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Contribution of Raman Scattering to
Upward Irradiance in the Sea*

Shigehiko Sugiharat, Motoaki Kishinot and Noboru Okamit

Abstract: Measurements of underwater irradiance revealed that the vertical attenuance in
upward irradiance for wavelengths above 520 nm decreased with increasing depth, while the
attenuance in the remaining wavelength region and also the attenuance in the downward
irradiance in the whole wavelength range kept almost censtant values. In this paper, it is
suggested that the decrease in the attenuance for the upward irradiance above 520 nm can be
ascribed to the Raman scattering of water molecules excited by the intense blue-green light
in the downward irradiance.

The pure water Raman scattering furction at a scattering angle of 90° is measured and
the results are used for the theoretical computation of upward irradiance generated by Raman
scattering. Then, the difference between observed upward irradiance and the upward irradiance
obtained by extrapolation from that in the shallow layers is computed under the assumption

of constant irradiance attenuance. Since this difference is expected to represent the upward
irradiance generated by Raman scattering, its value is compared with the upward irradiance
due to Raman scattering obtained by theoretical computation. The similarity between the
two upward irradiances so evaluated supports the view that Raman scattering makes a signifi-
cant contribution to upward irradiance in the longer wavelength region.

1. Introduction

Vertical attenuance in underwater irradiance
varies, in general, with depth. This is due to
the fact that materials such as suspended par-
ticles and yellow substance are not uniformly
distributed with depth and also that the radiance
due to the light scattered from the direct sun-
light attains a maximum at a certain depth in
the upper layer of the sea. In the lower layer,
however, the variation in the irradiance attenu-
ance with depth usually becomes very small;
the irradiance on a logarithmic scale shows al-
most a linear decrease with depth. In fact,
most of the results of our recent downward
irradiance measurements in oceanic water showed
that the attenuance becomes constant with depth
in the lower layer. The attenuance of upward
irradiance, however, decreased even in the lower
layer in the yellow region of the spectrum as
the depth increased.

In this paper, it will be shown that the de-
crease in the attenuance for the upward irradi-
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ance in the yellow region of the spectrum can
be attributed to the contribution of Raman
scattering of water molecules excited by the
downward propagating blue-green light.
Spectral downward and upward irradiance
data used in this study were collected in Sagami
Bay on 23 and 26 May 1982, during the R/V
Tansei Marw cruise KT-82-5, using an irradi-
ance meter which can measure the downward
and upward irradiances simultaneously. A de-
tailed description of this meter has already been
given by Kishino and Okami (1984). The
locations of the stations at which irradiance
measurements were carried out are shown in

Fig. 1.

2. Attenuance in downward and upward

irradiances

Figure 2 shows the vertical profiles of down-
ward and upward irradiances on a logarithmic
scale observed at Station 28. At almost all the
wavelengths selected in the figure, the down-
ward irradiance decreases linearly with increasing
depth below 30m. Further, the attenuance in
the upward irradiance at all the wavelengths
except 600 nm and 650 nm also seems to follow
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a linear decrease from 6.0m to 50 m. The de-
crease in irradiance at 650 nm can be ascribed
to the fluorescence of phytoplankton pigments
(Kishino et al., 1984). Below 50m, however,
the attenuance for the upward irradiance shows

a slight decrease at the wavelength of 580 nm.
As will be shown below the considerable de-
crease in attenuance in the upward irradiance
between 68.2m and 83.8m can be ascribed to
the influence of sea floor reflection.
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Fig. 3. Spectral attenuvation coefficient for downward (a) and upward (b}
irradiance in four layers: 10.9 m~15.8m, 30.5 m~39.2m, 48.4m-68.2 m
and 68.2m-83.8m, at Station 28. The two broken curves above 500 nm,
represent attenuation coefficients for downward irradiances for oceanic
water types IB (lower curve) and II {upper curve) from Jerlov (1968).
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The decrease in the attenuance for the up-
ward irradiance with depth is more clearly
recognized in the spectral irradiance attenuation
coeflicient. In Fig. 3, for example, the attenua-
tion coefficients for downward irradiance, Ku,
and upward irradiance, K, in four of the layers
are plotted as a function of wavelength. At
each wavelength below 500 nm, Kq in the lower
three layers (30.5m-39.2m, 48.4 m-68.2m, and
68.2 m-83.8 m) is almost equal to Ky in the upper
three layers (10.9m-15.8 m, 30.5m-39.2m, and
48.4 m-68.2 m). In the longer wavelength region,
however, K, becomes smaller than Ky;. A
smaller K, in this region is also recognized by
comparison with K; given by Jerlov (1968).
Broken curves above 500 nm in Fig. 3(b) represent
his values of Kq for the oceanic water types
IB (lower) and II (upper) which he classified
optically. 'With increasing depth, the discrepancy
between K¢ and K, becomes larger. The wave-
length at which K, becomes smaller than Ku
is about 600 nm in the 10.9-15.8m layer and
about 520 nm in both the 30.5-39.2m and 48.4-
68.2m layers. It is noticeable that some K,
are smaller than the attenuation coefficient of

pure water. For example, K, at 580 nm in the
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Fig. 4. Spectral attenuation coefficient for
upward irradiance at each station.

layers 30.5-39.2m and 48.4-68.2m is smaller
than 0.08 m~! while the pure water attenuation
coefficient reported by Sullivan (1963) is 0.109m*
at this wavelength. Since the scattering co-
efficient given by Morel (1974) is about 0.00125
m™!, the absorption coefficient of pure water is
about 0.108 m™* at 580 nm. Accordingly, Ku in
these two layers is smaller than even the ab-
sorption coefficient of pure water. As shown
in Fig. 4, a smaller K, in the yellow region of
the spectrum is also observed at all of the
stations where irradiance was measured.

Since the vertical variation of Ky is small at
wavelengths below 500 nm and their values are
almost equal to Kz in the lower three layers,
the vertical variation of the concentration of
suspended materials and yellow substance can
be considered to be small. Accordingly, the
smaller K, in the yellow region of the spectrum
suggests the production of light which contri-
butes to the upward irradiance.

One of the possible processes producing the
additional light is the fluorescence of materials
such as chlorophyll and the yellow substance
present in sea water. However, the fluorescence
emission spectrum of chlorophyll @ in wivo has
a sharp peak with a width of about 25nm near
685 nm (Kishino et al., 1984). Therefore, we
can consider that the contribution of chlorophyll
a fluorescence to the upward irradiance is negli-
gible in the wavelength region below 600 nm.
In addition to this, the reported emission spectra
of sea water or dissolved organic materials show
that maximum emission occurs below at least
500 nm and the emission is weak in the yellow
region of the spectrum (Kalle, 1937; Shapiro,
1957; Traganza, 1969; Brown, 1974). Accord-
ingly, the decrease in the attenuance for the
upward irradiance in the yellow region cannot
be explained by the fluorescence of chlorophyll
a and yellow substance.

Since the water depth at Station 28 is 84 m,
the effect of sea floor reflection on the upward
irradiance must be considered. Joseph (1950),
and also Plass and Kattawar (1972) showed a
decrease in the attenuance of irradiance near the
sea floor. If the floor is not so strongly colored,
the light reflected by the floor affects the upward
irradiance for the whole region of the spectrum
non-selectively. As shown in Fig. 3, this situa-
tion is found in K in the layer between 68.2m
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and 83.8m. In the whole visible region of the
spectrum, K, is about half of that for the upper
three layers, but the shape of the curve of K,
is similar to that of K, in the layer between
109m and 15.8m. Further, K; in the same
layer keeps almost the same levels as those for
the upper three layers, as is also shown in Fig.
3. These facts suggest that K, in the layer
between 63.2m and 83.8m is affected by sea
floor reflection. The reason why only Ky keeps
the same levels is due to the fact that the down-
ward irradiance is little affected by the sea floor
because reflected light must be scattered down-
wards before it can reach the detector. On the
other hand, K, differs only slightly for the upper
three layers in the wavelength region below
500 nm and also K, for the upper three layers
is almost equal to K4 at each wavelength below
500 nm. Therefore, we can consider that the
sea floor effect is negligible for the upper three
layers.

Now let us consider Raman scattering of
water molecules excited by very intense down-
ward blue-green light. There are grounds for
believing that some fractions of light in the up-
ward irradiance are produced by such scattering,
and the experimental evidence for this can be
summarized as follows:

(i) Occurrence of K, smaller than Ky is
limited to wavelengths above 520 nm and
also to the deep layers.

(i1) The difference between K, and Ky in-
creases with increase of both wavelength
and depth.

(i) In the wavelength region beiween 520
nm and 600 nm where K, is smaller than
Kga, the fluorescence of materials present in
the sea water is too weak to contribute
greatly to the upward irradiance.

(iv) Judging from the spectral distribution
of downward irradiance, the Raman spect-
rum is expected to be present in the yellow-
green region where K, is smaller than K.

(v) The relative intensity of the blue-green
light, which excites the water molecules and
generates Raman scattering in the yellow
region of the spectrum, is very large while
the relative intensity of upward irradiance
is very small in the yellow region.

As stated above, K, in the layer between

68.2m and 83.8m is very small, because the

downward flux is reflected by the sea floer and
some of this reflected fraction can contribute
to upward irradiance (E,) at 83.8m. In this
case, FE, that is produced through the process
of ordinary scattering and also by the Raman
scattering becomes small because the light path
between the detector and the sea floor becomes
short. This explains why the spectral shape of
K, is similar to that of K; near the sea floor,
even above 500 nm.

It should be noted here that the Raman scat-
tering flux can only be detected in the upward
light field because of the low level of the light
field while it remains undetected in the high
level light field of the downward flux.

3. Raman intensity at a scattering angle of 90°

In order to estimate the contribution of Raman
scattering to the upward irradiance, we need
to know the volume Raman scattering function
of water molecules. The Raman cross section
of water at 488 nm was measured by Slusher
and Derr (1975). However, spectral dependence
of Raman scattering has not yet been determin-
ed experimentally. The Raman scattering func-
tion B8 at 90° for distilled water was measured
with a Hitachi fluorometer (Fluorescence spectro-
photometer Model 650). The spectral sensitivity
of the detector was standardized by comparing
it with a reference light emitted from a white
diffuser irradiated by an INBS standard lamp.
In order to eliminate the ultraviolet light, two
glass plates 1 mm thick were placed between
the sample cell and the emission monochromator.
The distilled water was irradiated by the mono-
chromatic light at seven wavelengths A between
400 nm and 550 nm at intervals of 25 nm. The
half band width of excitation wavelength was
5nm for every 4. With the wavelength set on
the excitation monochromator, the remainder of
the wavelength (> ;) was scanned automatically.
Qutput from the detector of the photomultiplier
tube was fed to an z-y recorder.

Figure 5 shows the observed Raman spectra
of distilled water, when it is excited by mono-
chromatic light of various wavelengths. As the
wavelength of the light 2, increases, the maxi-
mum intensity of the Raman spectrum decreases
but the band width increases. From the ex-
perimental data obtained here, we see that the
relation between 4, and the wavelength with
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Fig. 5. Raman spectra when water molecules
are excited by monochromatic light of various
wavelengths. Numerals beneath curves indi-
cate wavelength of excitation (nm).

maximum intensity in the Raman spectrum
{Amsx) can be approximated as

A
—3357-107"-%+1 ~

xms.x(xo) == ( 1 )
Since the shape of each Raman spectrum can

be represented by a Gaussian function, §, at the

emission wavelength 4 is expressed by

B4, 2, 7/2)
=A(lo)~exp[—{—z:j—l(l;—$(m}z], (2)

where A is the maximum intensity which occurs
at Amax, and o isthe standard deviation. Integra-
tion of Eq. (2) with respect to 4 to obtain the total
Raman scattering intensity at the scattering
angle 90° (B(4:)) gives

B(X@:A(Xg}gexp[ {’2 j&*’)‘u“}} ]dx

= Ao} o{dg) o' 2, (3>

Computed B as a function of Amax is presented
in Fig. 6, in which two curves, one indicating
a spectral dependence proportional to Amax~* and
the other a dependence proportional to Amex~3,
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Fig. 6. Total Raman intensity at a scattering
angle of 90° as a function of peak wave-
length in the Raman spectrum.

are also presented. Computed B fits the Amax™
rather than the Amsx~* curve. The intensity of
the Raman spectrum has previously been formu-
lated by Behringer (1967). When the denomi-
nator of @ in his Eq. {8) is not small, the in-
tensity should vary as the inverse fourth power
of the output frequency. The reason why the
Raman spectrum intensity obtained deviates from
A~% dependence is not clear. However, the
deviation of spectral dependence of B from Amax™*
suggests that the denominator of a is smaller.at
shorter wavelengths.

In order to obtain the Raman intensity in
absolute units, the volume scattering function
of pure benzene at 90° was used as a standard.
The volume scattering function of pure benzene
at 90° was reported by Cantow (1956). The
conversion factor to absolute units obtained from
his scattering function was divided by the square
of the ratio of the refractive index of water to
that of benzene, in order to take account of the
difference in refractive index between water and
benzene,

The value of B at 488 nm obtained by inter-
polation from B observed at 475 nm and 500 nm
was 0.000067 m~* str~, An experimentally
measured value of 4.5%107%* m® molecule™ str?
for the Raman cross section of water was re-
ported by Slusher and Derr (1975). Their value is
equivalent to a volume scattering function of
0.00015m ! str~!, which is about two times
larger than the result obtained here. One of
the reasons for the discrepancy is that the ex-
citation light used by Slusher and Derr was
polarized whereas we used unpolarized light,

4. Contribution of Raman scattering to up-
ward irradiance
Upward irradiance produced by Eg through
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difference between observed Ey and Eu evaluated from Ey in shallow
layers assuming an exponential decrease down to the deeper layers.

the process of Raman scattering is roughly evalu-
ated on the basis of the single scattering model
presented by Jerlov and Fukuda (1960).

With increasing depth from =z to 2’ (z'>z2),
the downward irradiance decreases from E. to

E: as
E,r(Ao)=Ez(do)+exp [— Kaldo)- {2'—2}], (4)

where Ky is the attenuation coefficient for down-
ward irradiance. The intensity scattered in the
direction of (8,¢) by the Raman effect of water
molecules in a small volume element at 2’ pro-
duces radiance which will be written as L at z
which is at a distance of r from the element
at =/. If the Raman scattering is assumed to
be isotropic, then L due to primary scattering
is expressed by

L(8, 4, )= f(2,, X)S:Ez'(lo) exp{—c(A)r}dr

B(Ze, 1) Ex(4y)

= () — Ka(Ap) cos 0 ° (5)

Accordingly, the upward irradiance produced by
Raman scattering, dEz(4o), is given by

27
dEx(A, 1)—_-S S L{8, 2, 3)|cos B]sin § 46 dg
0 Jr/2

B, DT ..
Kd(l}a)z [I\d(lo}

c()
+eldlog e

=2nE;(A)
(6>

The total upward irradiance produced by
Raman scattering (Er) is derived by integration
of Eq. (6) with respect to 4. For this purpose,
¢ must be known. For simplicity, ¢ in Eq. (6)
was assumed to be equal to Ky at 2. Thus,
Eq. (6) could be solved. The results of com-
putation are shown in Fig, 7(a).

At the depth of 30.5m, the computed upward
irradiance generated by Raman scattering peaks
in the vicinity of 550 nm. With increasing
depth, the peak shifts toward longer wavelengths;
the peak is found at around 575 nm at 68.2 m.
The shift of the peak corresponds to the spectral
change in E; which shows a relative decrease
in the shorter wavelength region with increasing
depth.

On the other hand, the upward irradiance due
to Raman scattering can also be evaluated from
the observed upward irradiance as follows. The
upward irradiance in the layer between 6.0m
and 15.8 m shows a linear decrease on the semi-
logarithmic plot with increasing depth. If the
upward irradiance continues to decrease linearly
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with depth below this level, then the upward
irradiance in the absence of Raman scattering
can be obtained in the deeper layers by extrapo-
lation. Accordingly, the difference between the
observed upward irradiance and the extrapolated
irradiance should give a measure of the upward
irradiance produced by Raman scattering (denoted
by 4E,). In order to reduce the oscillatory
variation of 4E, with wavelength, 4E, was
smoothed by taking a running mean, as plotted
in Fig. 7(b). The oscillatory variation is due
to an inaccuracy in the computed Kyss which
have a large effect on the computed values of
E,. The shapes and the magnitude of Er and
4E, are generally similar.

The general agreement between the two differ-
ent calculations of upward irradiance due to
Raman scattering supports the view that Raman
scattering is responsible for K, being smaller
than K in the yellow region of the spectrum
in the deep layers.
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