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Measuring Short Surface Waves with
Stereophotography
Omar H. Shemdin and H. Minh Tran
Ocean Research and Engineering, 255 S. Marengo Ave., Pasadena, CA 91101

ABSTRACT: This paper discusses the implementation of close-range stereophotography to measure directional wave
number spectra of short gravity waves in the ocean. Use is made of the conventional stereo-correlation technique with
analytical plotters to demonstrate the use of stereophotography in this ocean application. High-pass filtering is shown
to be an essential step in obtaining useful information on short surface waves that ride over the longer surface waves.
Low-pass filtering is found to reduce correlation errors of short waves. The various human and machine sources of
error are discussed. A wave number spectrum derived from stereophotography is compared favoraqly with another
obtained using an in situ sensor, under equivalent environmental conditions.

INTRODUCTION

STEREOPHOTOGRAPHY IS A REMOTE SENSING TECHNIQUE that
was developed in the early 1900s to obtain surface elevation

maps of terrain [Ghosh, 1968; Wolf, 1983]. The first attempts to
measure ocean surface topography using stereophotography fo
cused on measuring long ocean waves from airborne platforms,
as discussed by Cole et al. [1960], Sugimori [1975], and Holthu
ijsen [1983]. Although the stereophotography technique was
found useful in obtaining the directional wave number spec
trum of long waves, it has not been widely used because (1)
the required data processing is labor intensive compared to con
ventional waveheight measuring techniques, and (2) simpler in
situ wave measuring techniques, such as wave buoys, produce
sufficiently useful information on long surface waves.

The advent of microwave remote sensing applications for the
ocean has emphasized interest in short surface waves, i.e.,
wavelengths in the range 1 to 100 em. Such waves are advected
by the ambient current and orbital velocities of the long waves.
Under such conditions, short surface waves have a Doppler
frequency component imposed by the local current. The en
counter frequency spectrum will not yield the intrinsic fre
quency spectra or an equivalent wave number spectrum, unless
assumptions are made of the directional distribution of short
waves. This problem is eliminated if the wave number spectrum
is measured directly. A method for measuring wave number
spectra using single photographs was introduced by Stillwell
[1969]. The single photograph method has been used exten
sively by Gotwols and Irani [1980], Monaldo and Kasevich [1981],
and more recently by Strizhkin et al. [1985]. It was found that,
although the single photograph method is useful for providing
wave number spectra of surface wave slopes, it is limited in its
operational use by the requisite presence of uniform sky illu
mination. Also, the single photograph technique does not di
rectly provide the directional wave height spectrum itself, but
rather the directional slope component spectrum as measured
through a cos2

( (J - (Jo) filter, where (J is the wave direction and
(Jo is the camera look direction..

The shortcomings in available techniques for measuring short
surface waves discussed above demonstrate the need for seek
ing improved methods. During the Tower Ocean Wave and
Radar Dependence (TOWARD) experiment [Shemdin, 1988], close
range stereophotography was used as a test of concept for mea
suring short surface waves. The early results are discussed by
Shemdin, et al. [1988] which focused on the geophysical aspects
of short surface wave measurement. This paper focuses on the
instrumental aspects, data processing techniques, error analy
sis, and comparison with other methods. The renewed interest
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in stereophotography at present is due to the availability of
rapid automatic data processing that can potentially eliminate
the labor intensive aspects of the stereophotography technique
that had limited its use previously.

EXPERIMENTAL SET-UP AND PROCEDURE

An experiment was conducted from the Naval Oceans Sys
tems Center (NOSe) Tower off Mission Beach, San Diego from
1984 to 1986 [Shemdin, 1988) for the purpose of demonstrating
the feasibility of measuring short surface waves using stereo
photography. Two synchronized Hasselblad cameras were
mounted on the tower to photograph overlapping areas of the
ocean. The vertical height, H, between the level of the cameras
and the water surface was approximately 9.5 m (subject to tidal
fluctuation). The horizontal distance, B, between the two cam
eras was 5.0 m. This photographic set-up results in a base to
height ratio, B/H, of 0.53. The normal ratio of the eye base
width, b, to the distance, h, at which the stereo model is formed
is 0.15. Thus the above experiment set-up yields a vertical ex
aggeration factor of 3.5 [(B/H)/(b/h)] compared to the human
eyes. This factor allows for greater precision in measurement
and is compensated for during the stereo correlation process.

The two cameras used during the TOWARD experiment were
pointed in a westerly direction. The incidence angle (tilt) of each
camera was set at 30°, and the azimuthal angle (convergence)
was set so as to maximize the overlapping area covered by the
two cameras. A horizontal T-bar was deployed from the tower
at an elevation of 3.0 m above the sea surface in the view of
both cameras. The T-bar was used to (1) define the area of
overlap on the sea surface, and (2) provide control points for
establishing the stereo processing model.

Two sets of lenses were used to obtain different areas of cov
erage and image resolutions. An 80-mm focal-length lens was
used during TOWARD in March of 1985, and a 150-mm focal
length lens was used during the Mini TOWARD Phase of the
experiment from December 1985 to January 1986. The 80-mm
focal-length lens and the 150-mm focal-length lens yield 1.6-cm
and 0.85-cm horizontal resolutions, respectively. The camera f
stops were set in the range from 8 to 16, and the shutter speed
was set in the range from 1/1000 s to 1/250 s, depending on sky
illumination. The depth of field was kept in the range of 5 to
10 m to insure continuous focus of the short waves at all phase
points along the long wave profile. The selected frame rate was
one per 1.5 seconds. The period of the long waves encountered
off Mission Bay during the photography session was 9 seconds.
Under such conditions, a series of six consecutive photographs
span one long wave profile.

For rectification and stereo-correlation, the OMI Product, Model

0099-1112/92/5803-311$03.00/0
©1992 American Society for Photogrammetry

and Remote Sensing



312 PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1992

ASH-AM, analytical plotter was used. A typical contoured map
of the ocean surface elevations obtained using the stereo plotter
is shown in Plate 1. The area of the sea surface shown in Plate
1 is 4.1 m by 4.1 m. The corresponding horizontal resolution in
both the X and Y directions is 1.6 cm, and the estimated vertical
resolution is 0.3 cm. In its digital form the surface is represented
by an equally spaced, rectangular grid of 256 by 256 pixels. The
X-axis of the map is aligned in the east-west direction.

DATA PROCESSING

The result from the stereo plotter is a 256 by 256 matrix of
wave heights at equal spacings in both spatial directions. The
first step in processing the data is to check the surface for dis
continuous lines or spikes. This step includes visual inspection
and statistical quantization. If the data file requires editing, then
an average of eight surrounding points is used to interpolate a
new value for each matrix element not measured. Such adjust
ment is rarely required during this initial step. The second step
is to perform two-dimensional high-pass filtering, which re
moves the mean surface on which the short waves are super
imposed. The mean surface masks the height and directional
properties associated with the short waves. The mean surface
can be simulated by least-squares fitting of surface elevations.
The elevation, Zij' of a point on the mean surface can be rep
resented by a multivariable, second-order polynomial of the
form

Zij = ao + aj X ij + az Yij + a3 Xij Yij + a4 X~ + as~' (1)

where aothrough as are coefficients defined by the least-squares
fit. Subtracting the mean surface from the raw data yields the
topography of the short surface waves. The influence of high
pass filtering is shown in Plate 2. Plate 2a shows the two-di
mensional Fourier transform of the sea surface without high
pass filtering. The effect of the high-pass filter is shown in Plate
2b in the spectral domain. The comparison implies that long
waves are sharply reduced by this filter.

The third step in the data processing sequence is to perform
low-pass filtering of the data. The low-pass filtering step is nec
essary to remove the mutliplicative error in the high wave num-

PLATE 1. Example contour map of ocean surface elevation. The
surface area covered is 4.1 m by 4.1 m. The elevation contours
are in cm.

ber region caused by the operator. Such low-pass filtering will
be discussed in detail in the section on error analysis below.

The fourth step involves windowing the stereo images. Win
dows are applied to the stereo data to reduce the spectral leak
age due to the discontinuities at the boundaries of the data set.
A surface elevation map is a two-dimensional array of elevation

(a)

(b)

PLATE 2. (a) Two-dimensional Fourier transform of the area in Plate
1. The wave numbers are in the range 0 to 2.0 rad/cm in both
directions. Color code from hlgh to low: white, blue, purple. (b)
Two-dimensional Fourier transform obtained after applying two
dimensional high-pass filter to the surface elevation in Plate 1.
Color code from high to low: white, red, yellow, green, blue, purple.
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ordinate spectrum. For each wave number, k = (k; + k;)I12 the
spectral element area (die. by dky ) is summed directionally over
a ring with a width dk(= die. = dky), from 0 to 27T. The portion
of energy included in each ring is weighted in proportion to the
area of overlap between each spectral element and the omni
directional ring. In a polar coordinate system, the omni-direc
tional spectrum F(k) is defined as

F(k) = LI/J(k,O)dO,

where f/J(k,O) is the directional wave number spectrum in a cy
lindrical coordinate system and 0 is wave direction. The mean
squared surface elevation is given by

<-rf> = LF(k)kdk = LL I/J(k, O)kdkdO.

In a Cartesian coordinate system the mean squared surface el
evation, <v> , is given by

< T/2> = r: r: c1>(kx ' ky)dkfiky,

ERROR ANALYSIS

To validate the use of stereophotography for measuring short
surface waves, it is necessary to investigate all possible sources

where r[J(1e., ky) is the wave nubmer spectrum in the Cartesian
coordinate system.

An omni-directional spectrum may be obtained by first av
eraging sequential frames in the Cartesian two-dimensional
Fourier domain before obtaining the omni-directional spectrum.
The degrees of freedom can be increased by dividing each frame
into 4 or 16 sub-blocks. The Fourier transform of each sub-block
has two degrees of freedom. Hence, one frame can yield 32
degrees of freedom, and for an average of 23 sequential frames
the statistical reliability reaches 736 degrees of freedom.

Dividing each frame into sub-blocks decreases the length of
the longest wave that can be measured (also implied is a de
crease in the wave number resolution). Figure 3 shows averaged
spectra obtained by different types of frame averaging. The full
size frames are shown to extend to lower wave numbers. The
different spectra converge in the wave number domain greater
than 0.4 rad/cm.

(2c)

and

values with a finite extent. This finite observation interval is not
comparable to the periodic extension of a sinusoid, as would
be expected in harmonic analysis. The resulting discontinuities
are demonstrated in Figure 1 for one dimension. Extending to
two dimensions, this step can be done by matching derivatives
at the boundary or by setting these derivatives either to zero or
to the proximity of zero. Thus, for a periodic extension of the
data to be continuous in many orders of the derivatives, the
data must be smoothly brought to zero at the boundaries.

Several well-known windows were applied to the TOWARD
stereo images, and the effects on the averaged omni-directional
spectra were investigated. One type of window applied is the
Tukey, or cosine-tapered, window. This window is defined as

W(nx , ny) = 1.0, aN < nx , ny < (1 - a)N, (2a)

W(nx ' ny) = sin [ n;;;v ~l 0 < no ny $ aN, (2b)

where f3 is an integer from 1 through 4, with 2 being known as
the Hanning window, n., ny are the numbers of the row or the
column in the array, and N is the total number of rows or
columns of the array (the normalizing coefficient is deleted here
but is discussed below).

Figure 2 shows five omni-directional spectra obtained from
one identical frame, processed with five different windows. An
omni-directional spectrum is obtained by directionally averag
ing a two-dimensional spectrum such as shown in Plate 2 (see
Equations 4 to 6). Figure 2 shows that, although the different
windows can have an effect on the spectral energy level, they
do not significantly alter the slope of the omni-directional wave
number spectrum. The filter effect on the spectral energy level
is normally accounted for by incorporating a coefficient in Equa
tions 2 or 3. The accurate measurement of this slope is impor
tant in determining the relevant dynamics in the equilibrium
range associated with short surface waves.

The conversion of the two-dimensional Fourier transform of
the ocean surface into an omni-directional spectrum involves
converting a ret::tangular coordinate spectrum into a polar co-

where n., ny are the numbers of the row or column in the array,
N is the total number of rows or columns of the array, and a
can be 0.1, 0.2, or 0.5 [Harris, 1978]. The different a values
defined the spactial extent to which the filter is applied.

Another familiar type of window is the cos fJ window which
is defined for a finite Fourier transform as

W(nv ny) = sinfJ [~ 7T] sinfJ [~ 7Tl (3)

FIG. 1. Illustration of discontinuities in harmonic analysis in one di
mension, (after Harris, 1978).

FIG. 2. Omni-directional spectra from one stereo image showing the effect
of different windows.
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TABLE 1. CORRELATION COEFFICIENTS OF FIVE INDEPENDENT SCANS
OF ONE STEREO-PAIR (FRAMES A1, A1, A3, A4, A5 ARE THE SURFACE

ELEVATION MAPS OF A SINGLE STEREO-PAIR TAKEN ON 22 JANUARY
1986 AT 15:45:18 HOUR, WIND SPEED EQUAL TO 2 MIs).

Reference Frame Compared Frame Correl. Coeff.

Al Al 1.0
Al A2 0.91
Al A3 0.96
Al A4 0.96
Al AS 0.81

the results in Table 1 are indicative of relatively low operator
errors in measuring surface elevation features in the stereo im
age.

The omni-directional spectra obtained for each of the five
independently correlated frames are shown in Figure 4a. Here,
the five independent correlations are by the same operator. Vis-

la' It
Wavenumber, k Crad/em)

(b)
FIG. 4. (a) Omni-directional wave number spectra from independent stereo
correlations of one frame by an expert stereo operator. (b) Omni-direc
tional wave number spectra from five independent stereo correlations of
the same frame in Figure 4a by five different stereo operators.
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of error associated with this method. Fifty-five pairs of stereo
photographs were used to examine such errors. The frames
which were considered corresponded to different meteorolog
ical conditions, horizontal and vertical resolutions, selected frames
that are correlated five times independently, and selected frames
that are scanned in two different directions.

An important source of error in the stereo plotter system is
the uncertainty in position location. The XY coordinator regis
ters each pixel with an uncertainty of 1.6 rom in the horizontal
directions and 2.0 mm in the vertical direction. This error source
is imposed by the precision of the coordinatograph and the
truncation and round-off errors of the computer. The magni
tude of this error is well within the spatial resolutions used in
the TOWARD experiment (0.85 em and 1.6 em) and the corre
sponding vertical resolutions (0.3 em and 0.6 em, respectively)
for the images processed.

Another source of error is the operator (or human) error. The
stereo plotter requires the operator to view the three-dimen
sional image and to make judgments on perceived information
such as depth, intensity, size, and texture. This type of error is
random within each frame and varies from one operator to the
next. Operator error cannot be determined in an absolute sense,
not can it be removed easily. It is useful, however, to learn
about the characteristics of operator error in the spectral domain
and to compensate the computed wave number spectra prior
to interpreting the results.

The first experiment aimed at this objective involved inde
pendent scans of one stereo pair by five different operators.
The five independent scans were used to determine correlation
coefficients between each of the four frames to the one chosen
as the reference frame. The correlation coefficient is defined as

where P(krJ is the Fourier transform of each scanned line in the
reference frame, and Q'(krJ is the conjugate Fourier transform
of the other frame. The resulting correlation coefficients are
summarized in Table 1. The correlation results are interpreted
to mean that the measurement of surface structure in the dif
ferent frames by different operators is strongly correlated. A
low correlation coefficient between the different frames would
imply large errors introduced by the different operators. Hence,

FIG. 3. Omni-directional wave number spectra average over (--) 23
Frames, ( ) four sub-blocks of one frame, and (- - - - -) 16 sub-
blocks of one frame.
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the high wave number region, and allows establishment of a
well defined upper slope for the wave number spectrum.

Finally, as a test of data quality of a stereo-produced omni
directional wave number spectrum, a comparison is provided
in Figure 8 with an equivalent wave number spectrum derived
from a laser-optical sensor mounted on a wave follower [Shem
din and Hwang, 1988]. The agreement is considered favorable,
as assumptions are made in converting the time series from the
slope sensor to a wave number spectrum.

~o-

The use of stereophotography for measuring short surface
waves was investigated during the TOWARD experiment. Using
conventional stereoplotting techniques, 55 stereo pairs were
analyzed to investigate the errors generated by measurements
from stereophotography. The results derived from this study
suggest that high-pass filtering is essential for extracting useful
information on short surface waves. Errors introduced by the
~tereo operator in aligning the lines being scanned imposes a,
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FIG. 6. Results shown in Figure 5 after removing the multiplicative noise
given by Equation 8.

h.(x + ,1x,y + ,1y) = h(x,y)[l + N(x,y)], (8)

ual inspection of these spectra show good agreement. A similar
result is given in Figure 4b when the independent correlations
are by five different operators. The spectral characteristics of
these frames remain unchanged even when the energy level is
estimated to be within ± 10 percent in Figure 4a and within
± 22 percent in Figure 4b.

Another source of error is the accuracy of the stereo plotting
instrument to continuously scan an image. The stereo plotter is
designed to scan a line of x-number of elements at anyone
time, then move by y-increment and scan the next line. In the
ory, the pencil point that follows the surface should return to
the exact x-position where it started, but at (y + ~y) position.
In reality this is not the case. The pencil point moves to a po
sition that has been shifted in either or both spatial directions.
The shifting distances are very small. Hence, it can only affect
the spectrum in the higher wave number region. For an omni
directional spectrum this error can be clearly demonstrated by
taking the average of one-dimensional Fourier Transforms of
the 256 lines in the scan direction and comparing it to the av
erage of the 256 lines scanned in the cross-scan direction. Such
a comparison is shown in Figure 5. The two curves in this figure
have similar slopes in wave numbers less than 0.6 rad/cm,
corresponding to 10 em in wavelength. At higher wave num
bers an error deck is witnessed in the cross-scanned direction.
This type of error deck appears persistently in all the frames
analyzed in this study.

To remove this error and to resolve the omni-directional spec
trum beyond a 10-cm wavelength, a method using low-pass
filtering is used. Assuming the error to be multiplicative noise,
the waveheight error is represented as

where N is the multiplicative noise function. Using Equation 8,
this error can be reduced by taking the logarithm of the data
and computing the inverse logarithm after applying a nine-point,
two-dimensional running average to the data [Oppenheim and
Schafer, 1975]. Figure 6 shows the averaged spectra in both the
scanned and cross-scanned directions after applying the above
low-pass filter. The slope of the cross-scanned-direction spec
trum now levels out at about 1.5 rad/cm, or 4-cm wavelength.
In Figure 7 the omni-directional wave number spectra corre
sponding to Figures 5 and 6 are shown. Applying the low-pass
filtering technique appears to clearly lower the noise deck in',
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FIG. 7. Omni-directional wave number spectra before and after applying
the low pass filter given by Equation 8.
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FIG. 5. Average of 256-line wave number spectra in the along-scan di-
rection (--) and in the cross-scan direction ( ).
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FIG. 8. Comparison of equivalent omni-directional wave number spectra
obtained with stereophotograph ( ) and from laser-optical data (-).

limitation on measuring waves that are shorter than 10 times
the digitized resolution cell. The operator error can be reduced
when low-pass filtering of the data is applied.

The wave number spectra obtained from stereophotography
compare favorably with those derived from converted in situ
slope time series. The central conclusion derived from this proof
of-concept study is that stereophotography is a highly viable
technique for measuring elevations of short gravity waves,
yielding wave number spectra of short waves directly. The pri
mary disadvantage of the stereophotography technique is that
it is labor intensive in the manual correlation mode. However,
manual correlation can be replaced with digital data processing
techniques, which are now readily available. The digital tech
niques allow, in addition, removal of the human and analytical
stereo plotter sources of error.

The stereophotographic correlation was executed by a team
of operators at the U.S. Geological Survey under the supervi
sion of S.c. Wu and F.J. Schafer. P.A. Hwang and D.P. Kasi
lingam of Ocean Research and Engineering provided valuable
inputs in the analysis phase. W.J. Pierson, Jr., of City University
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