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Solar stimulated inelastic light scattering in clear sea water
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ABSTRACT

Solar Fraunhofer lines are used as indicators of the melasuc light scattering in the sea water. Data from both in-
shore and off-shore are presented and compared with results of theoretical modeling. Very good agreement is found
between the modeled and measured proportion of inelastic to elasucally scattered and direct light at 589nm when the
Raman scattering coefficient of Marshall and Smith' (1990) (0.00026m" ) is used, as opposed to that of Slusher and Derr’
(1975) (0.00078m"). At 656nm the agreement is not as good, indicating possible interference from other sources such as
Chlorophyil fluorescence. Recent work has extended the measurements to include smaller absorption lines, such as 689nm,
where significant filling has been measured at the surface due to the Chlorophyll fluorescence. This technique allows the
natural fluorescence to be measured, even at the surface where there is still a significant amount of direct solar light.

Key words: Fraunhofer lines, Raman scattering; Chlorophyll fluorescence.
1. INTRODUCTION

Inelastic light scattering plays a very important role in the underwater light field distribution' and has an
influence on the remote sensing signal in the visible’ as well. Three main processes are involved in the underwater inelastic
light scattering: Raman scattermg, fluorescence of chlorophyll a and other phytoplankton pigments®, and dissolved
organic matter (DOM) fluorescence’. Among them, Raman scattering by water molecules typically has a wavenumber shift
of 3347 cm-1 and a widely accepted value 2.6 x 10"m™ for total scattering cross section with 488nm excitation, and has
been simulated well using the radiative transfer model*’; chlorophyll a fluorescence has long been known to contribute to
the light field in the 685nm region, while DOM fluorescence is a broad band emission that varies with both the nature and
the concentration of the fluorescing compounds’.

Direct measurement of inelastic light scattering in natural waters was not found in literature until 1992, when a
system with very high spectral resolution (0.008nm/CCD pixel) was built and solar Fraunhofer lines were used to separate
the elastic and inelastic light”’. The basic idea is to measure the spectral irradiance (downwelling E, or upwelling E) at
Fraunhofer wavelengths both at the sea surface and in-water, and find out how much the absorption line depth varies
(Fig.1). Two parameters, 7), which is the ratio of line peak to background, and equivalent width (w), which is the area of
line peak divided by background, are used to describe the portion of inelastic light in the total light field:
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where E(2) is the spectral irradiance, E,(A) is the background irradiance, A, and A, are the starting and ending points of the
Fraunhofer line, A, is the line peak wavelength (fig. 1a). Thus, at depth z, the ratio of inelastically scattered irradiance to
total irradiance, and the ratio of direct transmitted and elastically scattered irradiance to total irradiance, are derived as:
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where w(z) and w, are equivalent widths at depth and surface, respectively (fig. 1b).
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i Fig. la. Fraunhofer line at 656nm. E(A) is the Fig. 1b. Fill-in of the Fraunhofer line. The
i background from A, to A, and the peak wavelength 4, inelastically scattered light III is added to the direct
§ is 656.28nm. The equivalent width (w) is the shaded transmitted an.d elastically scattered light II (1% of
area divided by the background. fig. 1a), resulting in 1 which has a line fill-in.

Figure 1. Fraunbofer line shape at 656nm and the line filling features.

The same technique is used in this paper except that the system is rebuilt to improve its performance.
Experiments show that w is a better parameter than 1 since w is resolution independent and does not depend only on a
single point. A least square fitting procedure is used to “clean” any noisy spectra (Fig. 2). Also presented here is the data
collected from both off-shore and in-shore waters. Since there is no Fraunhofer line around the 685nm region, smaller
absorption lines at 689nm (Fig. 3) caused by oxygen in the atmosphere are used to detect the chlorophyll a fluorescence.
This is shown to be 4 promising technique to measure the natural chlorophyll fluorescence.
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Figure 2. Fraunhofer line at 589nm. I line at surface; Figure 3. Oxygen absorption line at 689nm. I:
II: line at depth (noisy); III: fitted from II using 1 as measured at 1:13pm with 30s exposure time: II:
a template. measured at 6:13pm with 60s exposure time.

2. INSTRUMENTATION AND DATA ACQUISITION

The original Fraunhofer line system described elsewhere' has been rebuilt and improved. First, since a single,
unprotected fiber is very fragile and not capable of taking measurements during harsh conditions on a cruise (in fact it was
broken at least once each time it was on a cruise), a fiber bundle protected by a metal shield together with eight wire
conductors is used instead (Fig. 4, part VI). We have the following components built into the instrument head (Fig. 4): two
fiber optic cosine irradiance collectors (downwelling and upwelling) for the light input to the monochromator, two cosine
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irradiance collectors for photocell detectors which are used to monitor the overall downwelling and upwelling irradiance
level, and a depth transducer. Eight 100um core size all silica fibers are used to transmit the light from the two cosine
collectors, with four in each one. Only 6 of the 8 fibers are used to measure the Fraunhofer line spectra, the remaining 2
can monitor the overall spectra for the whole visible band. However, they are not used now. A 512x512 TE cooled CCD
camera is used to record the spectra. Such a configuration enables us to measure downwelling and upwelling channels
simultaneously, which is a very important feature since the reference line shape at sea surface varies with time except
around solar noon (Fig. 3) (An alternative way to monitor the surface reference line is to use a deck cell as a separate
channel). A cross talk correction algorithm is used to separate the two spectra on the CCD.

Main parts of the Fraunhofer system:
1. An OMA 4000 CCD camera;
1. Fiber adapter as F-number matcher;
111, Fiber array ferrule; )
IV. Cable splicing box with 3 outputs:
1. 6 fibers as monochromator input;
2. 2 fibers to monitor the overrall
spectra int visible band, currently
not being used;
3. Wire conductors for power supply
and depth and photocell readouts;
V. Electronic control panel;
V1. 130m fiber-wire cable;
VII. Detector head which includes:
1. 2 fiber optic cosine collectors;
2.2 photocell cosine collectors;
3. A depth transducer;
4. 2 photocell electronic boards.

SPEX 1000M
Monochromator

Figure 4. The Fraunhofer system schematic chart. @

The instrument was deployed on the research ship RV CALANUS during spring, summer and winter in the
Florida Straits and Florida Bay region (Fig. 5). The whole system was aligned and adjusted to achieve its best performance.
Six tracks on the CCD were chosen to record the images from the six fibers, three for downwelling and 3 for upwelling.
Data were collected both in open ocean blue water and in coastal green and brownish waters where the sea bottom depth is
about 6 meters. A floating frame was used to hold the instrument to collect the surface upwelling irradiance data at shallow
stations. Care was taken to collect the data only when the sky was clear and the insirument was not in ship shadow. Also
the measurements were taken within 1 3 hours around solar noon to make sure that the surface reference line was stable.
Wind speed during the measurements was Sm/s to 10m/s and the solar zenith angle was between 15° and 25°. At some
stations, pigment concentration data, one of the inputs of the simulation model, were collected by another research group.
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3. RESULTS AND DISCUSSION

The data were reduced by using the fitting procedure and the equivalent width calculation program. Lab
experiments show that the maximum error of the algorithm for very noisy spectra is + 5%, while another £ 5% maximum
error is due to the surface reference variation. Thus, the maximum error at depth is about %+ 10%. Forward Monte-Carlo
simulation is used to simulate the equivalent width versus depth data’ with a correction on the normalization of irradiance
level at excitation and emission wavelengths on top of the atmosphere. When pigment concentration data is not available,
it is assumed 0.1mg/m’ for clear ocean water and tmg/m’ for coastal green water. DOM is.not considered in the model,
since the simulation results vary only a little bit even with DOM considered when DOM concentration is low, which is the
case for all stations. Chlorophyll fluorescence is not considered in the simulation either. The simulation results together
with the reduced data are shown in Figure 6, 7 and 8.
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Fig. 6b. w(z)lw, as a function of depth for the
Fraunhofer line at 656nm at clear water stations,
both downwelling and upwelling.. The simulation
uses the pigment concentration, wind speed and solar
zenith angle data from the 12/07/95 station. The 4,
dependence of the Raman scattering coefficient is
assumed to be A%, A_,° and A_°, respectively.
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Fig. 6a. Normalized equivalent width (W(z)tw,) for
the Fraunhofer line at 589nm at clear water stations,
both downwelling and upwelling. The simulation
uses the pigment concentration, wind speed and solar
zenith angle data from the 12/07/95 station. Only
Raman scattering is considered in the model with the
excitation wavelength at 492nm. Three different
Raman scattering coefficients (B,) are used.

Figure 6. Experimental data and model simulation results for Fraunhofer lines at clear water stations.

From the results in Figure 6a, it is easy to see that when the Raman scattering coefficient, B=2.6x10"m", from
Marshall and Smith' is used in the simulation, the model results agree very well with the experimental ones. Also shown in
the graph is that the experimental data at 589nm for clear water is very stable from station to station. Thus, B=2.6x10"m"
for emission at 589nm is confirmed for natural water. In figure 6b, the dependence of the Raman scattering coefficient on
the emission wavelength (4,,) is taken to be A An and A,.°. Negligible difference is found among the results, which
means this dependence is not critical in the Raman scattering simulation regardless of the discrepancy in the literature’.
From this work, we can see that in clear ocean water, al S0m depth, half of the total downwelling irradiance at 589nm is

269



270

from Raman scattering. At 656nm this depth is about 25m. Another interesting feature in Fig. 6b is that the data is not as
stable as that for 589nm. The data on 09-21-95 obviously diverge from the general trend and show us more filling, i.e.,
more inelastically scattered irradiance than the model predicted value. Since the model does not consider chlorophyll or
DOM fluorescence, the discrepancy is probably due to one or both of these sources.
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In Fig. 7, data from shallow stations are presented together with the model results. One might think that coastal
water is very rich in both chlorophyll and DOM and that the inelastic scattered light must be a big portion of the light field.
This is incorrect. Not only is the inelastic component in the downwelling light field negligible, but this is also true in the
upwelling light field. Even for upwelling, in the total light field, the inelastic light portion is less than 4% at surface,
which is less than the instrument error (5%). As a contrast, this value is generally greater than 10% in clear waters (Fig. 6).
This difference is due to-the bottom effect. The bottom reflected light occupies a big portion in the total upwelling light
field. Thus, the inelastic portion is very small. Simulation results show this is also true even when the water is rich in DOM
and chlorophyll, or the bottom reflectance is low. So, for shallow waters, the inelastic light is negligible in either
downwelling or upwelling light fields.
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Figure 8. Experimental data from clear ocean water and Monte-Carlo simulation results for the Fraunhofer line at
656nm (left) and for the oxygen absorption line at 689nm (right). Only Raman scattering is considered in the model.



From the results shown above, it can be seen that the technique for using the Fraunhofer lines as inelastic
scattering indicators is very powerful in studying in sifu inelastic light scattering processes in natural waters. Using the
same idea, smaller oxygen absorption lines around 689nm (Fig. 3) are utilized to study the in situ chlorophyll fluorescence
at 685nm. Figure 8 shows that even in clear water where at 656nm the inelastic light is mainly from Raman scattering, the
signal from chlorophyl! fluorescence is detectable at 689nm. Note that these data were taken at the same station. This will
enable us to measure the natural fluorescence in the future.

4. CONCLUSION

The prototype Fraunhofer instrument system' has been rebuilt and improved. The correct Raman scattering

coefficient at any A is determined by using the clear water data and the Monte-Carlo simulation and can be used as a basis

[ when other inelastic components, €.g., fluorescence, are considered. Small absorption lines at 689nm are used to detect the
chlorophyll fluorescence at 689nm. This has proved to be a promising technique to measure the-natural fluorescence.
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