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Abstract

Measuring the location of the shoreline and monitoring foreshore changes through time are core tasks carried out by coastal
engineers for a wide range of research, monitoring and design applications. With the advent of digital imaging technology,
shore-based video systems provide continuous and automated data collection, encompassing a much greater range of time and
spatial scales than were previously possible using field survey methods.

A new video-based technique is presented that utilises full-colour image information, which overcomes problems associated
with previous grey-scale methods, which work well at steep (reflective) sites, but are less successful at flatter (dissipative) sites.
Identification of the shoreline feature is achieved by the automated clustering of sub-aqueous and sub-aerial pixels in ‘Hue—
Saturation—Value’ (HSV) colour space, and applying an objective discriminator function to define their boundary (i.e.,
‘shoreline’) within a time-series of consecutive geo-referenced images. The elevation corresponding to the detected shoreline
features is calculated on the basis of concurrent tide and wave information, which is incorporated in a model that combines the
effects of wave set-up and swash, at both incident and infragravity frequencies.

Validation of the technique is achieved by comparison with DGPS survey results, to assess the accuracy of the detection and
elevation methods both separately and together. The uncertainties associated with the two sub-components of the model tend to
compensate for each other. The mean difference between image-based and surveyed shoreline elevations was less than 15 cm
along 85% of the 2-km study region, which corresponded to an horizontal offset of 6 m. The application of the intertidal
bathymetry mapping technique in support of CZM objectives is briefly illustrated at two sites in The Netherlands and Australia.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Measuring the location of the shoreline and mon-
itoring foreshore changes through time are core tasks
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tions that can include: identifying and quantifying
shoreline erosion, assessment of the performance of
coastal protection structures, and as a basic input to
engineering design in the coastal zone.

Mapping of the shoreline and foreshore has tradi-
tionally relied upon conventional surveying methods
and airphoto interpretation techniques. More recently,
differential GPS has enabled the more rapid collection
of shoreline and foreshore data in the field. With the
recent advent of new digital imaging technology,
shore-based video systems now provide the additional
capability of automated data collection, encompassing
a much greater range of time and spatial scales than
were previously possible. Continuous (typically every
daylight hour) collection of image data with a resolu-
tion of centimetres to meters, extending along regions
of hundreds of meters to several kilometers, is now
routinely undertaken at sites in the USA, Europe,
Australia and Asia.

The high temporal and spatial resolution that these
new image-based data provide is accompanied by new
challenges. Fundamentally, the task is to first identify
shoreline and foreshore features by the analysis of
oblique images, and secondly to convert distorted
image (two-dimensional) co-ordinates to their real-
world (three-dimensional) position. The solution to
the second problem is now well established, and is
embedded in the Argus coastal imaging system (Hol-
man et al., 1993; Aarninkhof and Holman, 1999) that
underlies the work we present here.

The second challenge, of mapping the shoreline
and foreshore from a time-series of digital images, is
the focus of the paper. The development and valida-
tion of a new colour-based technique to map intertidal
bathymetry is presented and discussed in some detail.
The application of this technique at two sites in The
Netherlands and Australia to support CZM objectives
is briefly illustrated.

2. A new model to map intertidal beach
bathymetry

2.1. Motivation

Models to quantify intertidal beach bathymetry
from video imagery generally delineate a shoreline
feature from oblique or plan view images and
estimate the associated elevation from the hydrody-
namic conditions at the time of image collection
(e.g. Plant and Holman, 1997). This yields an
alongshore elevation contour of the intertidal beach
(Fig. 1). Mapping a time series of contour lines
throughout the tidal cycle enables the composition of
the beach surface between the shoreline contours at
low and high tide, assuming changes of morphology
to be small over the period of data sampling (typ-
ically 6-10 h).

The first generation of video-based shoreline de-
tection techniques (e.g. Plant and Holman, 1997;
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Fig. 1. Mapping intertidal beach bathymetry from a set of shorelines, derived from time-averaged video observations throughout a tidal cycle.
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Aarninkhof et al., 1997; Davidson et al., 1997)
originated from the time that Argus stations regularly
collected grey-scale images only. These methods
aimed to identify a characteristic pattern in the distri-
bution of grey-scale pixel intensities sampled across
the swash zone. The ‘Shore-Line Intensity Maximum’
(SLIM) model (Plant and Holman, 1997; Madsen and
Plant, 2001) was typical of this approach, using the
visually observed shoreline break as a proxy for the
location of the shoreline. Application of the SLIM
model was found to be highly robust, easy to auto-
mate and perform well at beaches with a well-pro-
nounced and discrete SLIM feature.

These latter criteria occur at steep (reflective)
beaches with mild to rough wave conditions. How-
ever, SLIM features are often diffuse or absent at
mildly sloping (dissipative) beaches with emerging
sandbars. This initiated the development of alternative
shoreline detection techniques, which were still based
upon grey-scale image information, but differed from
the SLIM approach in that the location of the shore-
line was estimated from a characteristic feature in the
correlogram of the cross-shore intensity and variance
profile (Aarninkhof et al, 1997) or spatial gradients in
intensity levels in rectified images (Davidson et al.,
1997). The absence of a well-pronounced greyscale
contrast between pixel intensities sampled from sub-
aerial and sub-aqueous regions of the beach often
complicated or prevented unambiguous application of
the latter techniques. A further difficulty with the
grey-scale methods was that a site-dependent correc-
tion to estimate the shoreline elevation was generally
required (e.g. Plant and Holman, 1997; Davidson et
al., 1997).

The problems associated with the application of
first generation shoreline detection models at mildly
sloping beaches like Egmond (The Netherlands) and
the Gold Coast (Queensland, Australia) has initiated
the development of the new model presented here. Our
technique identifies the shoreline location using the
additional information made available by the use of
full colour images. The horizontal position of the
shoreline feature is obtained from the visual contrast
between the sub-aqueous and sub-aerial beach, while
the associated shoreline elevation is estimated from the
offshore tide and wave conditions at the time of image
collection. Both components of this new technique are
summarised in Fig. 1, as described below.

2.2. Identification of the shoreline feature from video

A developmental version of the shoreline identifi-
cation technique was previously described in Aarnink-
hof and Roelvink (1999). Briefly, the technique aims
to delineate a shoreline feature from 10-min time
exposure images, on the basis of distinctive image
intensity characteristics in pixels, sampled across the
sub-aqueous and sub-aerial beach, respectively. To
that end, it converts raw image intensities in ‘Red—
Green—Blue’ (RGB) colour space, sampled from a
region of interest covering both the dry and wet beach,
to ‘Hue—Saturation—Value’ (HSV) colour space, to
separate colour (Hue, Saturation) and grey scale
(Value) information (e.g. Russ, 1995). The HSV
intensity data are filtered to remove outliers and scaled
between 0 and 1, to improve the contrast between the
two clusters of dry and wet pixels. Iterative low-pass
filtering of the spiky histogram of scaled intensity data
yields a smooth histogram with two well-pronounced
peaks Py, and Py, which mark the locations of the
clusters of dry and wet pixels (Fig. 2a—b). The filtered
histogram thus obtained is used to define a line /,
formulated as

L1, =pil+pa (1)

where I, and I, represent Hue and Saturation in the
case of colour-based discrimination (Fig. 2a), while
both represent the Value information in the case of
luminance-based discrimination (Fig. 2b). For both
discriminators, the line / crosses the saddle point of
the filtered histogram, thus separating the clusters of
dry and wet pixels. When applied to an arbitrary
image, the detection technique performs these oper-
ations in both the colour (Hue—Saturation) and lumi-
nance (Value—Value) domain and assesses what
domain provides the highest degree of contrast be-
tween the sub-aqueous and sub-aerial beach. The
latter is determined on the basis of a relative measure,
involving the spread of pixel intensities within each
cluster as regard to the distance between the cluster
peak P and the discrimination line /.

With the help of /, a discriminator function ¥(/,.1,)
is defined such that ¥ =0 along /.

(0. L) = ik +pa— ]y @
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Fig. 2. Shoreline detection from contrasting pixel intensity characteristics at the sub-aqueous and sub-aerial beach. Video-based estimates of
shoreline locations (c,d) at Noordwijk, Netherlands, determined from the clustering of pixel intensities in the colour (a) and luminance (b)

domain, respectively.

Evaluation of Eq. (2) for the scaled intensity data
(I.,) sampled from each individual pixel within the
region of interest yields a map of the function P,
which shows positive (negative) ¥ at the sub-aerial
(sub-aqueous) beach, for both colour-based and lumi-
nance-based cluster distinction. These maps enable the
detection of the shoreline feature in image space at the
location of the ¥ =0 elevation contour. Geo-referenc-
ing of this feature is achieved through application of
sophisticated video-processing techniques (Holland et
al., 1997). The result may locally show erroneous
contours at the sub-aerial beach, which are associated
with the irregular intensity characteristics of features
like water-filled, detached runnel systems or vehicles
at the beach. These are removed through application of
empirical demands on shoreline persistency in both
real world and image space. Example results repre-
senting colour-based and luminance-based shoreline
detection at Noordwijk are shown in Fig. 2c—d,

demonstrating the capability of this method to resolve
three-dimensional morphology including emerging
intertidal bars. An important attribute of this technique
is that no site-specific calibration is required, and the
method works equally well along reflective (steep) and
more dissipative (flatter) coastlines.

2.3. Determination of the shoreline elevation at the
time of image collection

During the 10 min of time exposure for image
collection, the instantaneous location of the waterline
(i.e. the interface of the sub-aerial and sub-aqueous
beach) is affected by the offshore tidal level, storm
surge, breaking induced wave set-up and swash oscil-
lations (Fig. 3). As described above, the shoreline
detection technique analyses time-averaged, colour
video data to identify a beach contour at some location
xg within the swash zone of width Ax (i.e. the grey-
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Fig. 3. Physical processes affecting the instantaneous waterline location. Artificial timestack of swash run-up a plane beach with slope m, for an
energy spectrum dominated by short waves with peak period 7}, and long waves with a period 77;,. The instantaneous waterline elevation z,, is
affected by the offshore water level z, outside the surf zone, the breaking induced wave set-up 7 and an oscillatory component at the time scale

of individual waves and wave groups.

shaded area in Fig. 3). In general, xg represents some
(as yet unknown) location within the swash zone,
which is associated with a certain level of swash
exceedence. The elevation of this shoreline feature
does not necessarily coincide with the 10-min time-
averaged waterline location x,,, during this same time
period.

The formulation for the water level elevation zg
that corresponds to the horizontal position xg is
defined by

zs1 = 2o + Mg + Kosc % (3)

where zj is the tide- and wind-induced offshore water
level without the contribution of gravity waves, 7 is
the wave-breaking induced mean rise of the water
level at the shoreline (hereafter referred to as wave
set-up) and 7. represents the vertical swash height,
related to waterline oscillations at the time scale of
individual waves and wave groups. The swash pa-
rameter K. 1S a constant, non-site-dependent empir-
ical coefficient that accounts for the level of swash
exceedence associated with the beach contour re-
turned from the shoreline detection model.

The water level z, is preferably obtained within
approximately 10 km off the coastline, so that varia-
tions of the tide and large-scale storm surge are

measured, and local wind set-up between the tide
gage and the shoreline is limited to a few centimetres.
The wave set-up 74 is computed from a standard wave
decay model (Battjes and Janssen, 1978) that incor-
porates the roller concept (Svendsen, 1984; Stive and
De Vriend, 1994) to delay the dissipation of organised
energy. An inner surf zone bore model (Aarninkhof
and Roelvink, 1999) is used to extend computations
up to zero water depth.

To quantify the contribution of oscillations at
incident (frequency f>0.05 Hz) and infragravity
(f<0.05 Hz) frequencies to the overall swash height
Nose (Eq. (3)) at the shoreline, we adopt empirical
formulations for the sea swell swash height Ry and
the infragravity swash height R;j,. Holman and Sal-
lenger (1985) found the normalised infragravity swash
height Ri,/H, and the normalised sea swell swash
height Ry/H, both to be linearly related to the Iribar-
ren number &, as

R.
—£ =0.53¢ +0.09 (4a)
Hy
RSS
== —0.69&, — 0.19 4b
= 06% (4b)

where &y = tan(m)/+/Hy /Lo, m is the local foreshore
slope and L, is the deep water wave length, determined
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with the peak period T},. Egs. (4a) and (4b) were
derived for &, varying between 0.5 <&;<3.5. Stock-
don et al. (2002) confirm the general applicability of
these empirical relationships over a range of reflective
natural beaches. In contrast, at a low-sloping, dissipa-
tive beach at Terschelling (The Netherlands), Ruessink
et al. (1998) found a significantly larger dependency
between Ri,/H, and &,, parameterised as

Rig
—= =2.20 0.02 5
o &o + (5)

The Ruessink et al. (1998) data set represents &,
ranging between 0.05<£;<0.35. The increase of the
constant of proportionality as compared to Eq. (4a) is
ascribed to the saturation of the higher infragravity
frequencies for situations with small ;. To accom-
modate both dissipative and reflective conditions,
Ruessink et al. (1998) suggest a relationship

R;
Sig _ 0 65tanh(3.38¢,) (6)
Hy

which reduces to Eq. (5) for highly dissipative con-
ditions. For more reflective conditions, Eq. (6) con-
verges to a constant value of 0.65, closely matching
the relationship reported by Raubenheimer and Guza
(1996), but underestimating the parameterisation
according to Holman and Sallenger (1985) for o>
1.05. To date, the validity of Eq. (6) in the transitional
range between dissipative and reflective conditions
has not been established because of a lack of mea-
sured data in the range 0.2<¢, 0.6. Pragmatically,
being the only parameterisation for R, that caters for
both dissipative and reflective conditions, it is adopted
here for use with the shoreline elevation model.

In search of the quantification of R, the shoreline
elevation model adopts Eq. (4b) after Holman and
Sallenger (1985). To prevent the occurrence of nega-
tive Ry/H, as would be obtained for small &, outside
the measured range of Holman and Sallenger, Ry /H, is
set to zero for calculated values of &, less than 0.275,

R

8 0698, —0.19 for & > 0.275 (7a)
Hy
RSS
— =0 for & < 0.275 (7b)
Hy

thus, ignoring the short-wave contribution to swash
oscillations during highly dissipative conditions (&, <
0.275). The latter can be justified from the measure-
ments by Ruessink et al. (1998), where the average
ratio of infragravity to total swash height R;o/R was
found to be 0.85. As both R;, and Ry, are determined as
a fraction of the offshore significant wave height H,
defined as 40 (where ¢ is the standard deviation of the
sea surface elevation), the overall 7,4, can be calculat-
ed as

nOSC = ~/ Rlzg + Rgs (8)

where Rj, and R are obtained from the empirical
parameterisations (Egs. (6)—(7b), respectively). The
result obtained from Eq. (8) is used to estimate 7 (Eq.
(3)), applying the site-independent empirical constant
K. to account for the level of swash exceedence
associated with the beach contour obtained from the
shoreline detection model.

3. Validation of the intertidal beach mapper

This section discusses the individual and combined
validation of both sub-models that together comprise
the intertidal beach mapper technique (Fig. 1), against
a data set of GPS-surveyed shorelines sampled at
Egmond, The Netherlands (Fig. 4).

3.1. Data set

A data set of 52 measured shorelines was collect-
ed at a nourished beach in front of the Egmond
boulevard, during the periods November 29-30,
1999 and March 14—15, 2000. The shoreline surveys
were conducted by moving a differential GPS sys-
tem, mounted on a jeep, over a distance of approx-
imately 2-km alongshore, at the higher part of the
swash zone. These data yield a set of beach contours
with a vertical accuracy of the order of 2 cm. The
surveys were carried out on a semi-hourly basis,
simultaneously to the recording of time-averaged
video images by the five camera Argus video station,
mounted at 43 m above sea level on top of the
Egmond lighthouse ‘Jan van Speyk’ (Fig. 4). Off-
shore wave conditions (rms wave height H,s, peak
period 7, and angle of incidence 0,) were measured
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Fig. 4. Argus video station ‘Jan van Speyk’, mounted on top of the Jan van Speyk lighthouse in Egmond (Netherlands).

with a directional wave buoy at [Jmuiden, located
approximately 15 km to the south of the nourished
site. Offshore tidal levels were interpolated using
water level data collected at two tidal stations located
15 km north and south of Egmond. During the
experiment, H,,s ranged between 0.6 and 2.3 m,
while the offshore tidal level spanned a range be-
tween —0.7 and 1.0 m NAP (Dutch ordinance
level).

The intertidal beach mapper was used to map
shorelines from all 260 images collected simulta-
neously to the field measurements. On the basis of
visual inspection (e.g. people on the beach, poor
visibility, etc.), 137 shorelines were accepted for
further analysis. Lacking information on the actual
surf zone bathymetry, ng (Eq. (3)) was estimated by
running the inner surf zone model on an equilibrium
beach profile (Dean, 1977) calculated for the site.
Previous investigations (Janssen, 1997) show that this
simplification introduces only minor deviations of
order 1-2 cm in terms of ng at the shoreline. The
foreshore slope m at the intertidal beach was set at a
fixed value 1:40, which is characteristic for the low
gradient beach at Egmond. Deviations between the

video-based and GPS surveyed shorelines are evalu-
ated on a grid with 2 m spacing alongshore.

3.2. Error quantification

To separately assess the shoreline position and
shoreline elevation sub-models (Fig. 1), deviations
between modelled and surveyed shorelines were
quantified by means of a horizontal offset 04, induced
by the shoreline detection model, and a vertical offset
J., induced by the elevation model (Fig. 5),

5(1()}7 t) :xV(ya t) 7xs(ya t)
0e(v,t) = zy(n, 1) — zs(», 1),

(9a)

(9b)

where x,(1,f) and x4(1,f) represent the shoreline posi-
tion x (positive offshore) at alongshore location y and
time ¢, as identified from the video analysis and field
survey, respectively. Similarly, z,(z;) is the shoreline
elevation obtained from video (field survey). To
facilitate the inter-comparison, both deviations are
interpreted as vertical offsets dzq and dz., which
demands the mapping of d4 on a vertical plane with
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Survey

Fig. 5. Error quantification against GPS-surveyed shorelines.
Quantification of model deviations by means of detection and
elevation induced offsets 04 and .. Scenario 1 represents perfect
performance of the elevation model, Scenario 2 represents perfect
performance of the detection model and Scenario 3 the general case
with non-zero d4 and 9.

the help of the foreshore beach slope m, assuming m
to be small such that tan(m) = m:

5Zd(y, Z) =m X 5d(y, Z) (108.)

0ze(y, 1) = Se(v,1) (10b)

The overall error dz(,f) is determined as the sum
of

82y, 1) = Oza(y, 1) + dze(, 1) (11)

Note that this approach allows the overall error dz
to be smaller than the absolute values of the individual
components dzq and dz.. This can be justified with the
help of Fig. 5. In the case of a perfect estimate of the
shoreline elevation (Scenario 1, dz,=0), dz is entirely
governed by the detection induced error dz4. In the
case of perfect estimate of the shoreline location
combined with a poor elevation estimate (Scenario
2), the opposite occurs. In general, both dz4 and dz,
will be non-zero. If dzq and oz, have opposite signs,
this yields a decrease of the overall error dz, since
errors resulting from both sub-models compensate for
each other. This situation occurs for instance if a
seaward offset of the video-derived location of the
shoreline (positive J,) is compensated by an underes-
timate of the shoreline elevation (Scenario 3). The
resulting Jz is small as compared to the individual
components dzg4 and Jz,, which matches the real world
situation where shoreline estimate 3 (Fig. 5) is much
closer to the actual bathymetry than the estimates 1
and 2.

3.3. Assessment of model performance

The individual performance of the detection (ele-
vation) model is quantified by means of the mean ps.,
(u5-) and standard deviation o5, (05.) of dz4 (Oz.)
over time, as function of the alongshore location y.
The number of shorelines contributing to the statistics
at an arbitrary location y* varies with the location
alongshore. Statistics were only determined if at least
10 shorelines were found in y*, out of a theoretical
maximum of 52. As a result, 4.3% of the grid points,
all located in overlap regions between cameras or at
the northern end of the area of interest, were excluded
from the statistical analysis.

The results show negative us., along virtually the
entire area of interest (Fig. 6a), indicating that the
horizontal position of video-derived shorelines were
located landward of the surveyed shorelines. In abso-
lute sense, the detection induced deviations us., were
generally less than 10 cm (with a relatively constant
a5, of about 15 to 20 cm) along the major part of the
area of interest. The exception to this was in the far-
field region to the north of the video station. Appli-
cation of the elevation model (Fig. 6b) typically
yielded mean deviations ps,_ up to 10 cm, with a g5
in the order of 10 to 15 cm. The local increase of ;.
and o5, near y=_800 m was related to the presence of
a local seaward morphological extension (clearly
visible on plan view images of November 29,
1999), which induced a local increase of z,, hence
negative s .

Similar trends were observed when considering the
overall model performance in terms of the mean ps,
and standard deviation ¢, of dz over time (Fig. 7).
The tendency was for the absolute magnitude of the
deviations to decrease, owing to the mutual compen-
sation of errors resulting from the individual sub-
models. ps. typically amounted to 10—20 cm along
the entire region of interest, except for the far-field
region north of the video station where ps, locally
increases up to 30 cm. In an absolute sense, us;. was
less than 15 cm along 85% of the 2 km wide area of
interest, which corresponded to an horizontal offset of
6 m. With g5, in the order of 15 to 20 cm throughout
most of the region of interest, the scatter of results is
relatively constant, with larger values again found in
the far-field region to the north and the non-uniform
area near y=_800 m.
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Fig. 6. Error quantification per sub-model. Time-averaged mean (bold dots) of the detection (a) and elevation model (b) induced vertical offsets
0z4 and 9z, as a function of the location alongshore. The fine dots represent the scatter, quantified as the mean + the standard deviation of dz4
and Jz.. The positive y-axis is pointing south, with the video station being located around y=— 120 m.

3.4. Sensitivity to the empirical swash parameter K .

The results presented here were obtained with a
parameter setting K,q.=1.20. To assess model sensi-
tivity to variable K, Table 1 summarises model
performance for different K., quantified by means
of the rms error of the detection induced dzy, the
elevation induced Jz, and the overall offset Jz, in-
volving a total number of 29,551 samples that com-
pose the entire data set of 137 video-based shorelines.

The modelled mean shoreline elevation increased with
increasing K., yielding a decrease of the rms value
of 9z, for K ranging from 0.2 to 1. For K. above 1,
the rms value of o0z, increased, indicating that the
modelled shoreline elevation increasingly exceeded
the surveyed elevation. However, the combined error,
quantified by means of the rms value of dz, further
decreased for K, values in exceedence of 1. This
reflects the mechanism of mutual error compensation
noted earlier. Minimum deviations in terms of dz are

04 T T T In .I T T T
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Fig. 7. Error quantification overall model. Time-averaged mean (bold dots) of the overall vertical offsets dz, as a function of the location
alongshore. The fine dots represent the scatter, quantified as the mean + the standard deviation of dz. The positive y-axis is pointing south, with

the video station being located around y=— 120 m.
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Table 1

Sensitivity of the intertidal beach mapper to variable K.

Kose rms (dzg) rms (dz.) rms (0z)
0.20 0.194 0.209 0.318
0.50 0.194 0.153 0.259
0.80 0.194 0.122 0.211
1.00 0.194 0.125 0.190
1.20 0.194 0.148 0.182
1.40 0.194 0.182 0.188

obtained with a parameter setting K,s.= 1.2, indicat-
ing that the detection technique identified a shoreline
near the higher end of the swash run-up.

3.5. Discussion

Model validation against a data set of GPS sur-
veyed shorelines at Egmond showed that mean verti-
cal deviations, in absolute sense, were less than 15 cm
(corresponding to a mean horizontal offset of 6 m)
along more than 85% of the 2-km-long area of
interest. Model deviations increased with increasing
distance from the video station. The bulk statistics of
the overall data set of 29,551 shoreline samples
showed a mean, detection induced, vertical deviation
of — 8.5 cm (with standard deviation 17.4 cm), which
reflects a landward offset of the video-derived shore-
line location. This deviation is largely compensated by
a mean elevation induced offset of +7.8 cm (with
standard deviation 12.6 cm). Considering these stan-
dard deviations, it can be seen that the scatter of the
overall model deviations was dominated by uncertain-
ties resulting from the shoreline detection technique.
The overall model deviations found here were the
same order of magnitude as the vertical excursion of
the oscillating swash motion, indicating that the
technique was consistently identifying shorelines
within the swash region.

The increase of ps., and o5, with increasing
distance from the video station can be explained by
the discriminator function ¥ becoming less represen-
tative in the far-field of the rather large region of
interest used for this comparison. The results pre-
sented here were obtained by sampling pixel intensi-
ties directly from oblique images. Owing to a decrease
of the pixel resolution in the far-field, which is as-
sociated with less pixels per unit area, far-field infor-
mation is relatively poorly represented. Consequently,

the histogram of image intensities and the resulting
discriminator function (Fig. 2) were biased towards
the colour intensity characteristics of the near field.
More difficult to control are atmospheric effects that
increasingly affect image clarity, hence model perfor-
mance, in the far-field. The decrease in model perfor-
mance in the far-field to the north of the video station
is further explained by the presence of buildings at the
Egmond site, which obscure the visibility of the dry
beach in this region, thus further limiting the oppor-
tunities for the clustering of dry pixels.

Apart from imperfections in the shoreline detection
and elevation models as quantified above, the model
accuracy reported here was also affected by the survey
data. This observation concerns the survey method
rather than the fundamental measurement accuracy of
the differential GPS system (1-2 cm), which is an
order of magnitude better than the image analysis
technique described here. The elevation model as-
sumes constancy of the time-averaged shoreline ele-
vation during the 10-min of time exposure for image
collection. So an ideal shoreline measurement would
be surveyed along a perfectly horizontal track. This is
hard to achieve in the field where the instantaneous
location of the waterline is continually affected by
oscillating swash motions over a complex intertidal
bathymetry. The 137 GPS-surveyed shorelines that
were used to quantify the offset of the corresponding
137 video-derived shorelines show a mean standard
deviation of 4.7 cm. In other words, the scatter values
0s. reported here due to the image-based shoreline
detection-elevation models represent the upper esti-
mate of these errors, due to the inherent variability in
the ground truth data.

The relatively large settings K,s.=1.20 found here
indicates that the detection technique identifies a
shoreline feature near the upper end of the swash
run-up. However, this may also suggest that the
empirical swash formulations which form the basis
of the shoreline elevation model tend to underestimate
the real-world vertical swash excursion. The latter
may well be the case, as Egs. (7a) and (7b) ignore
the short-wave contribution Ry at dissipative beaches
(£9<0.275). For reflective conditions characterised by
£o>1.05, the Ruessink et al. (1998) parameterisation
for infragravity swash (Eq. (6)) underestimates the
Holman and Sallenger (1985) relationship. Both
aspects contribute to an underestimate of the real-
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world vertical swash excursion over a wide range of
&y, which is compensated by the large K, settings
found here. It is concluded that the calibration of K.
accounts for uncertainties in both the location of the
shoreline feature identified from time-averaged video
imagery as well as the associated elevation estimated
from the empirical parameterisations for the vertical
swash excursion.

4. Model application at Egmond and the gold coast

4.1. Video monitoring of a nourished beach at
Egmond

To mitigate local beach erosion in front of the
township of Egmond aan Zee (Fig. 4), the coastal
authorities undertook combined beach and shoreface
nourishment in the early summer of 1999. The 200
m>/m beach nourishment extended a distance of 1500
m alongshore; the 400 m*/m shoreface nourishment,
completed at 5 m water depth at the seaward side of
the outer bar, extended 2200 m. To monitor the
effectiveness of the combined nourishment and its
effect on the evolution of nearshore morphology, an
Argus video station was installed on top of the ‘Jan
van Speyk’ light house in May 1999. The intertidal
beach mapper was used to quantify intertidal beach
bathymetry on a monthly basis, between the NAP 0
and + 1 m elevation contours.

The initial intertidal morphology of June 1999, 2
months after the completion of beach and shoreface
nourishment, was characterised by a highly irregular
shoreline, with an erosion hot-spot located approxi-
mately 500 m south of the video station, and consider-
able accretion at 200 m north of the station (Fig. 8). The
width of the beach varied of by more than 60 m within a
distance of 700 m. After a calm summer period during
which only minor foreshore changes were observed
(Fig. 8), a sequence of storm events in October and
November 1999 (upper panel, Fig. 8) causes significant
erosion of the beach, in particular at the location of
minimum beach width at about 400 m south of the
video station (Fig. 8). The flattening of the beach
profile was also observed, identified from the image-
derived survey data by the widening of elevation con-
tours. During the winter months (December 1999—
February 2000), ongoing erosion was observed along

the entire monitoring region. In March 2000, this had
resulted in coastal retreat of 30 m in the north, and more
than 40 m in the south. At some locations, virtually no
sub-aerial beach was left, despite the nourishment
activities which were executed only 9 months previ-
ously. Between April and June 2000, a degree of
recovery ( ~ 20 m additional beach width) was ob-
served; full restoration of the morphological configu-
ration of June 1999 had however not been achieved.

A second beach nourishment was completed by the
end of June 2000, along the strip between 0 and 800
m south of the video station. Shoreline retreat of 10—
20 m per month continued along the nourished section
over the period August—September 2000, as the
nourished sand transferred from the intertidal beach
to restore an erosion hot-spot around 700 m south of
the video station (Fig. 8). Rough wave conditions
(upper panel, Fig. 8) in November and December
2000 resulted in further erosion, and a shoreward shift
of the shoreline by 15-20 m, relative to the initial
beach conditions measured in June 1999. Early in
2001, a ‘slug’ of sand entered the intertidal zone
directly north of the video station (Fig. 8), causing a
net local accretion in the order of 50 m, accompanied
by the flattening of the beach profile and the devel-
opment of strong morphological irregularities in the
intertidal zone. The redistribution of sediments along-
shore, combined with an overall accretionary trend,
resulted in an increasingly smoothed shoreline in
April 2001 with this trend continuing through to end
of the summer in August 2001. Interestingly, the plan-
shape morphological configuration of August 2001,
characterised by a seaward extension of the foreshore
directly north of the video station, and a contrasting
erosion hot-spot approximately 600 m to the south, is
remarkably similar to the initial situation in June
1999, despite the nourishment effort in July 2000.
This latter observation suggests that the morphologi-
cal evolution of the intertidal beach is at least partly
governed by larger-scale phenomena, for example the
presence of a depression in the outer bar.

In summary, 2 years of video-based monitoring of
intertidal coastal changes at a nourished beach on the
west coast of The Netherlands have shown significant
variability in the morphodynamic behaviour at the site.
Averaged over the area of interest, a strong seasonal
variability was observed, and considerable spatial
variability occurred through redistribution of sedi-
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Fig. 8. Video-observed evolution of intertidal bathymetry at Egmond over the period June 1999 —August 2001. Monthly, plan view maps of the
intertidal beach bathymetry between the NAP+0 and NAP + 1 m elevation contours. The dry beach is located at the lower side of each panel.
The video station is located near the origin of the horizontal coordinate axis, which is positively directed south. Elevations at the sub-aqueous
(sub-aerial) beach are manually set to zero (one). The upper panel shows H,, for the period of interest.

ments within the area of interest. In the past, this
variability had the effect of obscuring a (previously

unrecognised) chronic erosion problem in the southern

region of the monitored area. This had resulted in the
design and implementation of an inappropriate coastal

management option (i.e., sand nourishment). The

application of the intertidal beach mapper technique
at the site clearly identified and located the underlying

chronic erosion problem, and is contributing to the
design of more effective mitigation measures.

4.2. Video monitoring of coastal changes at the Gold
Coast Reef (Australia)

In 1997, the ‘Northern Gold Coast Beach Protec-
tion Strategy’ (Boak et al., 2000) was implemented
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by Gold Coast City Council to maintain and en-
hance the beaches extending from Surfers Paradise
to Main Beach (Fig. 9). The aim of the Strategy was
to decrease the risk of potential economic loss
(infrastructure and tourism) following storms events,
by increasing the volume of sand within the storm
buffer seaward of the existing oceanfront boulder
wall. The Strategy has the dual objectives of in-
creasing the width of the sub-aerial beach, and
improved surfing conditions. The major components
of the engineering works included an initial 1.2
Mm® of beach nourishment along approximately
2000 m of the coastline, and construction at Narrow-
neck (Fig. 9) of a submerged artificial reef structure
to provide a coastal ‘control point’ and enhance
surfing opportunities. In August 1999, an Argus
coastal imaging system was installed at the site,
immediately prior to the start of reef construction,
and 6 months following the commencement of
beach nourishment.

Within the scope of a larger video-based monitor-
ing program (Turner et al., in press), the intertidal
beach mapper technique was applied to assess fore-

shore morphological changes during the construction
phase of the submerged reef structure. Intertidal beach
profiles were mapped on a monthly basis over the 18-
month period January 2000 to August 2001. The area
of interest focussed on a 1000-m length of the beach,
centered at the reef construction site. In contrast to the
presentation of monthly intertidal beach profiles as
shown for the Egmond site (Fig. 8), a quarterly
summary of relative changes in the intertidal beach
profile can also be calculated (Fig. 10) to assess the
alongshore distribution of accretion—erosion.

In July 2000, sand nourishment of northern Gold
Coast beaches was completed, and the video-derived
results shown in Fig. 10 were calculated relative to
the beach at that time, encompassing the subsequent
12-month period. An initial phase of accretion was
observed to have occurred in the region between
600 and 1100 m alongshore, coinciding with a
period of relatively calm waves. After than time, it
was observed that sand generally migrated north-
wards, leaving behind a localised region of accretion
in the lee and immediately up-drift of the reef
structure (Fig. 10). The alongshore migration speed
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Fig. 9. The Goldcoast Argus video station, mounted on top of the Focus building at Narrowneck (Queensland, Australia).



288 S.G.J. Aarninkhof et al. / Coastal Engineering 49 (2003) 275-289

i) Morphological changes between Jul-2000 and Sep-2000
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Fig. 10. Video-observed evolution of intertidal bathymetry at the Gold Coast over the period July 2000—June 2001. Quarterly maps of coastal
changes at the intertidal beach, relative to the coastal morphology at the time of completion of the beach nourishment. The dry beach is located
at the lower side of each panel. The video station is located near the origin of the horizontal coordinate axis, which is positively directed north.

was estimated based upon the monthly accretion—
erosion calculations. By this method a net migration
speed of ~ 1 m/day was determined for calm
weather conditions (Hs ~ 1 m during September
2000—December 2000) and about 8 m/day for rough
weather conditions (Hs ~ 2 m during December
2000—February 2001). It is interesting to note that
these estimates of the migration speed using the
video-derived estimates of foreshore accretion—ero-
sion (Fig. 10) correspond well with the simple
empirical approach proposed by Sonu (1968). By
this method, the predicted average annual migration
speed for this same 12-month period was approxi-
mately 6 m/day.

In summary, video-based monitoring of reef con-
struction and nourishment works at a dissipative site
on the east coast of Australia, has provided coastal
managers the ability to assess and quantify the effec-
tiveness of the new coastal protection works to meet
project objectives. The application of the intertidal
beach mapper technique is continuing to be used at

the site on an ongoing basis, to determine when
additional nourishment will be required.

5. Conclusions

This paper has presented the details and validation
of a video-based method for monitoring of morpho-
logical changes at the intertidal beach.

The quantification of intertidal beach bathymetry
is achieved by mapping multiple shorelines during a
tidal cycle. The technique presented here is based
upon two independent sub-models. The first identi-
fies the location of the shoreline from time-averaged
video images, based on colour differences between
the wet and dry beach. The second estimates the
associated vertical elevation from the hydrodynamic
conditions offshore. These sub-models were validated
separately, indicating that the waterline detection sub-
model is largely responsible for deviations between
the video-based waterline and the GPS-surveyed
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waterline. Uncertainties of the overall model are
typically in the order of 15 cm in the vertical sense,
which is of the same order of magnitude as the
dimensions of the swash zone. From this validation,
it can be concluded that the model is well suited for
monitoring intertidal beach changes at the time scale
of weeks to months.

Application of the model to two different Argus
stations at Egmond and the Northern Gold Coast have
shown significant morphological changes in the inter-
tidal beach, which can be related to seasonal variabil-
ity, placing of nourishment, storm-based erosion
events and the construction of a reef respectively.
The observed evolution of the intertidal beach indi-
cates variability on relatively short temporal and
spatial scales, which are not easily observed with
more traditional field methods.
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