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NONINVASIVE PROBING OF THE OCEAN SURFACE USING
_. .o

LASER-BASED NONLINEAR OPTICAL METHODS x

Gerald M. Korenowski, Glean S. Frysinger, and William E. Asher:

- DepartmentofChemistry,RensselaerPolytechnicInstitute,

Troy,New York,USA

The laser-basednonlinearopticalmetho& ofsecond-h_rmonicgenerationand

sum-frequencygenerationhavebeen developedtostudythe chemicalcomposition

and concentrationof naturalsurfacta.ntmaterialspresentas slickson the ocean

surface.These noninvasivesecond-harrnonicand sum-frequencygenerationmeth-

ods producesignalswhich originatefrom onlythetop few molecularlayersofthe

ocean surface,therebyproducingan accuratepictureofthe ocean surfacecondi-

tionwithoutinterferencefrom thebulkoceanchemistry.Chemicalspecificityofthe

methods isachievedby tuningtheincidentlaserfrequencytocoincidewithoptical

absorptionsinthesurfaceadsorbedmaterials.

1.0 INTRODUC_.rION

The sea/air interface covers greater than seventy percent elf the earth's surface. There are a number of in-

terrelated physical and chemical phenomena associated with this interfi_e that make it of great environmental

importance. The physical properties of the sea/nhr interface are strongly controlled by the chemical character

of the ocean surface layer. The thin surface region of the ocean, about 1 mm thick, is often referred to as the

sea-surface microlayer and it is known to control the properties of the sea/air interface. The microlxyer sur-

face region has a diverse chemical composition resulting from biogenic production of surface-active compounds

(Williams et al., 1986; Hardy, 1991). In addition to concentrating naturally occurring organic compounds,

the interface is also a sink for anthropogenic trace metals and other organic pollutants (Hardy, 1987). The

composite chemical character of the surface rnicrolayer plays an important role in wind-wave coupling (Scott,

1972), air/sea gas exchange (Brockmann et al., 1982), and the reflection and transmission of electromagnetic

radiation from the ocean interface (Hfihnerfuss et al., 1986; Scully-Power, 1984).

There is a growing interest in and need to understand the chemical, physical, and biological nature of the

sea-surface microlayer. Traditional methods used to study the microlayer involve invasive s.m'npling where the
ocean surface is skimmed to remove the surface layer for chemical analysis (Hardy et al., 1958; Carlson et al.,

1988; Frew and Nelson, 1992; Frew and NeLson, 1992b). Unfortunately, these methods disrupt the ne.tural

structure of the microl, yer and sample a water [ayer about 60/Jm deep. It may be argued, however, that the

physical properties of the ocean surface are controlled by a surface layer confined to several molecular layers

or about 1 nm. This is because surface tension, surface elasticity, and surface viscerally are most affected by

the chernicM composition of the top few molecular layers (Adamson, 1982).
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Noninvasive, in situ met]_ods for studying _he microlayer are needed because the molecular surface of the
air/sea interface mus_ be studied undisturbed and in it_ natural state. Over the last five years we have been
experimenting with laser-based second-order nonlinear optical processes as in situ ocean surface probes. The
nonlinear processes of reflected second-harmonic generation (SHG) and reflect.ed sum-frequency generation
(SFG) have emerged as powerful interfacial spectro6copic probes for laboratory studim (Shah, 1989). These
probes are capable of determining the molecular composition, concentration, and molecular lea,el structure
of a surface layer. We have successfully extended these spectroscopic methods for use as sn in situ remote
sensing probe of the surface microlayer. The research presented here represents the first instance of in situ
ocean surface spectroscopy. The success of the SHG and SFG experiments leads directly to future applications
using more,versatile and powerful nonlinear optical probes. This paper contains a sure.tory of current research
results and future directions for nonlineaz optical study of the ocean interface.

2.0 BACKGROUND

The theoretical background of nonlinear optics and laboratory experimental procedures for reflected SHG
and SFG interfacial spectroscopy has been reviewed in detail elsewhere (Shen, 1984; Shen, 1989; Richmond
et al., 1988) with detailed discussions of SH3 and SFG appll,ed to ocean studies included in earlier papens
(Frysinger et al., 1992; Korenowski et al., 1989; Asher et al., 1988). Although detailed presentation of this
background material is beyond the scope of this paper, the following summary should provide the reader a
basic understanding of nonlinear optical theory and techniques.

The nonlinear optical signal observed from an ocean surface results from an interfacial macroscopic p_,-
larization induced by an impinging high intensity light beam. The macroscopic polarization is eoq_reeeedas
a power series expansion in the electric fields of the incident light with proportionality constants that are
the corresponding optical susceptibilities of the interface. These susceptibilities are a function of the surface
material's internal vibrational and electronic structure. It is the second term in the power series, defined as

the second-order nonlinear optical polarization, sad given explicitly by

that gives rke to second-harmonic and sum-frequency processes. In the dipole approximation, the second-order
term is forbidden in bulk ocean water because the structure is isotropic and possesses inversion synm_etry on
the dimensional scale of the light beams. At the air/water interface, however, the _sotropy is broken, giving
rise to a nonlinear optical reflection at the optical fzequency of the induced nonlinear polarization, _s. If a
single incident laser frequency is used, the nonlinear optical reflection is called the second-harmonic and is

' twice the incident laser frequency. If two different frequency lasers are used, the resulting nonlinear signal
is at the sum of the laser frequencies. If the medium containing the reflection is nondispersive, or weakly
dispersive like air, the reflected incident laser beam and reflected SHG signal are collinear.

The collinearity of the linear and nonlinear reflection provides a method for scaling the nonlinear optical sig-
nal because the laser reflection and collinear nonlinear signal will have equal collection probability. Therefore,
signal loss is equal for both the laser reflection and nonlinear signal. In the case of in situ measurements, loss
occurs because the wave structure on the ocean surface produces divergent and angularly scattered reflections.
Because the incident laser intensity is known, the ocean reflection may be calculated from Fresnel formulae,
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(~ 2% laser reflection for a n_dir geometry). The detector.system-measured laser reflection may then be used
to scale the nonlinear signal to remove surface scattering uncertainties.

The intensity of the reflected nonlinear optical signal produced s_ the ocean interface is a function of the
chemical composition of the interface and is reflected in the second-order nonlinear optical susceptibility of
the interface. To s first approximation, the susceptibility is expressed as the surface density of the molecular

species multiplied by the nonlinear optical molecular polarizability of the molecule and for multi-component
systems the total susceptibility is the sum of the individual component's susceptibilities. The nonlinear
molecular polarizabitity is related to the linear polarizability, and in similarity with the linear polarizability,
the nonlinear polarizability exhibits vibrational and electronic resonancem. These resonances dramatically
increase the nonlinear optical reflection intensity when the incident laser beam or nonlinear signal frequency
is equal to a vibrational or electronic optical transition frequencies. Therefore, with a frequency-tunable laser
source, the nonlinear optical process can be used for spectroscopic analysis of the ocean surface layer.

Other second, order nonlinear optical processe_ include difference-frequency generation (w_ = wl -_2) and
opti,_al rectification (0 = wl - wt). Optical rectification may be a particularly prondsing interfacial probe for
the ocean and will be discussed in more detail later.

3.0 EXPERIMENTAL

The data presented in this paper were obtained from three different field experiments. The first wu
conducted from a pier at the Woods Hole Oceanographic Institution (WHOI) during June 1988, the second
_vas conducted from the Chesapeake Light Tower off of Cape Henry, Virginia during SAXON-88, October
II988,and the third was conducted in the Pacific Ocean from the the R./V Wecoma near Santa Cruz and Santa
I?o_saduring SLIX-89, October 1989.

The experimental apparatus used in each of the field experiments were identical except for minor modifi-
cations. The laser source was a Q-switched Nd:¥_G laser producing 20-Hz, 9x10 -9 ssc pulses at 1064 nra,
532 nra, and 355 nra. The $HG experiments used a 532-nm, 0.35-J, laser beam to produce a nonlinear optical

signal at 266 nra. The SFG experiments used both the 532-nm, 0.35-J, and 355-nm, 0.15-J, laser beams to
generate a nonlinear optical signal at 213 nra. In either optical configuration, the unfocused, 2.5-cre-diameter
laser beams were directed to the ocean surface with prisms using a nadir incident laser beam. and signal collec-
tion geometry, (Figure 1). A Newtonian telescope with a 0.4-m-diameter primary mirror was used to collect
both the laser reflection and reflected nonlinear optical signal. In the WHOI pier experiment, the telescope
was located at the end of a pier with the primary mirror positioned 4.5 m above the ocean surface. In the
SAXON-88 tower experiment, the telescope and turning prism were mounted 9.5 m outb_rd and 5 m above
the ocean surface. In the SLIX-89 experiment, the telescope and turning prism were located approximately
4 m outboard the port side of the ship and 6 m above the ocean surface.

The telescope detector system includes an optical detector box attached to the side of the telescope. This
detector box contains colored glass filters, interference filters, and photomultiplier tube detectors to measure
the intensity of both the linear laser reflection and the nonlinear SHG or $FG signal. The PMT signals are
preamplified at the telescope and transmitted via coaxial cables to a gated integratolr for discrhnination of
the pulsed signals and subsequent computer digitization and storage. Additional details of the experhTlental
apparatus and procedures can be found in Prysinger et al. (1992) and Korenowski et al. (1989).
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Figure 1. SHG and SFG Experimental Schematic

4,0 RESULTS AND DISCUSSION

Verification that the UV light measured by the PMTs was a SHG or SFG signal was achieved by measuring

the signal's temporal pulse width, wav_length, wavelength bandwidth, and laser intensity dependence of th_
signal. The most straightforward check for veri_Tingthat the detected signal results from a second, order
nonlinear optical process is to show that the signal intensity varies as the square or product of the incident
laser beam intensities for SHG and SFG processes, respectively. Comparison of these results with predictioas
based on nonlinear optical theory proved that the observed UV signals were SHG or SFG signals in each
experiment.

Additional studies have shown that the detected nonlinear optical signal was generated only at the ocean

surface (Frysinger et al., 1992). It was also determined that the detected laser reflection is dominated by the
surface reflection; the bulk water back-scattering is much less intense. Confirming that both signals originate
at the ocean surface allows accurate scaling of the nonlinaar signal with the intensity of the laser reflection.

Typically, the SHG or SFG signal, laser reflection intensity, wind speed, and other measurement_ were
measured and digitized at the 20-Hz repetition rate of the laser to form a time series. Figure 2 is an example
time series recorded during the pier _xperiment conducted at WHOI on June 10, 1988. The SHG signal at
266 nm is seen in Figure 2a, the 532 nm laser reflection is seen in Figure 2b, and the accompanying wind speed
record is seen in Figure 2c. T_e data in these time series have been averaged over a two-second interval to
remove shot-to-shot variat,ior,s. The remaining signal structure is due to changes in chemical composition st
the ocean surface, surface gravity waves, and surface roughness due to wind stress. Because no visible surface
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slickswere presentduringthisperiod,the naturallyoccurringsurface-activeorganicconcentrationon the

oceansurfacewas too smalltoproducewave damping. However,concurrentex situmeasurementsperformed

by surfaceskimming and filmtroughanalysisindicatedthepresenceofsmallquantitiesofsurfactantinthe

skimmed surfacesamples(top60 _m). Therefore,the datainFigure2 representthe SHG signaland laser

reflectionintensityofa typicalpatchofoceansurface.

In orderto helpunderstandhlow_he nonlinearopticaland linearreflectionsareaffectedby wind speed

and the resultingocean surfaceroughness,cross-correlationsbetweenwind speedand SHG intensity,wind

speedand laserreflectionintensity,and laserreflectionand SHG intensitieswerecalculated.The 12,000-point

(12,000lasershot)datasetfrom Figure2a-cshows_#ypicaldatausedforthisanalysisand was chosenbecause

cross-correlationestimatesrequireastationarytimeseries(Bendatand Piersol,1971).The 12,000-pointdata

setwas dividedinto9separaterecords,eachcontaining1250datapointsor62.5secofdata.Beforethecroes-

correlationwas estimated,each1250-pointsub-setwas runni.ng-meanfilteredwith a two-secondwindow to

remove shot-to-shotnoise.The discrete,circularcross-correlationestimateisdefinedby Bendat and Piersol,

(1971) a.s

N

RxvCi) = + 1)lCsxsv) (2)
j=l

where X and Y denotethe two timeseries(i.e.wind,532-nm lasersignal,or 266-nm SHG si_mal),N is

the totalnumber of datapointsper set,and sx and sy arethevariancesofX and Y, respectively.Rxy(i)

was calculatedusinga circularconvolutionFastFourierTransformalgorithmand the9 sub-setswere point-

by-pointaveragedtoreducetheoverallvarianceinestimatingRxy(i). The averagedestimateofRxy(i) is

shown inFigure3a forwind (U) arid266-nm SHG signal,Figure3b forU and 532-nm signal,and Figure3c

for532-nm and 286-nm signals.The comparisonoftheP_y(0) magnitudewithstandardtablesshowseachis

statisticallysignificantat theI% level.Thisimpliesthatthe threepairsofdataarecorrelated(Jenkinsand

Watts, 1968).

The correlationof wind speed with the SIIG and reflectedlasersignalsisexpectedbecausethe ocean

surfacebecomesrougheron thescaleofthelaserfootprintdue tocapillarywave generationasthewind speed

increasesorgusts.Althoughstilldirectional,thescatteringfroma wave-roughenedsurfaceismore diffuseand

Larnbertianincharacterleadingto a greaterpossibilitythatforany givenlaserpulse,a portionofthelinear

or nonlinearopticalreflectioniscapturedby the telescopesystem.This leadsto an overallincreaseinthe

averagesignaldetected.Both the SHG and laserreflectionsignalshow a time-lagintheirmaximum croa_

correlationwithwind speed.The timelagin thesecross-correlationsisalsoexpectedsincetheanemometer

recordingthewind speedwas positioned5 m abovetheoceansurfaceand a delayisexpectedbetweensurface

wave structureformationand smallrecordedwind gusts.

The maximum valueofthecross-correlationbetweenthewind speedand the532-nm laserreflectionshown

in Figure3b issubstantiallylessthan thatbetween the wind speedand the 266-nm SHG signalshown in

Figure3a. This indicatesthatthe increasesin wind speed and surfaceroughnessincreasethe nonlinear

opticalsignalmore thanthereflectedlaserintensity.Thislargereffectofwind on SHG signalmay be caused

by a fundamentaldifferenceinthe depthsatwhich generationofthe nonlinearopticalsignaland reflection
ofthe incidentlaserbeam occurs.

As discussed earlier, the SHG signal is generated in a water surface layer approximately 1-nra deep. In

......................................... _........ i_'777'','_'7 '''''T "-''-7-''-''_
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Figure 3a. U-266 Cross-Correlation

contrast, linear reflection occurs in a surface layer defined by the incident laser wavelength, in this case about
500 nm (Shen, .1984). Therefore, since changes in surface chemical composition occur mostly in the 1-nra

layer, they will have a large eft'ecton the SHG signal but little effect on the reflected laser intensity. Although
the roughening of the water surface affects both the SHG and reflected laser intensities through Lambertian
scattering as described above, the wind stress also affects the surface chemical composition through the surface
dilatation and turbulence of capillary waves. These chemical changes will affect the SHG signal but not the
reflected laser intensity, leading to a larger maximum cross-correlation value between wind-speed and 266-nm
intensity than between wind speed and 532-nm laser reflection intensity. Furthermore, bemuse the maximum
cross-correlation value increases, increases in wind speed must increase the SHG signal more than increases
in the wind speed increase the reflected laser intensity.

The explanation presented above is supported by the cross-correlation between the reflected 532-nm laser
intensity and the 266-nm SHG signals. As expected, and shown in Figure 3c, there is zero time lag in the
maximum cross-correlation value between the SHG signal and reflected laser intensity. This suggests that the
laser pulse occurring when the SHG signal is measured is the most important lP_erpulse in determining the
nonlinear optical response. However, given the nonlinear dependence of the SHG signal on the incident laser
beam, the correlation is not as strong as expected if the only factor affecting the SHG and reflected signals
is the physical Lambertian scattering mechanism discussed above. Therefore, because the cross-correlation of
the reflected laser intensity and SHG intensity is lower than expected, it may be assumed that some factor
other than incident laser power is also important in determining the observed SHG signal intensity. The data
suggest this second factor is most likely a change in surface chemical composition caused by wind-roughening
of the surface.
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Because it is generally assumed that wave action and wind stress reduce the concentration of surface-active

compounds at the surface through capillary waves and turbulence, these cross-correlation results imply that

naturally occurring surfactants decrease the observed 26ft-nra SHG signal. Therefore, natural surfactants

must have small nonlinear susceptibilities at the wavelengths used in these experimentz with respect to the
nonlinear susceptibility of the surfactant-free ocean surface. In fact, lipid materials, known to be present in

the ocean surface, (Williams et al., 1986; Frew and Nelson, 1992; Frew and Nelson, 1992b) have smaller non-

linear susceptibilities compared to the uncontaminated ocean surface and compared to more soluble naturally

occurring surface-active material. This, and the data presented below, suggest that the interpretation of the
cross-correlationresultsdescribedabove iscorrect.

The nonlinearsusceptibilityof theslickedand nonslickedoceansurfacewas studiedduringthe SAXON-

88 experiment.Figure4 contains266-nm SHG signalsmeasured duringtheSAXON-88 towerexperiment

on October I,1988.Environmentalconditionsincludea 2.0-3.0m aec-I wind speedfrom 75° and a 0.7m

significantwave height(swh).The SHG timeserieshasthreeperiodsofSHG signaldecreaselabeledA, B, and

C.These decreasesoccureventhoughthewindspeedand incidentlaserintensityrem_., constantthroughout

the time period.These.periodsofSHG signaldecreasewere causedby thepassageofnaturalocean slicks

throughthelaser-samplingarea.The slickswereidentifiedvisuallyasoceanregionsexhibitingdamped surface

ripplestructureand quantitativelyby reducedsurfacetensionmeasurementsmade by calibratedspreading

oils(Adam, 1937)and ex situsampling(Frysingeretal.,1992;Barger,1986).Therefore,thedatashown in

Figure4 demonstratethatvisiblesurfaceslickscomposed ofnaturallyoccurringsurfactantsdrasticallyreduce

theSHG signalintensity.
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In order to provide a known ocean surface chemical composition for testing the nonlinear optical response
between slicked and nonslicked regions, rosa-made slicks of polyethylene glycol 200 monolaurate (PEG-ML)
were generated and allowed to drif_ through the laser-sampling area during the SAXON-88 experiment. Be-
cause PEG-ML spreads to form a uniform monolayer and because its interfacial behavior has been found to
resemble naturally occurring surfactants (Barger and Means, 1985), it provides a known interfacial chemical
composition to test the effect on SHG intensities. Furthermore, because PEG-ML is essentially a saturated
hydrocarbon, its nonlinear optical susceptibility will be low compared to a nonslicked ocean surface.

Figure 5 shows the reflected SHG sigL_alintensity measured from a PEG-ML slicked ocean surface during
SAXON-88 on October 9, 1988. The passage of four PEG-ML slicks indicated by regions labeled A, B, C, and
D produces a decrease in the SHG intensity. During the measurement period, the wind speed was 3.0 m ssc-:
from 115° with a 2.0 m swh. The SHG signal decrease indicates that the presence of PEG-ML on the ocean
surface decreased the SHG signal relative to the nonslicked water surface. In similarity with the effect_ of
naturally occurring surface slicks, the decreases seen in Figure 5 are most likely due to a decrease in _,heSHG
response of the slicked surface.

In agreement with theory, the data from the WHOI pier experiment and from SAXON-88 indicate that
second-order nonlinear processes are highly surface selective. In addition, these nonlinear processes arc very
sensitive to changes in chemical composition of the top few molecular layers of the ocean surface. Finally, the
observed SHG signol at 266 nm from the ocean surface was observed to be larger for the nonslicked regions
than for areas covered by either naturally occurring slicks or by artificial slicks composed of PEG-ML. This
implies that these surface-active materials lower the effective second-order nonlinear susceptibility of the sea
surface at the wavelengths studied.

In the SLIX-89 ship-based experiment, two new aspects were added to the experiment. First, the probe
system was mounted aboard a ship to increase sampling mobility, and second, a different wavelength combi-
nation for the nonlinear optical reflection was employed. For 266-nm SHG generation using a 532-nm probe,
lipids sad other strongly surface-active materials proved less nonlinear than the ocean substrate_ Alternative
incident laser wavelengths which produce an increasing nonlinear optical signal with increasing surfactant
concentration would be a more useful probe of microlayer organics. Exploiting the fact that lipid surfactants
have electronic resonances in the 210_nm far UV wavelength region, the combination of 532-nm and 355-nm
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Figure 6. SFG Time Series from Natural Slicks, 10/18/89

laser beams was chosen to produce a 213-nra surface SFG reflection. At 213 nra, a substantial resonance
enhancement of the surfactant produced signal is expected.

Figure 6 shows a time series of SFG signal measured during the SLIX-89 ship experiment on October 18,
1989. Environmental conditions include a 5.0 m sec-1 wind speed from 300° and a ship heading of 270° at
1.0 m see-1. The regions of increased SFG signal labeled A and B correspond to the presence of natural
banded slicks in the laser-sampling _rea. The ship and laser probe transected these banded ocean slicks from
_hedown-wind to up-wind direction with the largest SFG signals observed at the up-wind edge Ofthe slick. It
is assumed that the increasing 213-nrn SFG signals correspond to increasing natural surfactant concentratio_s.

It is particularly interesting that the surfactant concentration as measured by the SFG probe was not
uniform across the banded slicks studied during the SLIX-89 experiment. This raises question about the
factors creating and maintaining the surfactant concentration gradient. Bulk hydrodynamic forces, interfacial

chemical forces, and wind are all potential factors in shaping the surfactant concentration in banded slicks. In
this particular experiment, although hydrodynamic forces are _nknown, wind forces can adequately explain
the concentration gradient. Wind drag on the up-wind edge of the slick will inhibit natural surface film
expansion, while contributing to natural surfactant spreading on the down-wind edge of the slick. As a result,
the up-wind edge of the slick will exhibit higher organic concev.trations end greater film pressures (Barger e_
al., 1970; Barger, 1974; Barger, 1991). The type of surface concentration data obtained with this 213-nra SFG
probe shows promise in providing information necessary for understanding slick formation and maintenance
and other ocean interfacial phenomena.

A structural model of the natural surfactant film can be inferred from the 213-nra SFG data of Figure 6.
The SFG probe can differentiate between monolayer or "monolayer-type", and multi-layer surface slicks. In
a mutlilayer slick, the surface concentration in the top molecular layer does not vary across the surface film

and the SFG signal should exhibit a step function response at the slick edges. This is not like the situation
depicted by Figure 6 where a variable SFG signal and variable surface concentration exists. The natural
banded slicks observedduring SLIX-89 have SFG signals indicating monolayer-type, not multi-layer structure.
This analysis of SFG signal gradient has the potential to be used for distinguishing monolayer-type films of
natural surfactants from mutlilayer surface film such as petroleum slicks. However, the most powerful chemica_
information derived from SHG and SFG probes will come from exploiting their spectroscopic capabilities.
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SHG madSFG experiments performed with a tunable inc._tdent]_.r sources will _low in situ oceLn surfae_e
spectroscopy. This capability has already been a_complis_ed m laboratory studies, but the intensity and
tunabili_y of l_se_sources haz ,na_i.efield experiments more dlflieult. One possible field study application would
include a tunable near-ini_rw,ed laser operating over the spe¢Itralregio_a2.5 to 1.0 pm. This wavelength region

falls between the s_,sndard mid-infra,red region of vibr_tion_I spectro6copy and the vbible wavelength region of
electronic _bsorption spectroscopy. A _hough not often used in spectroscopic studies, it is in this wavelength
re,on where..,the vibrational overtone absorptions of or_._llics are found. The nesr-mfr_red spectral region
is ako leu cluttered than the rf_d-_nfr_red spectral region because only the overtones of strong vibrational

at)sorptio_ car_be seen, This would lead to easier identification o_classes of orgsnim found in the complexmixtures v hic_ er_istst the se_/air interface. 'The vibratic,_Ll or ne_oinfrsred spectra are also more useful in
identifying the chemical character of the species than UV-v!Isibleelectronic absorption spectroscopy. However,

problemJwouldexistwith_ucha _ear-infr_red$HG or$iI'Gexperb,nentsuchu thedetectionofthesignal
against a strong so[Lr bac_.,ground and that, _,hedetection Isystem _tfliciencychm_ges ss the nonlinear optical
si_ne,lwavelengthvazies.Even more promisingbecauseIIhesepr¢,blenmszeabsentisth_,,nonlinearoptical
processofopticalrectification.

Oplicalrectificationisrefit,cd _oSHG and SFG initsori.ginm_d wouldpossessmany ofthesame char-

e_cteristics,includingitsmoleculaz_cMesurfaceselecti.vitII,.InSHG, theopticalf_quenciesare.summed to

produces m_croscopicmaterialpolarizationand rer,_diatiionatthesum frequency,c_ = _,i+_w_.Incom-
pazL_on,therectificationprocessproduces_ materialpol_r_,zstionItra _erofrequency,0 --c#_,w_, ltmay

be exl)ectedth_ s zerofrequencypolaxizstionwiUnotr_di_eelectromagneticradiation.However,when apulsedIMersystemisthedriving_._rce,thesurfacepolalrizatlonappes_sand disappes_ore:thetemporal
durationofthedrivingl_serpulseandthisoscillatingon/_fi"DC pctlezi_ettionwillelectromsgneticedlyradiate.

A Fourier_nalysisof thetemporalcharacterofthel_selrpulseyieldsthespectralfrequencie_emittedby
theinterfacialopticalrectificationpol_rization.Interestingly,the,.mitredipectralfrequenciesaredependent
onlyon thel_erpulseshape_,nddurationand noton t_lewavelengthoftheincidentlaserradiation.Laser
pulsesran&dnafromseveralpicosecondstotensofpicose¢_ondswo_ddresultinopticalrectificationemissions
atfrequenciesfromseveralgigahertztoseveralhundred!gL_aheri_,_:.Consequently,thefrequencyregionof
thes.urf_emicrowavereturncouldbe selectedby chockinga la_:_:pulsewidthto produceradiationwhere

thereb a correspondinghigh_tmospherictransm.i_ionw!ndow.A simpleschematicofsuchemexperimental
arrangementis,giveninFigure7.Inthbsexperimentedc,_nfigurat:ton,a radiometezwouldbe substitutedfor

theopticaltelescope. !
r

5.0 CONCLUSIONS

In concluzion,we haveshownthatlaser-b.eaedsecond,.orde:rnonlinearopticalprocessesofSHG andSFG

providehighlysurface_elective,noninve=ive,insitupllo,besof ,;]_eoceansurf_e.Althoughprelin_inazy

experimentswerereportedinth_spaper_theprobesprovideimportantinformation_b.outthenatureof
surf_temtsattheo,ce,snsurfaceandtheirbehaviorinreslion_etodynamic_orcesatthesea/airinterface.The
futureof theprobesliesintheirfurtherdevelopmentan_ u_e.a.sinsituinterfacial_pectro_copictechniques.

,_c_:_toVa[re,_grne_t_.Thea,uthor_wiahtot.h_nkth_m_ny_enti_t,i_volvec[inthe,,uccessofthefie}dexperiment_.
N, M. Fzew a,_d R. K, Ne_,_ hod:tedthe p_e.r_xp,e,rime_.t _,tWHOI,,O. _. Shemdin ,se,rved M chief sc_elnt_,.tmad
expezime_t_lcoordi.nstorfortheSAXON-88 towerexp,erime_tI.D.J.C_l_o_servedu reidscieatbtfortheSLIX-89
_bipexperiment.Ms_,y}zelpfuId,i:_us._o_,_whh F. Herro_IItheOf]icec_fNsv_lRe_e.src__re_.]_owledged.Thb

, r_,&,rc_ Wl_ luppo,t't_(_by_)_eOf_ceo,fNLv_ Re,,_e_ch.ruder]c,omtr_c_N0,0,01487K02.39,t.edlirutN00,011S0JISST.W.
E, A_]_(_r_ck=owied,gesp,,_ztia.I_uppc_rtby the U,.S.D,epa,rtm_t._ttof Ez_e,rLv_de:_c,ontr_ctD_.AC0,6-76P..LO,-183U.
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Figure 7. Optical Rectification Experimental S_emstic
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