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Abstract
The turbulent flow in water close to the wavy wind-stressed water surface has been measured
in a large circular wind-water tunnel with a low cost image processing system, using a CCD
camera. The flow field beneath the moving air-water interface is being visualized by small
particles illuminated by a thin light sheet. The velocity vectors have been determined by
image sequence analysis of up to 32 binary images. Since every particle is traced along its
full path within the light sheet, both the Eulerian and the Lagrangian velocity fields can be
calculated. Simultaneously, the wave profile is determined.
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1 Introduction
Wind-driven turbulent flow close to a free water surface has attracted more attention
recently, because of its importance for transfer processes across a air-water interface.
The exchange of gases between air and water is a ubiquitous phenomenon. It controls
reaeration of rivers and lakes and determines the global flux of climate relevant trace
gases such as CO2 and methane between the atmosphere and the ocean / 1/. Know
ledge of the of air-sea gas exchange mechanisms and of the turbulence structure close

to the wave region of a free-surface water flow is very limited.
Experimentally, there are two principle ways to gain to this layer. First, a probe
mounted on a wave follower can be used. The state-of-the-art instrumentation is a
laser doppler anemometer using a scanning mirror to follow the waves /2/. Yet in
terpretation of point measurements close to a moving surface is difficult. Secondly,
methods based on flow visualization offer the advantage of extended area measure
ments including the region up to the water surface. Different techniques have been
applied to make the flow field visible. For a quantitative determination of the velocity
field, particle tracking techniques are most suitable. The main problem here is the
fast and quantitative derivation of the velocity data from the images /3,4/. Recently,
digital image processing techniques have been used to evaluate particle tracking im
ages /5,6,7/. This paper describes a particle tracking technique suitable to study the
turbulent water flow close to the water surface. The advantage of using image se
quences instead of images pairs for the determination of the velocity field are pointed
out.

3 Experimental set up

Figure 1 Arrangement of the wind-water tunnel, the optical system and the image processing
system.

The experiments have been performed in the large circular wind-water tunnel at the
Institute of Environmental Physics, Heidelberg University. The annular water channel
of the facility has an outer diameter of 4 m and a width of 0.3 m. The maximum water
depth is 0.3 m. In the walls, bottom and ceiling the tunnel is equipped with several
glass windows for optical instruments. The turbulent flow has been made visible by
spherical Latex-particles (polystyrol) with sizes ranging from 50-150 µm. Because
their density is close to water (1.05 g/cm5) they show only low bouyancy effects and
can be used over a long time /8/. The particles are illuminated from below by a
vertical light plane, generated by a linear halogen lamp and an optical projection
system (figure 1). The plane is oriented parallely to the mean tunnel flow. The
particles in the 1.5 cm thick light sheet are observed perpendicularly to it with a
CCD-video camera. The lens had a focal length of 25 mm and an aperture of 0.95.

Because of the continuous illumination the exposure time is 40 ms. Consequently, the
moving particles appear as thin streak lines in the images.
The video data are digitized and stored as binary images in the frame buffer of two
different PC-based image processing systems, a MVP-AT (Matrox, Canada) and a
FG-100 (Imaging Technology, USA). Both systems digitize video image data with
256 grey values (8 bit) and a spatial resolution of 512 x 512 pixels and can store up to
four such images in the frame buffer. As host an HP/RS20, an IBM compatible PC
with an Intel 386 processor is used. Image sequences have been digitized at different
wind speeds ranging from 0.5 m/s to 6.4 m/s and with wave amplitudes (trough to
crest) up to 6 cm. The observed area was 9 cm high and 13.5 cm wide. It included
the water surface.

3 Image Processing
In the following consecutive sections the steps from digitizing the image sequences up
to the calculation of the velocity vectors are described.

Real-Time Segmentation

Image sequences consume large volumes of memory. A sequence of only one second
duration (25 images) needs 6 Mbytes of frame buffer. To overcome this problem
a real-time segmentation has been implemented with the input look-up table (IN
LUT) of the image processing system. The global threshold of the IN-LUT was set
instructively. The digitized video data pass the IN-LUT and are stored as binary
images in subsequent bit planes of the frame buffer. In this way up to 32 consecutive
images of a sequence can be stored in a 1 Mbyte frame buffer.
The time difference between two following images can be set in multiples of 40
ms. With slow particle motions 12.5 images/sec have been used, in the other cases
25 images/sec. Figures 8 and 9 show two typical sequences. Each contains 8 consecu
tive binary images in one image, where the particle traces from each image are coded
with a different grey value.

Determination of the Wave Profile

The images (figure 8 and 9) also include the water surface as a thick wavy line in
the upper part. On the one hand, this offers the advantage that the wave profile and
the flow field can be determined simultaneously. This is an essential feature of the
new technique since it allows a direct correlation of the wave and flow data. On the
other hand, processing of the particle streaks is made more difficult. For a proper
determination of the flow field the wave profile should contain only particle streaks.
Thus the image features belonging to the wave profile must be removed.
The determination of the wave profile and its segmentation from the streak lines can
be achieved with morphological operations. An opening-operation 0 /9 / is used to
eliminate the particle traces in the binary images. The opening-operator works like
a sieve, throwing away any object smaller than its grid size. The opening operation
consists of an erosion operation followed by a dilation operation:
O f = DEf
where E and D are the erosion and dilation-operators, which can be written for binary

images as:

Each operation is performed with a binary n x m filter mask h consisting of ones
alone. With this filter all closed objects smaller than n in x- and m in y-direction
disappear. The whole processing takes about 60 s for a sequence of 32 images when
the morphological operations are separated in line and column operations to reduce
the computational costs. With a simple line thinning algorithm, at least an additional
erosion-operation, the wave line can be reduced to its center line in each half frame
for further processing. An image containing only particle streaks is obtained by sub
tracting the opened image from the the original image. The result of both operations
is shown in figures 10 and 11.

Particle Tracking

Searching for the corresponding particle in the following image with a standard cor
relation method is not suitable for streak-line images, because of the very similar
form and direction of neighbored particles, particularly in the more laminar areas
of a flow field. However, a single streak-line image contains a first estimate of the
particle velocity including the flow direction. This knowledge will be used to find the
corresponding trace in the next image. The estimate of the particle velocity from one
image is made simple by the interlaced norm of the video images. Odd and even lines
of an video image are exposed with a time delay of dt = 20 ms. As a result, a trace of
any object, moving with several pixels within 40 ms looks like shown in figure 2. The
estimated velocity vector v of a moving particle is given by the difference between
the center of gravity of pixels of the streak lines belonging either to the even x e or
odd xo positions:
The interlaced structure is also important for segmenting moving particles from non
moving line structures. They always give a zero displacement vector v .

Vector calculation

For correspondence analysis the estimated vectors are now prolonged from the equiv
alent position in the next image in steps of 0.2 (arbitrarily fixed) up to a defined
maximal factor as long as a streak line is found. The velocity vector v (x , y, t) for a
particle is given by the difference vector between the centers of gravity, x , of both
streaks and the time difference between both images as
The particle is accepted in the next image when the deviation of v in both images (v1
and v2) is within the limit a given by

The limit a represents the maximal accepted acceleration. In this way a particle is
tracked through the whole image sequence, or until its trace is lost.

Spatial calibration

The real (world) coordinates of the calculated velocity have been obtained by a cali
bration measurement. A grid with a mesh width of 0.5 cm has been positioned at the
center of the light sheet. If we neglect the depth of the light sheet, the transformation
of the world coordinates P (z ,y) (9 cm x 13.5 cm) to the image coordinates P (z',y')
(512 X 512 pixels) are given as a central projection from one plane onto the other as
With the i > 4 pass points Pi, an overdetermined set of 2i linear equations is given
for the eight projection parameters a1 ... c2 which has been solved with standard
techniques / 10/. In the simple case of parallel planes and no rotation between the
two coordinate systems, the x and y coordinates are independent and the coefficients
a 2i Ci and c2 become zero. The remaining coefficients a1, a3, and
b2 c3 can be
calculated from only two pass points. An accuracy of about 0.3% in both directions
could be achieved.

4 Results

Figure 2 Typical interlaced structure of a mov
ing particle digitized from a video signal.

Figure S Calculated velocity vectors from image
21 to 22 of the sequence i figure 8 (vw=6.2 m/s).
Additionally the water surface and its vertical
velocity is plotted.

In figure 8 and 9 two typical scenes with wind speed of 6.2 m /s and 2.9 m /s, respec
tively, are presented including 8 consecutive images of the sequence. The particle
traces of each image are denoted by a different grey value. Figure 10 and 11 show the
segmentation of the scene from figure 8 into two images. One contains the wave, the
other the particle motions. Two consecutive images from the sequence in figure 8 were
used to determine the Eulerian streamlines (figure 3) simultaneously with the wave
profile and horizontal velocity of the water surface. From the whole sequence 4746
vectors within 782 trajectories have been calculated within 5 minutes. Distributions

of the horizontal and vertical velocities, vz and vy, from all vectors of the sequence
are shown in figure 4 , while figure 5 presents a typical distribution of vy as a function
of the water depth y. The phase information of the wave amplitude at the middle
of every image allowed an estimation of the correlation between wave and velocity
field, (figure 6). Finally, Lagrangian streak lines are presented for a scene with less
particles calculated from a sequence of 16 images (figure 7).

Figure 6 Qualitative demonstration of the tem Figure 7 Lagrangian presentation of a scene with
poral correlation between water surface and par 139 detected particles. Only 15 trajectories, larger
ticle velocity. The time period of the sequence is than 20 images are plotted.
2.0 sec, the wind speed 4 m/s.

5 Concluding Remarks
In this paper we have presented a versatile technique of particle tracking velocimetry
for extended area velocity measurements beneath a moving water surface with an
simultaneous estimation of wave parameters by picture processing. The first results
are encouraging. The next steps aim at an improvement of the accuracy of the velocity
into the subpixel range by the use of grey value instead of binary image sequences.
Yet more important is an expansion of this technique to 3D-velocity measurements.
One promising proposition is the use of stereo images.
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Figure 8, 9 , 10 The 3 photos show the same par
ticle streak sequence with a windspeed of 6.2 m/s
and a mean flow velocity of 8 cm/sec , including
each 8 consecutive images of the sequence. The
particle traces of each binary image are denoted
by a different grey value. Figure 9 shows the un
processed scene, including both, wave and streak
line, which are separated in figure 10 and 11 by
morphological operators. In this sequence 4746
vectors for 782 particles have been calculated.

i

Figure 11 Particle streak sequence at a lower

windspeed (2.9 m/s), and a mean flow velocity
of 6 cm/sec (1318 detected particles, 14359 vec
tors).

Figure 12 Single binary image of a streak line
sequence.

