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ABSTRACT

SHAND, T.D.; BAILEY, D.G., and SHAND, R.D., 2012. Automated detection of breaking wave height using an optical
technique. Journal of Coastal Research, 28(3), 671–682. West Palm Beach (Florida), ISSN 0749-0208.

Obtaining accurate information of nearshore wave characteristics including the position and height of individual
breaking waves is essential to understanding the drivers of coastal processes, for engineering design and hazard
prediction. Demand for such information in real time for recreational planning and hazard assessment is also high.
Remote optical techniques would offer considerable economic and spatial coverage advantages over conventional in situ
instrumentation. However, optical methods for obtaining wave height information have been slow to develop and those
available remain computationally expensive and require ‘‘favourable’’ environmental conditions. This paper presents a
relatively simple yet robust approach to detecting and quantifying breaking wave position and height across a wide surf
zone using a twin video camera configuration coupled with an image time-stack analysis approach. A numerical
algorithm, HbSTACK, is developed and successfully tested under the environmental conditions experienced during field
trials. Errors and uncertainties may arise in both the photogrammetric transformation from pixels to real-world
coordinates and in the detection of wave crest and trough positions. These errors have been assessed using both field
verification of the transformation model and manually detected crest and trough locations by experienced practitioners.
Errors in output wave heights were thus estimated to be less than 7%.

ADDITIONAL INDEX WORDS: Wave height, Wave breaking, Surf zone, Optical detection.

INTRODUCTION

Obtaining accurate information of nearshore wave charac-

teristics is essential to understanding the drivers of coastal

processes for engineering design, hazard prediction, and

recreational planning. Fundamental characteristics include

the position and height of individual breaking waves and their

distribution across the surf zone. However, acquisition of these

parameters in the field presents a significant challenge due to

the variability and hostility of the coastal environment. A

variety of methods have previously been used to extract wave

height information including in situ instrumentation such as

wave buoys, pressure transducers or manometers (i.e., Grace,

1978), wave staffs, and capacitance and resistance probes

(Whittenbury, Huber, and Newell, 1959) and shore-based

remote techniques such as visual estimation or measurement

(Balisllie and Carter, 1984; Patterson and Blair, 1983), high-

frequency (HF) radar (Heron and Prytz, 2002; Wyatt, 1988),

and single and stereo camera imagery (e.g., Bechle and Wu,

2011; de Vries et al., 2010; Hilmer, 2005; Mitchell, 1983; Sasaki,

Horikawa, and Hotta, 1976).

The placement of instrumentation directly within the surf

zone can provide general hydrodynamic data such as surface

elevation and flow velocity. Limitations associated with such

in situ placement include deployment and maintenance costs,

risks to personal safety and instruments, and reductions in

measurement accuracy and reliability due to aerated flow

(Grace, 1978). Additionally, the spatially discrete nature of such

data may result in critical break points being missed entirely.

To overcome such limitations, a range of remote techniques

have been developed. The most basic involves a shore-based

observer estimating wave height (Kelly, 1965) or aligning the

horizon with the breaking wave crest and a graduated staff

(Balsillie and Carter, 1984; Patterson and Blair, 1983). However,

although these methods are cost efficient and easily done, they

all involve user subjectivity to a greater or lesser extent.

The use of photo and video imagery to extract breaking wave

and surf zone properties has the potential advantages of

providing more affordable data than in situ instrumentation

and at a range of spatial and temporal scales. Digital

rectification using photogrammetric colinearity equations

allows the removal of perspective distortion and the application

of image scaling. Wave properties such as direction and velocity

(Holland, 2001; Stockdon and Holman, 2000) and swash-zone

processes (Bailey and Shand, 1994; Holland et al, 1997; Holman

and Guza, 1984) may then be quantified. However, techniques

for determining wave height within the surf zone are more

complex and have been slower to develop.
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Stereo photogrammetry to examine sea surface and wave

characteristics has been used by several researchers, including

manual approaches by Cox and Munk (1954), Mitchell (1983),

Sasaki, Horikawa, and Hotta (1976), and Schooley (1956), and

later automated digital analysis by Benetazzo (2006), de Vries

et al. (2010), and Wanek and Wu (2005). Although this approach

has been shown to be relatively successful under ideal

environmental conditions, a major limitation is the requirement

for surface textures which facilitates correlation of stereo pairs.

Computation times in the processing of imagery also remain

problematic, although recent work by Bechle and Wu (2011)

claim improved computational time by tracking selected points

of interest only. However, although the above approaches

provide a measure of water-level elevation, they do not, without

additional processing, yield specific breaking wave height.

An alternative, two-dimensional (2D) photogrammetric

approach that has the potential to provide wave height

information uses time-stack analysis. Time stacking involves

the extraction of a single line of pixels from sequential images

and chronological placement to provide a record of change over

time that can then be analysed to define spatially and

temporally varying processes. Figure 1 provides an example

of a (nonrectified) time-stack image showing waves approach-

ing the shore, shoaling, and slowing before break point; the

generation of free harmonics following breaking directed in

both onshore and offshore directions; and wave energy

dissipation within the surf zone and swash zone processes.

Time stacking has successfully been used to obtain incident

wave celerity, period, break point, and run-up (Aagaard and

Holm, 1989; Bailey and Shand, 1994).

Although the possibility of deriving breaking wave height

(Hb) from time-stack imagery was described and illustrated

during the 1990s (Shand and Bailey, 1995), the technique was

not developed further until Hilmer (2005) derived breaking

wave height on a reef edge using a time stack from a single, low-

level camera. The image was ‘‘rectified’’ to a vertical plane

(rather than the previously used time-stack approaches noted

above where rectification was to a horizontal plane). An

example from Hilmer’s paper is shown in Figure 2 where a

vertical intensity gradient was applied to the time stack

Figure 1. Example of a time-stack image comprising a horizontal stack of vertical slices (a single pixel wide) extracted from a sequence of video frames in

which the camera was elevated 43.7 m above MSL. The image thus has a space (nonequidistant) dimension on the Y-axis and a time dimension on the X-axis.

Features such as wave celerity, period, break point, surf zone processes, and run-up are evident and have been marked.

Figure 2. Estimation of breaking wave height at the edge of Togcha Bay

reef, Guam (source: Hilmer, 2005).
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(Figure 2A) to enable detection of the white-water boundary

(Figure 2B). Local boundary maxima were then used to define

individual break points, and breaking wave heights were

estimated on the basis of elevation above an assumed datum.

The measurements were found to have a ‘‘clear visual

correlation’’ with corresponding measurements obtained from

a wave buoy located beyond the surf zone, i.e., they were in

qualitative agreement with the buoy data. The simplicity of

such an approach is appealing. However, Hilmer’s method has

several limitations preventing more general application. These

limitations include an assumption of wave breaking at a

discrete cross-shore distance to provide vertical scale. Although

this assumption has some validity in the reef situation where it

was developed as break point location is close to constant, it

clearly does not apply in most field situations, with irregular

waves of differing heights breaking across a wide surf zone. In

addition, Hilmer used a fixed lower datum rather than the

variable trough position, and maximum splash-up elevation

rather than crest elevation to defined wave height.

Lane et al. (2010) recently described a general Hb processing

approach for the single-camera time stack. However, their

paper is largely devoid of specific technical detail. Their

approach appears to use a variable lower datum; however,

there is no definition of the trough or how to locate its position.

Furthermore, their lack of definition in the offshore breaking

position due to a low camera angle severely limits the accuracy

in converting pixels (defining wave height) to real-world units,

especially in a wide surf zone.

This present paper develops a robust approach to detecting

and quantifying breaking wave position and height across a

wide surf zone by using a twin camera configuration coupled

with an automated image processing routine to abstract Hb

from time stacks. The paper begins by discussing and defining

wave breaking and breaking wave height. A new methodology

for obtaining break point and breaking wave height across a

wide surf zone is then outlined. Results of applying the

algorithm to field data collected under different environmental

conditions are next presented and compared with manually

derived wave heights. Finally, accuracy and limitations of the

technique are discussed.

THEORETICAL CONSIDERATIONS

Defining Break Point

Fundamental to developing a method for deriving breaking

wave height from a time-stack image is a workable and

acceptable definition of individual wave break points. Several

definitions of the wave break point have been suggested within

the literature (Singamsetti and Wind, 1980), and although a

universal definition has yet to eventuate, Smith and Kraus

(1991) considered a practical definition to be the point at which

the ‘‘front face of the wave becomes vertical’’. Once this form is

attained the wave either spills progressively down the wave

face (Duncan, 2001), or plunges forward, impacting the water

surface at some location on the lower wave face or in the

preceding trough (Peregrine, 1983).

Breaking wave height is similarly ill defined, with wave

buoys or probes providing a vertical distance between trough

and crest at a single spatial location (but separated temporal-

ly), whereas observers from the shoreline generally estimate

height on the basis of the crest-to-trough distance at the

moment of breaking (coincident temporally, but separated

spatially). As shown in Figure 3, the breaking process is

spatially extensive, with the trough minimum often far ahead

of the wave crest at break point. Then as the lip moves outward

and down to impact the surface, the wave form moves similarly

forward and landward and finally the maximum splash-up

location occurs still farther landward (see Peregrine, 1983 for

more complete description). The definitions of the various

breaking terms are shown within Figure 3 in profile (wave

tank), frontal (field) perspective, and also within a time stack

derived from field imagery.

Although the maximum splash-up elevation was used to

define the upper limit of wave height by Hilmer (2005), this

elevation can be substantially higher than the breaking wave

height in intensely plunging waves (Ting and Kirby, 1995) and,

as shown within Figure 3, also occurs further landward than

the initial break point.

In the present study, the breaking wave height is assumed to

correspond to the apparent vertical distance between the crest

and the trough at break point. Break point is defined as the point

where white water first becomes apparent. This occurs in a

spilling wave when the turbulence first starts to descend down

the wave face and in a plunging wave immediately after the

crest becomes vertical, in agreement with Smith and Kraus

(1991). Trough detection in the case of plunging waves is

relatively straightforward as the breaking wave directly

intersects the landward unbroken water surface at the mini-

mum surface elevation, consistent with the general definition.

However, in the case of spilling waves, the white water takes

longer to reach minimal elevation, and the trough location is

more difficult to detect. The algorithm (HbSTACK) was modified

to accommodate the spilling waves contained in the field data,

and additional detail on detecting the trough for verification

purposes is provided in the method evaluation section.

Image Transformation

The present study has utilised two time-synchronised, high-

definition digital video cameras with one positioned at a low level

(referred hereafter as lower camera) and one at high level

(referred hereafter as upper camera) on an adjacent cliff top

(Figure 4). Imagery from the upper camera was first used to

define the offshore location of a wave-breaking event. The same

feature was then identified in the imagery from the lower camera

with the offshore breaking location used to derive an appropriate

transformation relationship for converting wave height in pixels

to real-world units. This process is described in detail below.

To derive wave height across a wide surf zone, the cross-

shore location of the break point must first be determined.

Whereas imagery obtained from a camera orientated vertically

above the surf zone exhibits a linear pixel-to-real-world

distance relationship, an obliquely orientated camera is

subject to perspective distortion. This distortion increases

with camera angle from vertical. Image rectification allows an

oblique image plane to be transformed onto another 2D plane

(Holland et al., 1997).
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First, we define real-world coordinates as (X,Y,Z) where X is

in the offshore direction, Y is the longshore direction, and Z is

the height above still-water level (see Figure 4). Also let the

image coordinates from the upper camera be (xu, yu) and those

from the lower camera be (xl, yl). A perspective transformation

(Equation 1) enables the view from the upper camera to be

projected onto the sea surface (Z 5 0), associating each pixel

with a location in world coordinates (Bailey and Shand, 1996).

Figure 3. Defining breaking parameters including wave crest (3) and trough position (O) at break point, jet impact point (%), maximum extent of splash-up

(D) from a side perspective (A; source: Shand, 2009) and frontal perspective (B), with the same features identified in a time-stack image (C). (Color for this

figure is only available in the online version of this paper.)
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X ~
a0xuza1yuza2

a6xuza7yuza8
, Y ~

a3xuza4yuza5

a6xuza7yuza8
: ð1Þ

The nine unknowns can be solved with information on the

camera position and orientation relative to ground control

points (GCPs) and perspective vanishing line (the line of points

in the image where points on the object plane at infinite

distance would appear) (Bailey and Shand, 1996). If the earth

were flat the vanishing line occurs at the horizon; however,

because of the curvature of the earth, the vanishing line occurs

above the observed horizon at an angle defined by Equation (2)

where Zu is the height of the upper camera above still-water

level and R is the radius of the earth. Although this angle is

relatively small, the error becomes large if not corrected.

h~

ffiffiffiffiffiffiffiffiffi
2Zu

R

r
ð2Þ

Full image rectification would be required if multiple cross-

shore profiles are to be assessed. However, as the present study

builds a time stack along a single shore-normal profile directly

offshore from the upper camera, the perspective transforma-

tion equations are simplified to a one-dimensional model as

Equation (3):

X ~
a’0yuza’1
a’2yuza’3

ð3Þ

where yu corresponds to the vertical position within the image

along the selected cross-shore profile, and X is the offshore

distance of the corresponding point on the sea surface. The

denominator of Equation (3) corresponds to the vanishing point

(the intersection with the vanishing line in the image with the

one-dimensional profile). Therefore by setting the vertical

origin within the upper image at the vanishing point, a’3 ~ 0,

this reduces Equation (3) to Equation (4):

X ~
a’1
a’2

1

yu
z

a’0
a’2

ð4Þ

The two unknown coefficients are determined by calibration

through fitting to a series of GCPs as detailed in the next section.

Once a breaking event is identified in the time-stack image

from the upper camera (refer field-data section) its off-shore

location, Xb, is determined using the above relation. The same

breaking event is then identified in the lower camera. The

height of the breaking event (from the wave crest to the trough;

refer field-data section for detail) in pixels can be measured

from the lower time-stack image for the lower camera as Dyl.

Since the distance between the lower camera and the break

point is known, the wave height can then be calculated directly

by scaling the pixel height of the breaking event according to

Equation (5):

Hb ~ kDyl(Xb{Xl) ð5Þ

where Xl is the offshore position of the lower camera, and k is a

constant scale factor, determined by calibration (described

within the Field Data Collection section). Note that Equation

(5) assumes that the lower camera is looking horizontally. If

this is not the case, an additional transformation would be

required to correct for the perspective distortion introduced by

the camera tilt.

Accuracy of the transformation models is maximised by

reducing the perspective distortion of imagery. Whereas a

single camera, positioned at an appropriate elevation could,

theoretically, be transformed to both horizontal and vertical

planes (using a multidimensional calibration), the stretching of

pixels during high-angle rectification rapidly decreases spatial

resolution and measurement accuracy. This is qualitatively

shown within Figure 5 with cameras positioned at lower levels

giving greater error in defining horizontal (offshore) distance

and cameras at higher levels giving greater error in defining

vertical distance (wave height). Practically, this is analogous to

observers at low elevations (i.e., near water level) having

difficulty judging offshore distance and observers at high

elevation (i.e., atop a cliff) having difficulty accurately judging

wave height.

It is for this reason that the present study utilised two time-

synchronised cameras with one positioned at a low level and

one at high level on an adjacent cliff top (Figure 4). This two-

camera arrangement reduces transformation errors and

enables more detailed interrogation of the particular region of

interest. Perspective distortion associated with rectification of

the lower camera image to a vertical plane is eliminated by

ensuring that the line of sight of the lower camera is parallel to

Figure 4. Schematic diagram of camera locations and coordinate system.

Figure 5. Qualitative errors associated with camera placement in

transforming data from pixel to real-world coordinates.
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the sea surface. In practise, small angle error would introduce

negligible perspective distortion over the scales of interest. To

maximise the accuracy, a narrow angle of view is desired (the

camera is zoomed), requiring the camera to be placed close to

the still-water level. The minimum lower camera elevation,

Zlmin, was found necessary to minimise obstruction of the wave

trough by the preceding wave. A first-order estimate of Zlmin is

given by Equation 6:

Zlminw

HmaxXmax

L
ð6Þ

where Hmax is the largest breaking wave height, Xmax is the

maximum breaking distance offshore from the lower camera,

and L is the approximate wavelength at break point. Higher

Figure 6. Coastal Systems Field Research Site, Castlecliff Beach, New Zealand with approximate camera location indicated (map source: Department of

Survey and Land Information, 1996).
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relative camera placement is required for steeper (spilling type)

waves breaking a long distance offshore with lower camera

placement possible for lower steepness (plunging) waves that

typically break nearer the shoreline and dissipate their energy

more rapidly.

FIELD DATA COLLECTION

Field data collection was undertaken on 20, 21, and 22

January 2010 at the Coastal Systems Field Research Site on

Castlecliff Beach, situated on the west coast of the New Zealand

North Island (Figure 6). The nearshore is characterised by fine

sand (D50 < 0.16–0.2 mm) and has a cross-shore slope of 0.009
with two subtidal sandbars usually present (Shand, 2007). The
mean spring tide range is 2.4 m with a mean deepwater
significant wave height of 1.3 m and 10.1-second period. Sea
wave conditions occur for approximately 75% of the time and
swell waves for 25% of the time. Observed site conditions
during the three days of field investigation are presented
within Table 1.

Waves typically break over a 200- to 500-m-wide surf zone,

making a fixed break point assumption invalid and necessitating

the variable height transformation method described

earlier. The upper camera was placed on the cliff-top

camera platform, 43.7 m above mean sea level (MSL) and

the lower camera on the foredune some 4.1 m above MSL

(Figure 6). Cameras and GCPs were georeferenced to the

local coordinate system and elevation datum. The upper

camera transformation model was calibrated using a series

of temporary GCPs extending from onshore to outside the

surf zone. The lower camera transformation model was

calibrated using a graduated staff placed at the temporary

GCPs. Pixel resolution in the images from the upper

camera, after rectification to the horizontal plane, ranged

from 0.9 m to 2.75 m per pixel from the inner to outer surf

zone. For the lower camera, pixel resolution in the vertical

plane varied from 0.015 m to 0.04 m per pixel across the

surf zone.

The coefficients derived for the transformation model

(Equations 4 and 5) by site survey were verified by tracking a

graduated staff from onshore to outside the surf zone. The

vertical scale predicted by the transformation model is

compared with that of the staff with errors ranging between

1 and 4% (Figure 7).

AUTOMATED ALGORITHM

A numerical algorithm, HbSTACK, was developed using the

MatLab (R2010a; MathWorks, 2010) software platform. This

algorithm extracts time-stack images from video records,

detects the breaking edge of wave faces in the time-stack

images, and translates the derived pixel values into real-world

distance and elevation values using the earlier-described

transformation models.

HbSTACK initially extracts a single pixel line from each

video frame and stacks the pixel columns sequentially, thereby

creating a time stack. The user controls the frequency of frame

capture, selects the pixel lines for extraction, and any time

offset between upper and lower video records to align the time-

stacks temporally. The resultant red–green–blue time-stack

images have dimensions of space in the y-axis and time in the

x-axis. The algorithm then processes these time-stack images

to identify breaking edges by first applying a temporal edge

detection (by differencing in along the x-axis of the time-stack

image), smoothing the results with a Gaussian filter, averaging

the results along the y-axis, and applying a threshold to detect

significant edges shown by red shading on Figure 8.

The above subroutine was first applied to the upper camera

time stack to detect individual break points. The breaking

event is not a single point in upper camera time stack, but

rather extends over several pixels, between the crest and the

trough. The still-water level (Z 5 0) at break point was assumed

to occur at one-third of the position between the detected crest

and trough. The need for, and effect of, this assumption is

Table 1. Summary of environmental conditions during the field data collection.

Date 20 January 2010 21 January 2010 22 January 2010

Time 1030–1200 0930–1030 1230–1330

Tide 0 to 0.5 m MSL (mid-tide incoming) 20.5 to 0 m MSL (low to mid-tide incoming) 0 to 0.5 m MSL (mid-tide incoming)

Light conditions Sun mid-height behind to overhead,

clear; high contrast

Sun mid-height behind, clear; high contrast Overhead sun, overcast; low contrast

Wind W: ,5 km/h W: ,5 km/h W: 15–20 km/h

Visual sea state ,1 m, 10–12-s swell; breaking by

weak plunge offshore of upper

beach

,1.5 m, 8–10-s swell; larger waves breaking

by plunging on outer bar, deshoaling and

breaking on low tide step, smaller waves

breaking on low tide step only

,1.5 m, 8-s swell with small sea overlying;

breaking irregularly by spilling to weak

plunging across wide surf zone

Camera

configuration

Upper and lower camera Upper and lower camera Lower camera only

Figure 7. Verification of the derived model coefficients relating pixel

location to vertical scale (Equation 4 and 5).
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further discussed in the environmental variation section. Once

breaking locations were defined in time and space, the

corresponding offshore distances were computed using the

transformation equation (Equation 4). A region of interest was

established in the lower stack image around each break point

defined by the upper stack image. This region of interest is

based on a time threshold in the x-axis and a position within the

surf zone in the y-axis and was necessary within a wide surf

zone as waves may break at two different cross-shore locations

simultaneously. This also ensures that only breaking events

detected in both the upper and lower cameras are considered.

The corresponding breaking wave heights were then ob-

tained by defining the vertical extent of the breaking edge

within the region of interest in the lower camera image. These

heights are depicted by the green bars in Figure 8. This

example figure shows that some edges detected in the lower

camera (red shading) were not identified as significant edges in

the upper camera and were therefore not defined as breaking

events. The sensitivity of this detection may be adjusted using

the Gaussian and threshold filters described earlier. Finally,

the breaking wave height calculated in metres was determined

on the basis of the offshore breaking distance using Equation 5.

Data recorded (example shown in Figure 9) included individual

breaking wave position, time, and height; these then enabled

the period and statistical quantities including mean, signifi-

cant, and 10% exceedance values to be derived (example shown

in Table 2).

For this example, several waves are detected breaking on an

outer bar, with a larger number breaking on the inner beach.

Breaking wave height varies between 0.8 and 2.2 m, with a

mean height of 1.4 m. This time-stack image shows waves

breaking on the outer bar to deshoal in deep water after

breaking before breaking again on the beach. Additionally,

Figure 8. Examples of edge detection (red) used to extract break point from the upper camera (A) and the vertical extent of the breaking edge defined by

green strips used to extract wave height from the lower camera (B) for a time-stack image sampled from the 21 January 2010 data set. (Color for this figure is

only available in the online version of this paper.)

Figure 9. Offshore distance (A) and wave height (B) computed using

HbSTACK for the data set shown in Figure 8.
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some small, gently spilling events on the outer bar are omitted

by the algorithm. Detection of these events may be improved by

reducing the size of the threshold filter to define significant

events, although increased noise is detected.

Mean wave period obtained by dividing the number of

breaking incidents (N) by the sample time (tsample) may be

underestimated if individual waves break more than once.

Results are likely to be more accurate on uniform sloping

beaches where each wave breaks only once as they propagate

toward the shoreline compared with barred beaches where

breaking, deshoaling, and rebreaking often occur. Such

multiple breaking events may be filtered on the basis of break

location before averaging.

METHOD EVALUATION

Manual Comparison

Although verification of accuracies associated with trans-

forming pixel data to real-world units is relatively straightfor-

ward (refer Field Data Collection section), verifying the

derived wave height at break point is more difficult. First,

instrumentation such as upward-looking acoustic Doppler

velocimeters, wave buoys, and capacitance wave probes

provide water-level information, but are placed at spatially

discrete locations and the probability of wave breaking at an

instrument site within a wide surf zone is low. Second, as

discussed previously, the precise definition of breaking wave

height is subject to interpretation.

The wave heights determined by HbSTACK were therefore

compared with wave-by-wave examination of the raw video by

three experienced coastal practitioners. Break point was

defined as the location when the wave crest first becomes

vertical and evident to a frontal observer by the wave crest or

lip first beginning to propagate down the wave face. Breaking

wave height was defined as the elevation difference between the

crest and associated trough, as assessed by the practitioners

on the basis of their knowledge of breaking wave processes and

associated tonal variation on the water surface. Digitising the

practitioner selections was carried out using the JavaScript video

analysis and modelling tool Tracker (V1.7.4; Brown, 2007). The

transformation equations (Equations 4 and 5) were used to

convert the digitised pixel locations to offshore distance and

elevation. These results thus offer a quantified visual assessment

of breaking wave height.

Results of the manual assessments are compared with the

algorithm results for the data set collected on 21 January 2010

in Table 2. There is close agreement in results, with the

numerical algorithm underestimating mean and significant

wave heights by less than 1% compared with the manual

assessment, although the algorithm detects slightly fewer

events (9%) and exhibits a greater range in wave heights (11%).

Environmental Variation

As with all visual observation and image-based techniques,

wave characteristics and surface and light conditions affect the

capabilities and accuracies of the methods. Examples of

detected wave height under different environmental conditions

on 20, 21, and 22 January 2010 are shown in Figure 10, with

the resultant wave statistics presented in Table 3. Failure of

the upper camera on 22 January prevented transformation of

extracted wave characteristics from pixel to real-world units.

Height statistics on 20 and 21 January were similar, although

Table 2. Statistical quantities of breaking waves detected by the HbSTACK and manual detection methods for an example data set.

Manual Assessment 1 Manual Assessment 2 Manual Assessment 3 Manual Mean Numerical Algorithm % Difference

N 30 30 30 30 27 210.0

Hmax 2.11 2.11 2.15 2.12 2.19 3.1

Hmin 0.83 0.83 0.95 0.87 0.77 211.5

Hmean 1.35 1.42 1.38 1.38 1.38 20.2

Hsig 1.74 1.81 1.72 1.76 1.74 20.9

s 0.33 0.34 0.31 0.33 0.36 10.2

Figure 10. Examples of wave height detection during differing environ-

mental conditions on 20 (A), 21 (B), and 22 (C) January 2010. (Color for this

figure is only available in the online version of this paper.)
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the lower tide on 21 January induced multiple breaking for

some waves, thereby reducing the observed mean period.

Although the sea states on 20 and 21 January were relatively

smooth with predominantly plunging waves, 22 January was

wind-affected, with predominantly spilling waves occurring.

With plunging waves, the prebreaking face is near vertical and

the projecting white water reaches the base (trough) almost

instantaneously. This results in a sharp and high angle contrast

change in the associated time-stack image. By contrast, faces of

spilling waves have lower slope and the troughs are less well

defined, particularly under low contrast conditions. As a result,

the white water takes longer to reach the trough and the

associated contrast change detected by HbSTACK has a lower

angle and is less well delineated.

A time limit for defining that part of the white-water edge

that contributes to the breaking height is therefore imple-

mented within the routine. This limit defines the maximum

time after breaking is first initiated that may be used to define

the wave trough and therefore height. This time limit is

intended to allow the white water to progress down the wave

face to the trough but to restrict subsequent landward

propagation of white water from being incorporated into the

wave height calculation. An example is shown within Figure 11,

where the detected edge is shown in red shading (see the online

journal for the color version of the figure). The breaking edge is

seen to propagate rapidly down the wave face before slowing

(evidenced by the decreased angle, i.e., more horizontal-tending

track) as it continues to propagate onshore. The derived

breaking height (green bars [see the online journal for the color

version of the figure]) is shown without a time limit (11B), with a

3-second limit (11C), and with a 1-second time limit (11D).

Without any time limit, the wave height is overestimated as the

white-water interface is tracked after it reaches the trough.

Incorporation of such a time constraint appears to provide

reasonable results under spilling and low-contrast conditions

where even manual definition of wave height is challenging.

Automatic assignment of a time limit within HbSTACK

for different wave conditions will be the subject of future

investigation.

Errors and Uncertainty

Errors are introduced within the photogrammetric processes

as a result of lens distortion, camera movement, or where the

image is incorrectly transformed to real-world coordinates; this

may occur through errors in estimating the correct plane and

introduced in the feature identification process when breaking

wave parameters such as break point and wave crest and

trough positions are incorrectly identified.

The simple geometric transformation model based on a

single-line field calibration was verified by field survey and

found to be in agreement with measurement to within 5%

across the surf zone. This error incorporates the photogram-

metric errors described above. Readers are referred to Holland

et al. (1997) for more complete descriptions of such errors and

methods of error reduction. Regardless of environmental

conditions, this error remains constant for any particular

camera because it is a function of lens characteristics and

geometry.

A critical assumption involved defining the cross-shore

location of break point in the upper camera image. If the wave

crest is selected, then the apparent break point is registered

further seaward on a true horizontal plane and, similarly, if the

Figure 11. Example of low-contrast spilling wave (A) with the edge

detected without a time limit (B), with a 3-s time limit (C), and with a 1-s

time limit (D). (Color for this figure is only available in the online version of

this paper.)

Table 3. Wave statistics from the three example data sets.

Data

20 January

2010

21 January

2010—Set A

21 January

2010—Set B

22 January

20101

Time (s) 300 180 300 300

N 20 27 38 36

Tmean (s) 14.8 6.7 7.9 8.3

Hmax (m) 2.19 2.19 2.25 -

Hmin (m) 0.27 0.21 0.25 -

Hmean (m) 1.07 1.08 1.13 -

Hsig (m) 1.55 1.52 1.68 -

s (m) 0.49 0.46 0.53 -

1 Top camera failed, preventing image transformation to real-world

measurement.

Figure 12. Variation in true location of the apparent break point

dependent on definition used.
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trough is selected, the apparent break point is registered

further landward (Figure 12). This is overcome by making an

empirically based assumption that the still water level (Z50)

occurs roughly one-third of the vertical distance from trough to

crest. This assumption, although not strictly valid across all

wave types, is commonly observed in laboratory (Flick, Guza,

and Inman, 1981) and higher-order, nonlinear wave theory

(i.e., Le Méhauté, Divoky, and Lin, 1968) where vertical

asymmetry develops in a propagating waveform before break-

ing with a narrower, high crest and wider low trough. Results

presented in Table 4 show the effect of alternative definitions of

break point on the derived breaking wave height. In particular,

note that the difference in the derived significant or mean wave

height assuming Z 5 0 occurs at one-half wave and one-third of

the trough-to-crest distance is less that 2%, thus making this

parameter relatively insensitive.

For waves breaking within the inner surf zone, there may also

be an error resulting from setup above still-water level

(Z 5 0). This will cause the position of the event determined

from the upper camera to be slightly seaward of its true position.

The subsequent scaling of the wave height from the lower

camera will result in a slight overestimation of wave height.

However, since water-level variation due to setup effects is

generally small within the mid- to outer surf zone (Nielsen,

1988), errors associated with setup in all but the smallest waves

will be negligible. If wave statistics in the inner surf zone are of

specific interest, allowance for setup in the Z 5 0 plane may be

incorporated using an empirical expression (i.e., Nielsen, 1988).

Verification of the feature identification is less straight-

forward. However, assumptions on the definitions of break

point and breaking wave height were consistent with those

in the literature, and manually derived values from

experienced practitioners compared well with the numerical

algorithm (HbSTACK) output. Confidence in the practitioner

values is obtained from the low variation between individ-

uals (Table 2). The resultant Hb values may thus be

described as an automated quantification of visual breaking

wave height.

The combined effect of multiple errors can be determined

using the properties of variance addition, with independent

terms being combined using Equation 7 (e.g., see Larsen and

Marx, 1986):

CE ~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(E2

1z:::::::::zEn2)
q

ð7Þ

where CE 5 combined error, E1 5 first error term, and En 5

nth error term. As the error sources in the present exercise are

independent, the combined uncertainty is ,7%. However, this

level of accuracy may decrease under lesser light conditions,

wave breaking conditions, and camera arrangements than

those experienced during our fieldwork.

CONCLUSION

Optical methods for determining surf zone properties offer a

viable and practical alternative to conventional in situ

instrumentation. However, although existing three-dimen-

sional (3D) photogrammetric techniques are capable of

extracting surface elevation, they do not provide specific

wave-breaking characteristics of position and height. Addi-

tionally, they are reliant on favourable environmental condi-

tions and computational ‘‘expense’’ remains prohibitive in

terms of developing real-time systems.

The 2D photogrammetric methodology presented in this

paper utilises dual cameras, with the upper camera images

being used to determine the breaking distance offshore and, on

the basis of this distance, the lower camera’s corresponding

images being used to derive the breaking wave height. This

methodology is suitable for use in a wide surf zone with large

variations in breaking height and position. Errors arise with

both the photogrammetric transformation from pixels to

real-world distance and in the definition of the wave crest and

trough used to determine height. The transformation algorithm

derived during the field study showed errors of less than 5%.

The numerical algorithm, HbSTACK, was tested using

imagery obtained over 3 days at the Coastal Systems Field

Research Site at Castlecliff Beach, New Zealand. Wave height

was assessed manually by three experienced practitioners with

difference in mean and significant height between the

practitioners and the numerical algorithm of less than 5%.

The combined accuracy of the numerical algorithm, including

both the photogrammetric transformation error and the

feature detection error, was less than 7%. Although this

accuracy was achieved under relatively favourable conditions,

accuracy under lower light or low-contrast conditions and

spilling waves is expected to be less. More precise verification of

the algorithm using spatially-discrete, in situ instrumentation

will be difficult because of the nondiscrete nature of wave

breaking and inaccuracy of conventional instrumentation

within the aerated breaking surf zone. The resultant Hb values

may thus be described as an automated quantification of visual

breaking wave height.

The automated optical method presented in this paper

successfully quantifies breaking wave height across a wide

surf zone along a single, shore-normal transect centrally

located within the camera view. Further field data and analysis

is required to develop an automatic variable selection proce-

dure capable of accommodating the wide range of atmospheric

and marine conditions typically experienced in the coastal

environment. The method’s relative simplicity shows promise

for real-time application.
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