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Stefan Waas and Bernd Jéhne .
Phgsmal Ocean%graphy Research Division, Scripps Institution of Oceanography , La Jolla, CA
92093-0230, U.S'A

Abstract. A new optical instrument has been designed for combined measurements of height
slope and curvature of the small-scale waves at the ocean surface. The compact and rugged
sensor head contains two I|Pht sources and a short-base CCD stereo camera setup. It acqiires
stereo images of the specufar_reflections on the water surface reﬁr%sentln% sloge of zero in a
sector of about 40x30cm2, The instrument determines the mean height of the reflections in
the footprint, thedprobabnny for slope of zero, and the mean square curvature. Continuous
time series with 30 frames per second were recorded. Experiments from the Scripps pier and
the research platform Noordwijk are reported.

1 Introduction

In recent years, short ocean surface waves have received increasing attention
because of their significance_ for the processes that take place at ‘the ocean-
atmosphere interface, e.g., air-sea gas exchange and the backscatter of radar
microwaves from the sea surfa%e. A detaned mg,esngz}n%n ,of,sqort ocean wind
Waves IS required to obtain a better understanding Of their influence on these
DroCesses. . _ _ _

In E)rewous research, basmalw, three different instruments have been used for
spatial measurements of short Wind waves: stereophotography, Stilwell photog-
raé)h (Stilwell, 1969), and scanning laser slope gauges (Martinsen and Bock,
1992).  Stereophoto raph}/ has heen used by a number of mveshgators over
nearly one century TKohlschtter, 1906; Piérson, 1962, Banner et al., 1989;
Shenidin and Tran, 992{)._ Despite considerable effort, only a few resuits have
been ohtained so far. Qur instrument is a new approach to spatial measurements
of the shortest waves at the ocean surface including capillary waves.

2 Principle of Combined Height/Slope/Curvature Measurements

The de3|%n criteria of the new instrument are based on the analysis of the
performance of the previous Instruments: _ o

(1) Artificial illumination. Dependence on daylight condition is one of the
major disadvantages of previous imaging techniques such as Stilwell and stereo
photography. In Qrder to achieve an Unbiased selection of measuring conditions,
an artificial’ illumination system is ¢rucial. _

(2) Rugged compact sensor. The instrument consists of a comRact and rugged
sensor head which is mounted on a boom from a é)latform with no parts Sub-
merged in the water in order to be usable even under rough sea conditions.

) Combined helqht./slope/curvature_ measurements. Height measurements
of waves cannot resolve the shortest wind waves, consequently a system was
designed which adds slope and curvature to height measurements.
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Fig. 1. Hlustration of the principle of the height/slope/curvature instrument (11SC1).

(4)  Time sequences. In contrast to single frames, sequences of stereo images
aIItow f(t)_r a detailed study of the wave dynamics, including short wave/long wave
Interactions,

Essentially, the helght,/slope/curvatur_e instrument (HSCI) can he regarded
as a variation and exténsion of the classic work of Cox and Munk (1954) who
used sun glitter images to measure the two-dimensional slope distripytion. The
system conswtmq of two synchronized CCD cameras and two light sources

Ig. 1) - takes stereq jmages from the sFecuIar reflections at the same sector of
he water surface. With a smqle point light source, the two cameras located at
different spatial positions would see different specular reflections. This problem
I solved by a special arrangement with two light sources as shown in Fig. 1
By the use of polarization filters one camera recewes,hght onIX from the cor-
réspondin Ié%tsource. A detailed description of the instrument can_be found
in Waas (1992) and Jahne et al (1992)." Fig. 2 shows two typical images as
obtained by the stereo cameras.3

3 Experimental Set-Up and Data Evaluation

Two CCD-cameras and the |I%ht source, a 300 W DC Xe arc lamp are placed in
a compact hox of about 1mx0.25mx 0.2 m. Astereo hase of 30 cm was chosen.
The cameras are equipped with an electronic shutter (1/60s to 0.1ms) and a
remotely controlled’ irls diaphragm. In order to suppress upwellmg radiation,
the HSCI operates in the near_infrared wavelength range (840-1000nm) which
Is strongly absorbed by water. The distance from the HSCI'to the water’surface
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Fig. 2. Examples of HSCI images; the image sector is 27 x 36¢m2; wind speeds; left: 2.4 m/s:
rignt: 6.4 m/_s.pThe top halfofegach t|mage r%presents the first ﬁeld, the%optom half the second
figld (time difference: 17ms).

Is sensed by an ultra-sonic distance meter, The mean distance to_the water
surface. was 4.5 m, the observed area has a size of aboyt 40 x 30 cm2, The helght
resolution is £0.5 Pixel in the video image corresponding to +1 cm for the wave

height.

%ontlnuous sequences of stereo images were recorded on a laser video disk
recorder. The red ang %reen channels are used for the stereo images. |

A successtul use of the HSCI depends entirely on a fast and aUtomatic Pro-
cess_mgi of the stereo images. Although stereo |ma%e Rrocessm% I general g/ 4
difficutt task, the special Tllumination”technique and the physical properties of
the wave field faciljtate the stereo Rrocessmg considerably and ensure an unam-
b|g%ous correspondence between the featurés in both images. _
. The stereo image processing is based on a fast correspondence algorithm. The
image is segmentdd and the individual reflections are found by g fast labeling
algorithm. Then a cqrrelation technique is used to find correspanding reflections
In"the two images. Since the correlation is restricted to the small fraction of the
Image sector covered by specular reflections, the algarithm is about . 10-100 times
fastér than a standard correlation alﬁorlthm covéring the whole image sector.
In total, onlg about 10s are needed fo process one 512x 256 stereo iMmage pair

using an 1860 RISC processor.

4 Measured Parameters

Long Wave Height and Slope. The elevation of the water surface can be deter-
mined if corresponding features are found in both images. At the location of
these features, the height of the waves can be calculated, Since only a small
fraction of the water Surface is covered, it is not possible to reconstruct the
complete shape, especially the capillary waves are not resolved. The data can
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be used, however, to perform height measurements of the mean wave height over
the whole,lma?e sector, o _

Probability for Slope of Zero. A specular reflection is observed at the image
Plane_ whenever the slope of the water surface is perpendicular to the I|th ry.
n this way, the position of a reflection on the image plane is directly related to
the sIoEJe of the reflecting facet at the water surface. Because of the finite size
of the amgs 25mm didmeter), a reflection is observed whenever the slope is
within £0.0014. It is important to note that the relation between the sloge and
the image coordinates depends only on the focal length; thus there is no bias,in
the slopg signal due to the wave he1|gnht. It tele lens 1S used, only reflections with
slopes close to zeyo are detected. The total area covered by specular reflections
then gives a good approximation for the probability of slope of zero. From this
quantity, the”mean square sIoPe, can be estimated.”

Curvatyre and Statistics of Specular Reflections, Since the HSCI coyers onl
a naryow slope r,an%e It essentially measures the points at the water surface tha
are flat, i ., poInts having sIoRe of zero. The distribution, size, and number of
the specular reflectlng facBts characterize the short waves. With some training,
It 15 possible to make 8ood estimate of the wind speed Just by visual gbseryatian
of the Images (Prowde, that capillary waves are not damped by surface films).
The number of reflections may be Closely related to the spectral density oOf
capillary waves. It is obvigus fhat if only a few and less steep capillary waves
are present, much fewer and brighter reflections will occur than when the' surface
IS rougher, Lon,gue_t-Hlﬁgms Ql 7) showed in an early paper, that the number of
the_ retlections iS directly related to the mean square curvature and it is possible
to infer the energ>(1 spectrum from statistical properties of a Gaussian surface.
The moments of the two-djmensional spectrum can be deduced by conmdermg
the statistical properties (average number of zero-crossings, average numbe
of maxima and minima) of the ‘surface along a line In a number Of different
directions, With these moments 1t is possiblé to obtain a convergent sequence
of approximations to the spectrum. We intend to investigate these relations In
more_ detail from simultaneous measurements with the HSCI and a wave sloge
|mag|n? O||n53trument from which two-dimensional wavenumber spectra can be
computed.

5 Results

The performance of the HSCI was checked in two ways: Fi%. 3 left shows_the
calibration in the lab with an artificial target, Fig. 3 right shows a comparison
of the HSCI with the ultrasonic distance sensor. _

As an example for the potential of the HSCI, the evaluation of a sequence
of 500 stereo images %2 frames/s) from the Scripps Pier is shown. Fig. 4 (mid-
dle) shows the wave height averaged over the image sector. Fig. 4" (bottom)
shows the total numberof reflections. This figuréis a good nieasure for the
mean square curvature., Fig. 4 (top) shows thé mean probability for slope of
zero. This quantity is mverseIY proportional to the mean squaré slope of the
waves integrated over all wavelengths. Both quantities show large fluctuations
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Fig. 3. Left: Calibration with an artificial target. Right: Comparison of the stereo data with
an uItraso?lc distance sensor. Some déop -outs.in the height measurements occur when zero or
only very few reflections are contained in the image.

g. 4. Top: Probability_for slope of zero measured as part of the surface area covered by
thé reflections. Middle: “Time series of the wave height averaged over the |ma%e sector of
x 30cm2. Two frames have been taken per s; the wind speed was 25m/s. Bottom: Time
les of the number of reflections in the stereo images.
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in conlzuncnon with the height of the long waves. A striking event a [opeared at
about 2105 in Fig. 4 (bottom): the number ofreflectmns |sdrast|cal reduced,
while the probab|l|ty of the mean S(ware sloge is only sl |g hl ny ecreased This
event was caused by slick entering the image sector and flcantl dam ing
the capillary waves. The total mean square slope IS on¥5|g hl }'a ecte smce
the capillary waves account only for a small fraction (at most 20% of the wave
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slope) at the low wind speeds encountered in this experiment.
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