTMs simultaneously and these
provide an effective comparison tool.

4 Visualization: Data and Results
DTM data can be visualized in numerous ways for
interpretation, analysis and presentation, as both static and
dynamic or animated maps. Different data formats (i.e.
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Figure 3 Scheme of the process to generate the image of change. Raster algebra (subtraction of layers) is performed using
DTMs generated from aerial photographs.

Figure 4 Figures of volume changed in Sandwood Bay. In
areas where the change is important, values of volume are
calculated: red areas are eroded, green accreted



vector contour lines, raster DTMs and photographs) can be
combined, and with the help of tools available in
ArcGISTM, such as transparency and flickering (2D), or
lighting and rotation (3D), the number of available options
offers considerable potential.

In this research, aerial photographs draped over the
DTMs are used to assist in the interpretation of the coastal
geomorphology for each date. This allows the user to view
the landscape from all angles and with the aid of various
terrain illumination settings. Contour line maps are also
used within the 3D viewer to explore some areas for
interpretation (Figure 5).

4.1 Planimetric Change
Simultaneously displaying contour lines or other key lines
such as the vegetation boundary from different dates is a
traditional way of visualizing change. In this work the use

of photo-mosaics as a backdrop helps with the precise
location and identification of features that have changed,
especially in a beach zone with relatively dramatic and
rapid constructional features (Figure 6).

4.2 Volumetric Change
Contour lines for date one overlaid on DTM2 also help in
the examination of topographic change. Subtle changes
can be detected in the change image, especially if a
suitable colour scheme is chosen. In this case a red-white-
green colour scheme is used, where red shades indicate
erosion, white shows the range of no change and green
shades indicate accretion. Another visualization technique
used here is to drape the change image over the more
recent DTM as shown in Figure 7.

The ERDAS Imagine® 8.7 surface profile tool is
used to create and compare profiles from different dates.
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Figure 5 Displays of DTMs for interpretation of coastal geomorphology: photograph of Lucebay draped on recent DTM
showing parallel dunes (left); contour lines of the north end of South Uist (right)

Figure 6 Details of change from two locations at Culbin Sands. Planimetric location change of the zero height AOD line is
evident in the top image (historical mean high water line of 1873 is shown for reference). The lower image shows the change
occurred in some features on the western part of the site: yellow areas indicate changes from 1873 to present date.



Comparison of profiles is a traditional technique
frequently used in beach surveys, usually measured in the
direction perpendicular to the wave-breaking line. With
the software, profiles can be provided in all directions and
change of features easily detected and interpreted.

Animations in the form of a fly-through can be a
useful and impressive way to show results if they are
carefully created and explained to the end user. If the
height of flight is close to the ground, one can get a very
realistic impression of the terrain. As an example, the
retreat of the beach line in South Uist is effectively shown
with a flight parallel to the coast.

4.3 Uncertainties
There is some uncertainty in the models and three sources
of error were identified in the workflow: the quality and
metrics of the aerial photographs, the control points in
terms of spatial location, consistent identification and
sampling accuracies and the algorithms for triangulation
and DTM creation.

By summing the amount of possible error
contributed from each potential source it was calculated
that the DTMs were accurate to within +/–0.5 m in height.
It is in the change map where greater uncertainty exists:
raster algebra performed with cells of certain size instead
of point values yields results for which it is not possible to
estimate the error. Since volumetric calculations are

dependent not only on the accuracy of height values but
also on the pixel size, these values are the most error
prone.

5 Results
Due to variations in location, forcing factors and
geomorphological history each site had a different change
pattern. Some results are shown here to provide a brief
example of how the DTMs might be used to interpret
change. Further in-depth analysis and interpretation for all
sites was carried out by coastal geomorphologists in order
to provide an additional level of interpretation to the
photogrammetric DTM based methodology.

For example, from the left-hand image in Figure 8 it
appears that some coastal retreat has occurred in South
Uist. The change map shows a thin red area parallel to the
coastline where erosion has occurred. Landward of this is
an area of green indicating accretion, this suggests eroded
sand from the seaward dune has been deposited further
inland, and in this case this accords with the
geomorphological experience of this coastline.

The right-hand image in Figure 8 shows that large
parts of the Sandwood Bay area remained unchanged
(white in the change map). However, there was an
important coastal change apparent in the western area
where dune blowouts had occurred. Once these key areas
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Figure 7 Volumetric change in Sandwood Bay. The change layer draped over the more recent DTM helps in the identification
of changed features as blowouts. The scale of colours reveals different intensities of erosion (red) and accretion (green).
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Figure 9 Morrichmore change in terrain area below HWMOST from 1967 to 2005 (left); change map of Sands of Forvie
where the evolution of different generations of parallel dunes (letters A to E) is evident (right).

Figure 8 Results showing the change in some sites. In South Uist (left) the coastline has apparently retreated. In Sandwood
Bay (right) the system has remained quite unchanged with the exception of the western blowouts.



of interest had been identified, change volumes were
calculated and can be seen in Figure 4. Fieldwork and
comparison with geomorphological maps made in 1969
confirmed the correctness of this observation. This source
of information was available for all study sites and
provided by the Beaches Reports that were published by
Scottish National Heritage (SNH) as a reprint of the
original report to the Countryside Commission of
Scotland. For further details of each regional volume see
the Beaches of Scotland (Ritchie and Mather, 1984) re-
published by SNH in 2005 as Report No. 109.

At the Sands of Forvie (Figure 9, right-hand image),
various generations of dunes have changed over the last
four decades. The map of change shows alternation
between accretion and erosion. This result is coherent with
previous theory about the evolution of the area. More
subtle changes were appreciated along the coastlines of
both the Northern Sea and Ythan Estuary, but they were
interpreted as stationary ones.

At Culbin Sands (Figure 6) important movements of
the vegetation boundary at the western sandbars and in
Findhorn bay were identified from the 2D maps. These
changes were first apparent from comparisons between the
photomosaics and later confirmed through analysis of
contour line maps.

The final site in this study was Morrichmore (Figure
9, left-hand image), which is an extensive area of flat
sands, low dunes and saltmarsh. Local height changes
were not significant, but the area of terrain below
HWMOST increased considerably from 1967 to 2005
(Dawson et al., 2007).

Many more examples could be supplied from all
seven areas and form a basis of information which could
be used for the future management of these dune systems.

6 Conclusion
The methodology used has proved to be a useful, practical,
and efficient means to assess the coastal change rates and
patterns for beach areas. DTMs generated from aerial
photographs taken at different dates are a useful source of
data for temporal comparison. Raster algebra analysis
yielded valuable results and provided some quantitative
measures of the change at some sites.

Some constraints were identified with this
methodology. The lack of good ground control in coastal
regions, areas often dominated by sand, long dune grasses
and coniferous forest with no permanent and easily
identifiable features, was a continual problem which could
not be resolved. This had a detrimental effect on the
subsequent DTM accuracy at some sites. Another
important restriction arose from difficulties when
matching pixels in overlap areas corresponded to moving
waves that confused the automatic algorithm for DTM
creation.

Despite these constraints, aerial photography, the
oldest type of remotely-sensed data available, is probably

the most effective data source for assessing coastal change
at this spatial scale and spanning a period of several
decades.
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