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Description of the facility

The wind wave tank facility of the University of Hamburg is leckin a hall at the Hamburg
Department of the Federal Waterways Engineering and Réséasttute in Hamburg-
Rissen. The tank is 26 m long and 1 m wide. It is filled with fresémand has a mean water
depth of 0.5 m. The wind tunnel height is 1 m, and the effective (maxirfeiat) is 19 m.
Measurements are usually being performed at fetches between 18 h%.8 m. A radial
blower provides wind speeds between 1.5 m/s and 25 m/s, while mechames with
frequencies between 0.7 Hz and 2.5 Hz can be generated with a hydvauk flap. In
addition, mechanical waves with frequencies higher than 2.5 Hz magrn®¥ated using a
wave follower that has been converted to a wave generatordopiaty a Styrofoam paddle
and driving it with a sinusoidal power input.

Fig. 1: photograph of the wind-wave tank of the Uniersity of Hamburg



A beach for the efficient damping of the surface waves isddcat the leeward end of the
tank (see Fig. 2). In the measurement area the metallic raefk fhiave been replaced by
Styrofoam panels to ensure the transmission of microwaves. Bfategsrowave absorbing
material have been fixed upon the Styrofoam panels in theidivesit the specular reflected
radar beams (see Fig. 2). A background current causing a miovadlow at the beach is
being maintained with a permanent water inflow at the windward etitedfank. For more
detailed information about the wind wave tank Beénerfuss et al. (1976).

Fig. 2: schematic of the wind-wave tank of the Unersity of Hamburg.
1: radial blower; 2: honeycomb; 3: wave flap; 4. aemometer; 5: pump; 6: Styrofoam panels with
absorber material; 7: slope-gauge optics; 8: lase®: X band antennae; 10 additional microwave senser
(Ka band or W band) or video camera; 11: beach; 12diffusor; 13: rain generator.

In order to simulate reliably the morphological structure of nhtga slicks, monomolecular
surface films can be produced by distributing surface-activetasudes (e.g., oleyl alcohol,
palmitic acid methyl ester, or triolein) on the water swefagth the help of the spreading
solvents ethanol or toluol. Usually, the 75 mMol/L solution is deployef.mam — 7.5 m
fetches using a pipette that is fixed such that the dropBdail a height of a few millimeters
without plunging deeply below the water surface. This allows foogienum spreading of
the monolayer without significant losses to the bulk water. Thesfare transported by the
waves, the wind, or the background current towards the leeward end of the tank.

More recently, a rain generator has been added to the tanikyfaailorder to allow for
dedicated experiments on the action of impinging rain drops on the wpperlayer and, in
particular, on the wind-induced wave field. The rain generator cerdisix interconnected
tubs (each 0.8 m long, 0.6 m wide, and 0.3 m high) that are mounted in an alunaimenat
a height of 4.5 m above the mean water surface. Approximately 300ddrypic needles are
inserted into the bottoms of the tubs in a triangular pattern witdedle separation of 30 mm.
With this set-up the total area agitated by rain is Z3@aching from 11,5 m to 13.8 m fetch.
The diameter of the rain drops is 2.9 mm and they attain an impacttyedf 8.1 m/s, which
is about 85% of their terminal velocity. Currently, high rain rate$60, 210, and 300 mm/h
are produced by the rain generator. Fig. 4 shows a photographrafrtlgenerator seen from
below.

X-band radar measurements are performed with two upwind-looking eadannae for
transmission and reception using a coherent continuous wave (CW) 9.8 GbndX
scatterometer that operates at an incidence angle between 20° an@hB5% band
microwave beam is focused on the water surface by means dfatichgarabolic reflector
construction mounted on a metal frame that is fixed to the roohded the hall where the
wind wave tank is located. Temporarily, a CW 37 GHz (Ka band) scatéter of the



Russian Academy of Sciences operating at an incidence ahg@° was used whose
microwave beam was focused on the water surface using a plastic lemisth\Recfrequency-

modulated (FM) CW radar working at 94 GHz (W band) was added tmshr@mental set-

up. The chirp bandwidth of the system is 3 GHz and, therefore, theresaetion is approx.

5 cm, thus allowing for high-resolution studies of the generation arghgation of small-

scale roughness on the water surface.
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Fig. 3: photograph from inside the wind-wave tankThe quadratic windows at the tank’s bottom are used
for the laser wave-slope measurements.

Fig. 4: photograph of the rain generator seen fronibelow.



The reference wind speed is measured at the wind entrance 65 cmtladawnean water
surface level using a propeller-type anemometer. Wave heightsnaasured using a
resistant-type wire wave gaugeobemeier, 1981) with a 0.075 mm diameter tungsten wire
whose penetration point into the water is located at a distdri2 @n laterally from to the
radar footprints (i.e., at the same fetch length). Wave slopesieasured using a narrow-
beam laser slope gaugkafige et al., 1982) whose footprint is in the center of the radar
footprints. The frequency resolutions of the sensors are about 30 Hz terdthet 200 Hz,
respectively. Two video cameras allow for optical measurenfeptso 1000x 1000 pixels)

at high imaging rates of up to 120 Hz.

Fig. 5: photograph showing the upwind-looking Wband radar during a measurement with wind waves.

Measurements of wave damping by monomolecular surfa ce films
(Huhnerfuss, 1986; Lange and Huhnerfuss, 1978, 1984 ; Gade et al., 1998a)

Measurements of the damping of small gravity and gravity-eapilWater surface waves
covered with monomolecular organic films of different visco-alagiroperties were
performed in the wind wave tank facility of the University ofnibauirg. The wind speed
dependence of the radar cross sections for X and Ka band was rdesistingowind looking
microwave antennas. It was shown that Marangoni damping theory (Adpérsiihnerfuss,
1989), which describes the damping of water surface waves byelastic surface films, is
not the only damping mechanism in wind wave tank experiments whevarttiesea is not
fully developed. The other source terms of the action balance @guiadi., the energy input
to the water waves from the wind, the nonlinear wave-wave intenaetnd the dissipation by
wave breaking are affected differently by the various substafddes is caused by the
different visco-elastic properties of the substances, i.e., bydiffierent intermolecular



interactions of the film molecules. A slight dip in the wind depenelesfcthe radar cross
section at Ka band at wind speeds of 8-9 m/s was measured whigpoaodg to comparable
reductions of the mean squared wave height and wave slope. Highégtimarratios (i.e.,
the ratios of the radar backscatter at vertical and horizpotatization) than predicted by
simple Bragg scattering theory for X band at low wind speedsiiffiedent incidence angles
were explained within a (three-scale) composite-surface mothkighAer wind speeds, where
the polarization ratio decreases rapidly, breaking by wedgesspitithg breakers was
hypothesized to become more dominant. The dependence of the polariatitoonr the
coverage of the water surface with a slick was explained dquadita by means of the
composite-surface model. Finally, it was stated that wind wave n@easurements in the
presence of monomolecular surface films are very usefulhi@rverification of theories
concerning radar backscattering, wave damping, wind-wave and wave-wasetiates.
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Fig. 6: series of video images (side-view into theind-wave tank) showing the wave-damping effect
monomolecular surface film consisting of oleyl aldwol. Upper image: wind waves (5 m/s) refracting the
light; lower image: arrival of slick damping the waves (right image half)



Measurements of bound gravity-capillary waves
(Gade et al., 1998b)

Measurements of the surface elevation and surface slope andatitseattered radar power
at X and Ka band were carried out in a wind wave tank with mecdilbngenerated gravity
waves as well as with wind-generated waves on slick-freeslcidcovered water surfaces.
The aim of this investigation was to obtain further insights intocttegacteristics of short
gravity-capillary waves responsible for the X and Ka band badksicat, when the water
surface is slick-free or covered with a monomolecular slick stingi of oleyl alcohol.
Measurements of the radar Doppler shifts show that, on a sliekafader surface, bound
gravity-capillary (X and Ka band Bragg) waves are generateldeacrests of steep gravity
waves with frequencies between 3 Hz and 5 Hz. Steep 2 Hz waves gleneatte bound Ka
band Bragg waves, thus, the Ka band backscatter is then assoctatédewbreaking of the
steep 2 Hz waves. For X band, the backscatter is caused by both bound lmandniave
breaking. In the whole wind speed range used in the present intiestida5 m/s to 10 m/s),
bound gravity-capillary waves contribute to the X and Ka band backséatin a slick-free
water surface, whereas their fraction on the Bragg waves dependslar band and wind
speed. Furthermore, it is shown that the coverage of the wataceswvith a monomolecular
surface film has a strong influence on the generation of bound veavibe crests of the
gravity waves. Whereas a mixture of bound and freely propagdiimagg waves is
responsible for the radar backscattering at X and Ka band at pasdls below 7 m/s, the
strong damping of the gravity waves by the slick at wind speedpprbx. 8 m/s leads to the
disappearance of the bound Bragg waves. Thus, a reduction of the mdasppder shifts,
both at X and Ka band, to values corresponding to freely propagating Braves was
observed. Moreover, an increase of the measured X and Ka band damps{hatratios of
the radar backscatter from a slick-free and a slick-coverdrvgurface) in that particular
wind speed range was measured, which can also be related to gpedrsace of the bound
Bragg waves. It was concluded that the obtained results aretampfar the interpretation of
former results of radar backscattering measurements with oceamicesfinins.

Fig. 7: video images of bound and free wind waves; 5 m/s, slick-free; b: 9 m/s, slick-free; c: 9 n¥/, oleyl
alcohol slick; d: 9 m/s, palmitic acid methyl esteslick



Measurements with artificial rain
(Lange et al., 2000; Braun et al., 2002)

On the ocean, rain-induced turbulence results in a relatively thixethtayer" which is very
important for heat and gas exchange processes at the air-géacéntdhis rain-induced
turbulence is intimately related to the rain splash products, veltiohgly affect radar remote
sensing signals. Particle Image Velocimetry (PIV) and &earfiracking Velocimetry (PTV)
techniques have been used in experimental tanks to investigaseiliberface turbulence
caused by raindrops impinging on a water surface (Fig. 9) with and withoufabeafwind.
We applied a photographic technique in a wind-wave tank with a langerea (2.3 m?) by
using two different colored photographic flashes, oriented to illumitregesame area of
interest. The flashes were fired with a preset time delgyoduce a double exposure on a
single color film frame. Standard correlation processing ottmerted-to-grayscale image
provided scalar information. In addition, digital PIV experiments uaidgal ND-YAG laser
were done in a small glass tank using single and multiple raipsdiThe scale of the
turbulence and the thickness of the rain-induced "mixed laye® measured to be up to 15
cm, depending on rain rate. They were compared to acoustic dopiplemeter (ADV) and
dye studies. Using our results we were able to better ieterpsults of the analyses of
synthetic aperture radar (SAR) images and of former radeksbattering measurements
performed under the same laboratory conditions.

Fig. 8: photograph of splash products of heavy raifimpinging on wind-induced waves



Fig. 9: series of video images taken while a dyedin drop was impinging on a (flat) water surface. Nte
the generation of the cavity (top left) and of thestalk (top middle), and the impinging of the seconary
drop (top right) that produces sub-surface turbulerce (bottom row). Static features were caused by
former rain drops.

Further wind-wave tank measurements using wave-height and vepee-ghuges and a
coherent 9.8~GHz (X band) scatterometer were carried out whewdter surface was
agitated by heavy rain (160 mm/h to 300 mm/h) and by wind (2 m/s tos)2The upwind-
looking scatterometer was operating at co- (VV- and HH) and-c(eB/-) polarization at a
steep incidence angle of 28°. In the presence of rain the poweraspkestsity of the wind-
wave spectra is enhanced at frequencies above about 5 Hz andeduted at lower
frequencies. This is the net effect of enhancement of the surtaghness by the rain-
induced splash products and of wave damping by the rain-induced turbulém@cevave
spectrum is isotropic in the presence of rain and without wind lmwatvind speed, and it
becomes anisotropic with increasing wind speed. We measured isofrapi-dominated)
wave spectra at low wind speeds and anisotropic (wind-dominated)spagta at high wind
speeds, with a transition wind speed increasing with increasimg rede. The radar
backscattering at co-polarization at low wind speeds is mainly causkd bgiri-induced ring
waves, whereas at cross-polarization at all wind speeds atineinduced splash products,
like crowns, stalks, and cavities, are the dominant scatterersfowe a rain-induced
increase of the radar backscatter at co-polarization up to 8nd/at cross-polarization at all
wind speeds. At cross-polarization the radar backscatter slidgépignds on rain rate. Using
our results an improved analysis of spaceborne synthetic apeatiae (SAR) images of
tropical rain cells was performed. The results of this invastg will help to explain
observations of rain events over the ocean with multi-frequencyetimtiperture radar and
can improve radar backscatter models of the rain- and wind-roughened wats.surfa

Measurements at the edges of monomolecular slicks
(Gade et al., 2002)

In order to provide data for training automated image analysisithige we have carried out
laboratory measurements in the wind-wave tank of the Universityaoflddrg. One goal was
to investigate the small-scale roughness of the water suaftathe edges of quasi-biogenic



monomolecular surface films consisting of oleyl alcohol, triolein, paldhitic acid methyl
ester. At wind speeds between 3 m/s and 9 m/s, at a fetch of frialinasnounts of these
substances were carefully deployed on the water surface, thmsing for wave
measurements at either end (i.e. downwind and upwind) of the surfase Ailvideo camera
and a 10 GHz (X-band) scatterometer were both looking upwind at tleesgenhon the water
surface. In parallel, we used a two-dimensional laser slope gaugeasure the wave slope
in the center of the camera's and scatterometer's footprintddwsewind edge of surface
films usually is sharp, whereas the upwind edge is tattered and diffedeigs&0). However,
we found that this effect depends on both the deployed substance amel wmd speed.
Apart from the fact that the waves are propagating into the agficits windward side, one
must take into consideration that the damping capability of tble slaterial may be different
at the downwind and upwind edges of the surface film, due to diffesates of film
compression in these areas. Therefore, the observed effects depehd wisco-elastic
properties of the deployed substance, which in turn may vary withspieed. We also found
that the spectral density of small-scale waves, which are douthe dominant wind waves,
in some cases strongly varies while the slick is drifting tagdris effect was shown and
interpreted qualitatively using the video data, and quantitativehg uke scatterometer and
laser gauge data. There is evidence that the reflectiomnbfylst predominantly depends on
the spectral density of free waves, whereas the bound waves wtiofigénce the radar
backscattering at X-band. Therefore, our results are impouara better interpretation of
field data that contributes to an improvement in the detection of marine surfése slic

OLA
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Fig. 10: series of video images taken while a slidonsisiting of oleyl alcohol (abbreviated as OLAyas
arriving at the camera'’s field-of-view. Note that he slick’s forward edge is sharp, while its backwat edge
is diffuse and tattered.
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Fig. 11: results from measurements with a small slk consiting of palmitic acid methyl ester. From t@ to
bottom: 1: downwind and crosswind slope (long-fregancy part, f< 25 Hz); 2: high-frequency downwind
and crosswind wave slope (f > 25 Hz); 3: normalizedrientation ratio, derived from downwind and
crosswind wave slopes; 4: relative radar backscatteat X band; 5: radar Doppler shift at X band.



Measurements with a high-resolution W-band radar
(Schlick et al., 2002; Gade et al., unpubl.)

W-band backscatter experiments have been performed at the waimd-tank of the
University of Hamburg using a coherent 94 GHz FMCW radar. Tieo&the experiments
was to study the backscatter mechanisms under shallow incideyles and to compare the
results with previous ones obtained with an X-band scatteronfgtermeasurements were
performed at three grazing angles, 7.5°, 10°, and 20°, and at VV-, HH-, apadlsHezation.
The wind speed ranged from 2 m/s to 10 ams was increased in steps of 1 m/s. The analysis
of the acquired radar Doppler spectra showed that Bragg scatfevingboth bound and
freely propagating Bragg waves is the dominant backscatteregahanism at all deployed
wind speeds. In particular, at low wind speeds (up to 4 m/s), when thedl dackscatter is
small, bound waves are the dominating scatterers, whereas et igid speeds (5 ménd
above) the acquired signal is mainly caused by freely propagBtiagg waves. This is in
gualitative agreement with similar findings that were maddieeawith the X-band
scatterometer working at moderate incidence angles.
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Fig. 12: 2-dimensional plot of the backscattered mar power at W band as a function of ground range ad

time. (1)-(3) denote detected features traveling alifferent speeds. During the measurement, a smaillick

consisting of palmitic acid methyl ester was driftng into the radar footprint causing an abrupt decrease of
backscattered radar power (4).



More recently, we have performed wind-wave tank measuremenisiditspeeds between 2
m/s and 12 m/s and when small patches of monomolecular surfacevBimsrifting through
the footprint of the W-band radar. The aim of the experimentsavgain further insight into
small-scale energy fluxes on the water surface and into theswolactants may play in this
frame. We measured the radar backscattering using an upwind-lockiteremeter working
at 10 GHz (X band) and an upwind-looking radar working at 94 GHz (W, bamge
resolution: 5 cm) and the surface slope in the center of both @atgrihts using a narrow-
beam laser slope gauge. The measurements were performel-fiesl water surfaces and in
the presence of small patches of surfactant palmitic acidyiretter. While the slick patches
were drifting through the measurement area, we observedng stecrease in the mean wave
slope and in the radar backscattering. This decrease is maxainthe slick's forward edge,
because of its locally changed visco-elastic properties. Waakibg events outside the slick
patches could be identified from the X-band backscatter time sandsfrom two-
dimensional W-band backscatter maps. Our results will help tor hetteerstand the small-
scale processes on the water surface, particularly at the crestalohbneaves.
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