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NONINVASIVE PROBING OF THE OCEAN SURFACE USING
~ LASER-BASED NONLINEAR OPTICAL METHODS!

Gerald M. Korenowski, Glenn S. Frysinger, and William E. Asher®

- Department of Chemistry, Rensselaer Polytechnic Institute,
Troy, New York, USA

The laser-based nonlinear optical methods of second-harmonic generation and
sum-frequency generation have been developed to study the chemical composition
and concentraiion of natural surfactant materials present as slicks on the ocean
surface. These noninvasive second-harmonic and sum-frequency generation meth-
ods produce signals which originate from only the top few molecular layers of the
ocean surface, thereby producing an accurate picture of the ocean surface condi-
tion without interference from the bulk ocean chemistry. Chemical specificity of the
methods is achieved by tuning the incident laser frequency to coincide with optical
absorptions in the surface adsorbed materials.

1.0 INTRODUCTION

The sea/air interface covers greater than seventy percent of the earth's surface. There are & number of in-
terrelated physical and chemical phenomena assnciated with this interface that make it of great environmental
importance. The physical properties of the sea/air 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 microlayer 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 microlayer plays an important role in wind-wave coupling (Seott,
1972), air/sea gas exchange (Brockmann et al., 1982), and the reflection and transmission of electromagnetic
radiation from the ocean interface (Hilthnerfuss et al., 1986; Scully-Power, 1984).

There is & 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 sampling where the
ocean surface is skimmed to remove the surface layer for chemical analysis (Hardy et al., 1988; Carlson et al.,
1988; Frew and Nelson, 1992; Frew and Nelson, 1992b). Unfortunately, these methods disrupt the natural
structure of the microl. yer and sample a water layer about 60 ym 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 viscosity are most affected by
the chemical composition of the top few molecular layers (Adamson, 1982).
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Noninvasive, in situ methods for studying the microlayer are needed because the molecular surface of the
air /sen interface must be studied undisturbed and in its 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 reflected sum-frequency generation
(SFG) have emerged as powerful interfacial spectroscopic probes for laboratory studies (Shen, 1989). These
probes are capable of determining the molecular composition, concentration, and molecular level structure
of a surface layer. We have successfully extended these spectroscopic methods for use as an 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 summary of current research
results and future directions for nonlinear 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 SHG and SFG applied to ocean studies included in earlier papers
(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 cptical 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 expressed as
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 & 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, and given explicitly by

16(2)(“’3 = wy + u2) = ;(2) : E(wl)ﬁ(wg) (1)

that gives rise 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 symmetry on
the dimensional scale of the light beams. At the air/water interface, however, the isotropy is broken, giving
rise to a nonlinear optical reflection at the optical frequency of the induced nonlinear polarization, ws. If &
single incident laser frequency is used, the nonlinear optical refiection 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. Ia 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,



(~ 2% laser refiection for a nadir 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 ai 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 a 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 susceptibilitics. The nonlinear
molecular polarizability is related to the linear polarizability, and in similarity with the linear polarizability,
the nonlinear polarizability exhibits vibrational and electronic resonances. These resonances dramatically
increase the nonlinear optical reflection intensity when the incident laser beam or nonlinear signal frequency
is equal to & 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.

Othier second order nonlinear optical processes include difference-frequency generation (ws = w; — w3) and
optizal rectification (0 = wy —w)). Optical rectification may be a particularly promising 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 was
conducted from a pier at the Woods Hole Oceanographic Institution (WHOI) during June 1988, the second
was conducted from the Chesapeake Light Tower off of Cape Henry, Virginia during SAXON-88, October
11988, and the third was conducted in the Pacific Ocean from the the R/V Wecoma near Santa Crux and Santa
[Rosa during 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:YAG laser producing 20-Hz, 9x10~? sec pulses at 1064 nm,
532 nm, and 355 nm. The SHG experiments used a 532-nm, 0.35-J, laser beam to produce a nonlinear optical
signal at 266 nm. The SFG experiments used both the 532-nm, 0.35-J, and 355-nm, 0.15-J, laser beams to
‘generate a nonlinear optical signa! at 213 nm. In either optical configuration, the unfocused, 2.5-cm-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 nsed 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 outboard and 5 m above
the ocean surface. I 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 SFG signal. The PMT signals are
preamplified at the telescope and transmitted via coaxial cables to a gated integrator for discrimination of
the pulsed signals and subsequent computer digitization and storage. Additional details of the experimental
apparatus and procedures can be found in Frysinger et al. (1992) and Korenowski et al. (1989).
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Figure 1. SHG and SFG Experimental Schematic

40 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, wavelength, wavelength bandwidth, and laser intensity dependence of the
signal. The most straightforward check for verifying that the detected signal results from a second- order
nonlincar 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 predictions
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 criginate
at the ocean surface allows accurate scaling of the nonlinzar signal with the intensity of the laser reflection.

Typically, the SHG or SFG signal, laser reflection intensity, wind speed, and other measurements 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 sxperiment conducted at WHOI on June 10, 1988. The SHG signal at
266 nm is seen in Figure 24, the 532 nm laser reflection is seen in Figure 25, and the accompanying wind speed
record is seen in Figure 2c. The data in these time series have been averaged over a two-second interval to
remove shot-to-shot variations. The remaining signal structure is due to changes in chemical composition at
the ocean surface, surface gravity waves, and surface roughness due to wind stress. Because no visible surface



slicks were present during this period, the naturally occurring surface-active organic concentration on the
ocean surface was too small to produce wave damping. However, concurrent ex situ measurements performed
by surface skimming and film trough analysis indicated the presence of small quantities of surfactant in the
skimmed surface samples (top 60 pym). Therefore, the data in Figure 2 represent the SHG signal and laser
reflection intensity of a typical patch of ocean surface.

In order to help understand how the nonlinear optical and linear reflections are affected by wind speed
and the resulting ocean surface roughness, cross-correlations between wind speed and SHG intensity, wind
speed and laser reflection intensity, and laser reflection and SHG intensities were calculated. The 12,000-point
(12,000 laser shot) data set from Figure 2a-c shows typical data used for this analysis and was chosen because
cross-correlaticn estimates require a stationary time series (Bendat and Piersol, 1971). The 12,000-point data
set was divided into 9 separate records, each containing 1250 data points or 62.5 sec of data. Before the cross-
correlation was estimated, each 1250-point sub-set was running-mean filtered with a two-second window to
remove shot-to-shot noise. The discrete, circular cross-correlation estimate is defined by Bendat and Piersol,
(1971) »s

N
Rxy(i) = (UN)D_X()Y(j+1)/(sxsy)'/? )
i=1

where X and Y denote the two time series (i.e. wind, 532-nm laser signal, or 266-nm SHG signal), N is
the total number of data points per set, and sx and sy are the variances of X and Y, respectively. Rxy (i)
was calculated using a circular convolution Fast Fourier Transform algorithm and the 9 sub-sets were point-
by-point averaged to reduce the overall variance in estimating Rxy(i). The averaged estimate of Rxy (¢) is
shown in Figure 3a for wind (U) and 266-nm SHG signal, Figure 3b for U and 532-nm signal, and Figure 3¢
for 532-nm and 266-nm signals. The comparison of the Rzy(0) magnitnde with standard tables shows each is
statistically significant at the 1% level. This implies that the three pairs of data are correlated (Jenkins and
Watts, 1968).

The correlation of wind speed with the SHG and reflected laser signals is expected because the ocean
surface becomes rougher on the scale of the laser footprint due to capillary wave generation as the wind speed
increases or gusts. Although still directional, the scattering from a wave-roughened surface is more diffuse and
Lambertian in character leading to a greater possibility that for any given laser pulse, a portion of the linear
or nonlinear optical reflection is captured by the telescope system. This leads to an overall increase in the
average signal detected. Both the SHG and laser reflection signal show a time-lag in their maximum cross-
correlation with wind speed. The time lag in these cross-correlations is also expected since the anemometer
recording the wind speed was positioned 5 m above the ocean surface and a delay is expected between surface
wave structure formation and small recorded wind gusts.

The maximum value of the cross-correlation between the wind speed and the 532-nm laser reflection shown
in Figure 3b is substantially less than that between the wind speed and the 266-nm SHG signal shown in
Figure 3a. This indicates that the increases in wind speed and surface roughness increase the nonlinear
optical signal more than the reflected laser intensity. This larger eflect of wind on SHG signal may be caused
by a fundamental difference in the depths at which generation of the nonlinear optical signal and reflection
of the incident laser beam occurs.

As discussed earlier, the SHG signal is generated in a water surface layer approximately 1-nm deep. In
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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-nm
layer, they will have a large effect on 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, because 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 3¢, there is zero time lag in the
maximurn 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 laser pulse 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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Figure 3b. U-532 Cross-Correlation

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 266-nm SHG signal. Therefore, natural surfactants
must have small nonlinear susceptibilities at the wavelengths used in these experiments 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-correlation results described above is correct.

The nonlinear susceptibility of the slicked and nonslicked ocean surface was studied during the SAXON-
88 experiment. Figure 4 contains 266-nm SHG signals measured during the SAXON-88 tower experiment
on October 1, 1988. Environmental conditions include a 2.0-3.0 m sec~! wind speed from 75° and a 0.7 m
significant wave height (swh). The SHG time series has three periods of SHG signal decrease labeled A, B, and
C. These decreases occur eventhough the wind speed and incident laser intensity rema.... - constant throughout
the time period. These periods of SHG signal decrease were caused by the passage of natural ocean slicks
through the laser-sampling area. The slicks were identified visually as ocean regions exhibiting damped surface
ripple structure and quantitatively by reduced surface tension measurements made by calibrated spreading
oils (Adam, 1937) and ex situ sampling (Frysinger et al., 1992; Barger, 1986). Therefore, the data shown in
Figure 4 demonstrate that visible surface slicks composed of naturally occurring surfactants drastically reduce
the SHG signal intensity.
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Figure 5. SHG Time Series from Artificial Slicks, 10/9/88

In order to provide a known ocean surface chemical composition for testing the nonlinear optical response
between slicked and nonslicked regions, man-made slicks of polyethylene glycol 200 monolaurate (PEG-ML)
were generated and allowed to drift through the laser-sampling area during the SAXON-88 experiment. Be-
cause PEG-ML spreads to form a uniform monolayer and becanse 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 & saturated
hydrocarbon, its nonlinear optical susceptibility will be low compared to a nonslicked ocean surface.

Figure 5 shows the reflected SHG signal intensity 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 sec~!
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 effects of
naturally occurring surface slicks, the decreases seen in Figure 5 are most likely due to a decrease in *he SHG
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 signal 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, & different wavelength combi-
nation for the nonlinear optical reflection was employed. For 266-nm SHG generation using a 532-nm probe,
lipids and 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-nm surface SFG reflection. At 213 nm, 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™! wind speed from 300° and a ship heading of 270° at
1.0 m sec™!. The regions of increased SFG signal labeled A and B correspond to the presence of natural
banded slicks in the laser-sampling area. The ship and laser probe transected these banded ocean slicks from
the down-wind to up-wind direction with the largest SFG signals observed at the up-wind edge of the slick. It
is assumed that the increasing 213-nm SFG signals correspond to increasing natural surfactant concentrations.

It is particularly interesting that the surfactant concentration as measured by thc 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 concentrations and greater film pressures (Barger et
al., 1970; Barger, 1974; Barger, 1991). The type of surface concentration data obtained with this 213-nm 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-nm 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 observed during 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 chemical
information derived from SHG and SFG probes will come from exploiting their spectroscopic capabilities.
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SHG and SFG experiments performed with a tunable incident laser sources will allow in situ ocean surface
spectroscopy. This capability has aiready been accomplished 1n laboratory studies, but the intensity and
tunability of laser sources has made field experiments more difficult. One possible field study application would
include a tunable near-infrared laser operating over the spectral region 2.5 to 1.0 um. This wavelength region
falls between the standard mid-infrared region of vibmtional{ spectroscopy and the visible wavelength region of
electronic absorption spectroscopy. A'.hough not often used in spectroscopic studies, it is in this wavelength
region where the vibrational overtone absorptions of or#aiics are found. The near-infrared spectral region
is also less cluttered than the mid-infrared spectral regionl because only the overtones of strong vibrational

~absorptions can be seen. This would lead to easier identification of classes of organics found in the complex
mixtures which exist at the sea/air interface. The vibratiw[&l or near-infrared spectra are also more useful in
identifying the chemical character of the species than UV-visible electronic absorption spectroscopy. However,
problems would exist with such a near-infrared SHG or SF'G experiment such as the detection of the signal
against a strong solar baci ground and that the detection pystem efficiency changes as the nonlinear optical
. signal wavelength varies.. Even more promising because these problems are shsent is th» nonlinear optical
'process of optical rectification. f[

Optical rectification is related o SHG and SFG in its origin and would possess many of the same char-
acteristics, including its molecular scale surface selectivity. In SHG, the optical frequencies are summed to
produce 8 macroscopic material polarization and rersdiation at the sum frequency, wy = wy + wy. In com-
parisnn, the rectification process produces a material polyrization at & sero frequency, 0 = w; = w;. It may
be expected that a zero frequency polarization will not ridiate electromagnenric radiation. However, when a
pulsed laser system is the driving scurce, the surface p»olatriution appears and disappears over the temporal
duration of the driving luser pulse and this oscillating on/¢ff DC polarization will electromagnetically radiate.
A Fourier analysis of the temporal character of the laser pulse yields the spectral frequencies emitted by
the interfacial optical rectification polarization. Imerutinﬁly. the emitted spectral frequencies are dependent
only on the laser pulse shape and duration and aot on th’e wavelength of the incident laser radiation. Laser
pulses ranging fromn several picoseconds to tens of picosedonds would result in optical rectification emissions
at frequencies from several gigahertz to several hundred gigaheris. Consequently, the frequency region of
the surface microwave return could be selected by choosing a laser pulse width to produce radiation where
there is a corresponding high stmospheric transmission window. A simple schematic of such an experimental
arrangement is given in Figure 7. In this experimental configuration, a radiometer would be substituted for
the optical telescope. |

|
5.0 CONCI.'pSIONS

In conclusion, we have shown that laser-based secondiorder nonlinear optical processes of SHG and SFG
provide highly surface selective, noninvasive, in situ pxra-bes of the ocean surface. Although preliminary
experiments were reported in this paper, the probes provide important information about the nature of
surfactants at the ocean surface and their behavior in response to dynamic forces at the sea/air interface. The
future of the probes lies in their further development am!l use as in situ interfacial apectroscopic techniques.

|
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