Optical classification of natural waters!
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Abstract
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A technique has been developed that leads to an optical classification of natural waters in
terms of the dissolved and suspended biogenous material present. As a first approximation,
this classification has been made in terms of the total chlorophyll-like pigment concentration.

A relationship between the spectral diffuse attenuation coefficient for irradiance and the
chlorophyll-like pigment concentration has been found with spectral irradiance data from
diverse types of ocean waters. The specific spectral attenuation coefficient due to phytoplank-
ton is shown to be consistent with laboratory measurements of the diffuse absorption coef-

ficient of various lot cultures of phytoplankton.

Smith and Baker (1978) introduced the
term bio-optical state to represent a mea-
sure of the total effect of biological ma-
terial on the optical properties of natural
waters. No gencrally accepted technique
now exists for relating the biological con-
stituents to the optical properties within
the euphotic layer. We here present a
method for optically classifying natural
waters, whose dissolved and suspended
materials are primarily of biogenous ori-
gin, in terms of the total chlorophyll-like
pigment concentration in these waters.

The spectral characteristics of ocean
propertics can be represented by a few
principal components. An alternative to
multivariate analysis is needed that
would allow each component to have
some physically measurable biological
significance. Smith and Baker (1978) con-
sidered the total diffuse attenuation coef-
ficient for irradiance, Ky, without consid-
eration for its spectral nature. We have
now found that Kx(\) can be writtcn as a
lincar function of the chlorophyll-like
pigment concentration in the water col-
umn by using Beer’s Law and taking into
account nonlinear biological effects.

Spectral diffuse attenuation
coefficient for irradiance

Smith and Baker (1978) gave detailed
reasons for choosing the total diffuse at-
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tenuation cocfficient for irradiance to
characterize the bio-optical state of ocean
waters. Thesc rcasons are equally com-
pelling when the spectral characteristics
of ocean waters are considered. Further-
more, techniques for determining Ky as
a function of wavelength, from measure-
ments of spectral irradiance as a function
of depth, have been developed (Tyler
and Smith 1966, 1970; Morel and Cal-
oumenos 1973; Burr and Duncan 1972)
and there are some spectral irradiance
data available for analysis (Tyler and
Smith 1970; Discoverer Exped. 1973:
Scripps Inst. Oceanogr. Ref. 73-16; Morel
and Pricur 1975).

Kr(\) is the optical parameter that re-
lates the spectral irradiance just beneath
the ocean surface, E4(0,\), to the down-
welling spectral irradiance at depth

Ed(Z,)\):

Eq(z,\) = E4(0,\)e Kbzl (1)

The value of Ky(\) can be written as

Kr(A) = Ky(\) + K;(A) + ke(X) x Cg,
@)

where Ky(A) (m™!) is the total diffuse at-
tenuation coefficient for spectral irradi-
ance, Ky(\) (m™) is the diffuse spectral
attenuation coefficient for clear ocean
waters (c.g. Sargasso Sea), k.(A) [m™' (mg
pigment m~3)"'] is the specific spectral
irradiance attenuation coefficient due to
chlorophyll-like pigments, Cx (mg pig-
ments m™¥) is the average concentration
of Chl a and pheopigments in the ocean
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water to a depth of 1 attenuation length,
and K,(\) (m™) is a variable reprcsenting
the average contribution to spectral at-
tenuation not directly attributable to
chlorophyll-like pigments.

Nonlinear biological effccts alter the
expected linear relationship between Kr
and Cg. On the basis of the results of
Hobson et al. (1973), we have assumed
two separate lincar relationships of the
form given by Eq. 2. One contains low to
medium concentrations of chlorophyll-
like pigments, where the ratio of viable
to detrital plus viable organic carbon is
relatively low; another linear relation-
ship holds in pigment-rich ocean waters,
where the ratio of viable to detrital plus
viable organic carbon approaches one.

In a manner analogous to our previous
analysis for total irradiance Ky, we have
analyzed our Vis Lab spectral irradiance
data (Smith and Baker 1978: table 1, fig.
5), noting that there is a smaller body of
spectral data available. Regression curves
are fit at cach wavelength (every 5 nm)
from 350 to 700 nm:

Kz(A) = Kw(\) = k(M) X C,
Cek<1l; (3a)
Kr(A) = Ky(N) = Kyo(N) + ka(A) X Cg,
Cx>1. (3b)
Combining 3a and b yields
ki(\) = K;2(\) + ko(N),
Ck=1, (3¢)

where the subscripts 1 and 2 refer to the
regions Cx < 1 and Cg > 1 respectively.
The first region is composed of low Cg
values wherc much of the detrital mate-
rial covaries with chlorophyll. This is in-
dicated by values for the noncovarying
term, K, (A), which wecre generally with-
in 1 or 2 SD of zero, and by the larger
values for k((A) relative to k»(\). The sec-
ond group consists of higher Cx values
where the K o(\) term is significant and
where the relative contribution of detrital
material to the slope kx(\) is much less.
Because the relative contribution of uni-
dentified organic carbon becomes small
for high values of Cg, we can consider
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Fig. 1. Spectral values of specific attenuation
cocfficients k((A) and ky(A) and spectral attenuation
coefficient K o(M). ky(N) is specific diffuse attenua-
tion coeflicient due to an average ensemble of ma-
rine phytoplankton. k, (X 10 to place it in scale of
figure) is specific attenuation coefficicnt due to dis-
solved organic material (Stuermer 1975).

ko(\) to be the specific attenuation coef-
ficient due to chlorophyll-like pigments.

Our spectral data are fit with two lines,
rather than a single line. An analysis of
covariance indicates that the sum of
squares about the single regression line
for the pooled data was significantly
greater than the sum of squares about the
two regression lines.

By use of the Ky(\) derived from spcc-
tral irradiance data as a function of depth,
we calculated the spectral values of k,(\),
K,2(\), and ky(N) between 350 and 570
nm. These constants are plotted in Fig.
1 and presented in Table 1 as a function
of wavelength. The same technique that
was uscd to obtain k; and k, for total ir-
radiance (see fig. 5: Smith and Baker
1978) by making a least-squares regres-
sion fit to the data at each wavelength
(every 5 nm) has been used here with the
Vis Lab spectral irradiance data. We car-
ried out a separate dctermination of ko))
above 570 nm, where our spectral data
arc limited, by using Eq. 3b and data
from a few stations with high Cx values
for which Kz(\) data between 570 and 750
nm had been obtained. This provided a
relatively good determination of ky(\),
even though it is based on data from a
few oceanographic stations.

The condition given by Eq. 3¢ pro-
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Table 1. Spectral attenuation coefficient, Ky(m™)
and K, o(m™"), and spectral values of the specific at-
tenuation coefficients k,(A) and ka(\).

Alnm} Ky (A) Kz (A) k(A) ky(A) AK(A)

350 0.059 0.177 0.249 0.066 0.024
365 0.055 0.177 0.249 0.066 0.024
360 0.051 0.177 0.249 0.066 0.024
365 0.045 0.178 0.248 0.063 0.028
370 0.044 0.179 0.245 0.061 0.020
375 0.043 0.179 0.240 0.058 0.013
380 0.040 0.179 0.237 0.055 0.014
385 0.036 0.179 0.232 0.053 0.000
390 0.031 0.177 0.227 0.051 -0.009
395 0.029 0.175 0.223 0.050 -0.009
400 0.027 0.172 0.216 0.049 -0.025
405 0.026 0.167 0.210 0.048 -0.027
410 0.025 0.162 0.205 0.047 -0.024
415 0.024 0.156 0.200 0.046 -0.013
420 0.024 0.150 0.194 0.045 - 0.005
425 0.023 0.145 0.187 0.044 0.010
430 0.022 0.137 0.181 0.042 0.006
435 0.022 0.132 0.175 0.041 0.007
440 0.022 0.125 0.168 0.039 0.021

445 0.023 0.121 0.163 0.038 0.022
450 0.023 0.116 0.158 0.037 0.030
455 0.023 0.112 0.150 0.036 0.013
460 0.023 0.110 0.146 0.034 0.011

465 0.023 0.104 0.141 0.033 0.029
470 0.023 0.100 0.135 0.031 0.027
475 0.022 0.095 0.130 0.030 0.038
480 0.022 0.091 0.125 0.029 0.034
485 0.024 0.087 0.120 0.027 0.042
490 0.025 0.084 0.115 0.026 0.043
495 0.027 0.080 0.110 0.025 0.045
500 0.029 0.077 0.105 0.024 0.035
505 0.033 0.074 0.102 0.022 0.056
510 0.037 0.071 0.096 0.021 0.039
515 0.043 0.069 0.093 0.020 0.045
520 0.048 0.066 0.088 0.019 0.033
525 0.050 0.064 0.085 0.017 0.047
530 0.050 0.061 0.084 0.016 0.085
535 0.052 0.060 0.080 0.015 0.062
540 0.055 0.059 0.076 0.014 0.042
545 0.059 0.056 0.073 0.013 0.049
550 0.063 0.055 0.070 0.012 0.044
555 0.067 0.054 0.070 0.011 0.070
560 0.071 0.053 0.070 0.011 0.087
565 0.074 0.052 0.071 0.010 0.120
570 0.077 0.053 0.072 0.009 0.133
575 0.082 0.054 0.074 0.009 0.154
580 0.088 0.056 0.077 0.008 0.160
685 0.099 0.059 0.085 0.008 0:213
590 0.107 0.066 0.095 0.007 0.223
595 0.121 0.091 0.110 0.007 0.105
600 0.131 0.131 0.125 0.007 -0.106
605 0.146 0.150 0.148 0.007 -0.060
610 0.170 0.159 0.168 0.007 0.014
615 0.188 0.165 0.184 0.006 0.069
620 0.212 0.167 0.195 0.006 0.109
625 0.244 0.169 0.205 0.006 0.146
630 0.277 0.161 0.213 0.006 0.213
635 0.300 0.137 0.222 0.007 0.350
640 0.327 0.117 0.227 0.007 0.449
645 0.339 0.095 0.231 0.008 0.554
650 0.336 0.061 0.225 0.009 0.686
655 0.337 0.037 0.205 0.011 0.765
660 0.390 0.015 0.180 0.012 0.850
665 0.425 0.002 0.156 0.014 0.896
670 0.460 0.0 0.118 0.015 0.873
675 0.485 0.0 0.088 0.016 0.823
680 0.510 0.0 0.068 0.015 0.779
685 0.540 0.0 0.045 0.014 0.693
690 0.570 0.0 0.028 0.011 0.59
695 0.600 0.0 0.015 0.008 0.460
700 0.630 0.0 0.008 0.004 0.450

vides a measure of the internal consisten-
cy of our spectral analysis. To the ex-
tent that the independently determined
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sides of Eq. 3¢ are equal, there is satis-
factory internal consistency. Lack of
equality in 3¢ implies a lack of consisten-
cy; i.e. inaccuracics in determining the
spectral constants or the occurrence of
spectral components which have not
been included in the analysis or both.
The relative lack of agrecment between
the left and right side of Eq. 3¢, where

AK = kl()\) - kz()\) - K.r2()\)

k() > @

is shown in Table 1 (col 5). AK is <10%
below 560 nm but riscs to as high as 20%
between 565 and 630 nm; above 630 nm
the values given for k(A) and K »(\) may
be in error by as much as a factor of two.
These less reliable results are shown as
the dashed portions of the curves in
Fig. 1.

Specific attenuation coefficient
for ocean phytoplankton

In the above analysis ky()) has been in-
terpreted as a specific diffuse attenuation
coefficient due to an average ensemble of
ocean phytoplankton. The data used for
this analysis came from diverse oceano-
graphic regions and thus cover the full
range of biogenous water types. To the
extent that a single representative spec-
tral curve can be extracted from the data
representing these diverse waters, it
must be considered as some kind of sta-
tistical average.

Preisendorfer (1976) has shown that
the diffuse absorption coefficient, k, may
be given in the form

k = [a*(a* + 2b*)]"2, (5)
where a* and b* are the absorption and
back-scattering coefficients for diffuse
flux. Duntley et al. (1974) have shown
that for ocean phytoplankton b* << a*,
within the spectral region of interest.
Thus, Eq. 5 becomes

k(\) = a*()\), forb* (\) << a* (\).
(6)

The spectral diffuse absorption coeffi-



Optical classification

cients for sevcral representative marine
phytoplankters have been measured by
Duntley et al. (1974). Their data are re-
produced in Fig. 2 along with k() from
our analysis. We might have expected
these results to be more divergent. Our
curve was extracted from oceanographic
data from a wide range of waters while
the a*(\) values were determined in the
laboratory for phytoplankton cultures;
a*(\) is given per unit Chl ¢ whereas k,
(\) is given per unit Chl a plus pheophy-
tin, and it is probable that the remaining
detrital material and dissolved organic
material that covaries with Cg at high pig-
ment concentrations is responsible for
ko(\) being higher than a*(\) in the blue
end of the spectrum. Despite these dif-
ferences, ko(A) and the laboratory-deter-
mined a*(\) values have similar spectral
curve shapes and have close absolute nu-
merical values. This provides indepen-
dent evidence to support our interpreta-
tion of ka(N).

The spectral values of ky(N) given here
can be compared with the value of k, for
total irradiance, K, given earlier (Smith
and Baker 1978) and hence with the work
of previous investigators (Megard 1972;
Talling 1970; M. Lorenzen 1972; C. Lor-
enzen 1972). The value of k, for total ir-
radiance, Kz, can be obtained from the
spectral values of kx(A) as follows. Step
1—Eq. 3a and b are used to obtain the
spectral irradiance for various depths,
E4(z,\), for a selected value of Cx by
means of Eq. 1. Step 2—the total quanta
at each depth Q(z) (No. photons m™ s7%)
can then be obtained by

=1 ™ B d 7
0@ = o [ Eda ) x A xd, ()

where h is Planck’s constant, ¢ is the ve-
locity of light, and the wavelength inter-
val of 350 to 700 nm has been chosen in
agreement with the recommendations of
Working Group XV (1965). Step 3—a plot
of the total downwelling quanta Q(z) vs.
depth provides the diffuse attenuation
coefficient for total quantum irradiance,
Ky, for the selected value of Cy. Step 4—
repetition of steps 1-3 for the full range
of pigment concentrations allows con-
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Fig. 2. Spectral diffuse absorption coefficient,
a*(\), for various marinc phytoplankters (solid
curves) calculated from spectrophotometric data on
lot cultures (Duntley et al. 1974). Specific attenua-
tion coefficient due to phytoplankton, ky(A) (dashed
curve), obtained by spectral analysis described in
text using spectral irradiance data from a variety of
ocean areas (table 1: Smith and Baker 1978). Phy-
toplankton samples measured by Duntley ct al. arc
labeled 1B—Nitzschia closterium, 2B—Lauderia
borealis, 4B—Gymnodinium sp., 2C—Monochrysis
lutheri, 4C—Cyclotella nana, 8C—Skelotonema
costatum, 1D—Gonyaulax polyedra, 2D—Gymno-
dinium splendens, and 8D—Coccolithus huxleyi.

struction of a plot of Ky — Ky vs. Ck. The
slopes of this plot are the desired k; and
k, for total quantum irradiance, Ky. Fol-
lowing this proccdure with the data giv-
en in Table 1 (and shown in Figs. 1 and
2) gives a value of k; = 0.014 [m™" (mg
pigment m~3)"], This valuc is consistent
with our previous result of k, = 0.016
+ 0.003 for total quanta. The results are
not identical because fewer spectral data
were available for analysis.

The interpretation of k,(A) follows that
for ky(A). However, for waters with low
pigment concentration, the contribution
of detrital and dissolved organic material
relative to that of viable phytoplankton is
significantly greater than for waters with
higher pigment concentrations. Thus,
k(\) is the specific attenuation coeffi-
cient due not only to phytoplankton pig-
ments but also to covarying organic de-
trital and dissolved materials. We sec
from Fig. 1 that k,()\) is four to five times
larger than ky(\). This indicates that the
detrital material which covaries with pig-
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Fig. 3. Experimentally measured (solid curves)
and calculated values (dashed curves) of the diffuse
attenuation coefficient for irradiance, K#\), for sev-
eral occan waters varying in chlorophyll-like pig-
ment concentrations. Dashed curves calculated

from Eq. 3 and spectral values of parameters listed
in Table 1.

ment concentration has a significant,
even dominant, effect on the optical
propertics of biogenous oceanic waters
-except in relatively productive regions
where the ratio of viable phytoplankton
carbon to total particulate organic carbon
approaches one.

Equation 3c¢ serves primarily as a
boundary condition to link Eq. 3a and b
at the value of the pigment concentration
used to separate the data into high and
low groups. This point was chosen so as
to hold across the full wavelength spec-
trum, as well as to be consistent with the
division point of Hobson et al. (1973).
The data shown in Fig. 1 and listed in
Table 1 are a result of this optimization.

Comparison with experimental data

The reliability of calculations made by
Eq. 3 and the tabulated values of Ky (),
ky(\), Kyo(N), and ko(M) can be demonstrat-
ed by comparing such calculations with
actual experimental data. In Fig. 3 the
solid curves give experimentally deter-
mined values of K¢(A) for sclected waters
and the dashed curves give calculated
values of Ky(\) for the appropriate pig-
ment concentrations corresponding to
these waters. The agreement between
the calculated and experimental curves
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is satisfactory and indicates that Eq. 3,
along with the parameters listed in Table
1, provides a reliable mcthod for esti-
mating Kr(A) from a knowledge of the
chlorophyll-like pigment concentration.
It should be emphasized again that the
combined data used did not include areas
noticeably affected by terrigenous mate-
rial. The difference betwecn the calcu-
lated and measured curves increases be-
low 400 nm, where the calculated values
underestimate the influence of dissolved
organic material.

We do not have the ancillary biological
information necessary to analyze our op-
tical data for the purpose of quantitative-
ly determining the influence of dissolved
organic material (DOM) on the values of
Kz(N). An extension of the analysis pre-
sented here would be to determinc a spe-
cific attenuation coefficient due to DOM,
kp(M\), and to add such a term to Eq. 3.

Lacking field data, we have used the
data of Stuermer (1975; pers. comm.),
shown on Fig. 1, as an upper limit esti-
mate of kp(N). For the range of DOM nor-
mally found in open ocean waters, these
data suggest that DOM has a small effect
on the optical properties except in the
blue and far-blue region of the spectrum
wherec its influence may be dominant. In
principle, the indicated kp(A) value can
be multiplied by the concentrations of
DOM and then added to Eq. 3. In prac-
tice, this procedure will overestimate the
influence of DOM for two reasons. First,
Stucrmer’s data are for the fulvic acid
fraction of DOM, which was assumed to
represent about 5% of the total dissolved
organic carbon; the measured values
times 20 can be considered an upper lim-
it for the specific attenuation coefficient
due to DOM. Second, our measured k,(\)
[and to a lesser extent ky(A)] will include
the effect of any DOM that covaries with
Cy and so it already partially accounts for
the dissolved organic material.

Optical classification of
ocean waters

An optical classification of ocean water
types may be made with all the applica-
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tions suggested by Jerlov’s (1968, 1976)
earlier method. The present scheme has
the advantage of being related to the
components that are major contributors to
the ocean optical propertics. It provides
a good first approximation for spectrally
characterizing the bio-optical state of
ocean waters and provides a point of de-
parturc for more detailed analyses.

Figure 4 prescnts values of Kr(\), cal-
culated using Eq. 3 and Table 1, for
ocean water types ranging in chlorophyll-
like pigment concentrations from 0.03 to
10 mg pigment m~3, These curves show
how the spectral characteristics of occan
waters are influenced by concentrations
of chlorophyll-like pigments. At each
depth the downwelling spectral irradi-
ance takes on a maximum value at a
wavelength, A\;u.., determined by the
wavelength of the minimum value of
Ky(\). These values of Mg nax, considered
as a function of chlorophyll concentra-
tion, are in agrcement with the data pre-
sented by Morel and Smith (fig. 3: 1974).

With data from Table 1, a measurement
of Cg is sufficient to calculate Kp(A) from
Eq. 1. Knowing E4(0,\) from direct mea-
surement or estimating it from a knowl-
edge of latitude, time of year, and cloud
cover (Kondratev 1969, 1973), we can
then calculate, by means of Eq. 2, the
spectral irradiance as a function of depth.
E4(z,\) can, in turn, be integrated to ob-
tain an estimate of the total quanta or to-
tal energy as a function of depth and
these values can be used to determine a
diffusc attenuation coefficient for total
quanta or total energy.

Remote sensing of the bio-optical
state of ocean waters

A satellite affords the opportunity to
examine important features of the marine
ccosystem rapidly and repeatedly. If
Kr{(\), or equivalently a parameter such as
reflectance which can be related to Kp(A),
can be determined by satellite, then pig-
ment concentration can be cstimated
with useful accuracy provided atmos-
pheric effects can be accounted for.

IFor remote sensing purposes Eq. 3 can
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Fig. 4. Diffuse attenuation coefficient for irra-
diance, Kr, as a function of wavelength for various
values of chlorophyll-like pigment concentration,
Cg. Curves calculated from Eq. 3 and Table 1.

be considered an algorithm that links an
ocean optical property to the pigment
concentration. There are several theoret-
ical methods available for relating Ky to
the irradiance reflectance, R(\), of ocean
waters (e.g. Duntley 1942; Gordon et al.
1975; Prieur 1976; Preisendorfer 1976).
For the sake of illustration, we will adopt
the simple expression (Morel and Prieur
1977)

— 033 k'™
R(N) = 0.33 T,

where R is the irradiance reflectance, b’
the total back-scattering coefficient, and
a the absorption coefficient. The total
back-scattering coefficient is the sum of
molecular back-scattering, b’,,, and par-
ticle back-scattering, b',,

b'(\) = b"w(N) + b'n(N). )

The molecular back-scattering has been
determined by Morel (1974) and the spe-
cific back-scattering cocfficient of various
ocean phytoplankton has becn reported
by Duntley et al. (1974). We have taken
b',(A) =107 [m™' (mg Chl ¢ m™®™] in-
dependent of wavelength for the follow-
ing calculations. For simplicity, we have
assumed that phytoplankton account for
all the back-scatter and have neglected
scattering from covarying detrital mate-
rial. We estimate a(A) by means of an ap-
proximation given by Preisendorter (1976)

(8)
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Fig. 5. Irradiance reflectance, R(\), as a function
of wavelength for various values of chlorophyll-like
pigment concentration, Cg. Curves calculated from
Eq. 3, 8,9, 10 and Table 1.

ah) = 2 Kel). (10)

Equations 3, 8, 9, and 10 can then be
used to calculate R(\) for a range of chlo-
rc))phyll-like pigment concentrations (Fig.
5).
When the calculated values of R(\) are
compared with the directly measured
values of R(\), the curve shapes are in
good agreement while the absolute val-
ues disagrec by as much as several per-
cent becausc of the approximations
made. Although more accuratc agrec-
ment would be possible with a more pre-
cise treatment of the cquation of radiative
transfer linking Ki(A) and R(X), the above
method does demonstrate that R(\) can
be directly and meaningfully related to
the chlorophyll-like pigment concentra-
tion in the water.

Ocean color and pigment concentration

Austin et al. (pers. comm.) have dis-
cussed the problem of ocean color and
phytoplankton and have described a
technique for quantitatively specifying
occan color at sca by means of hues from
the Munsell book of color (Munsell Color
Co. 1967). In addition, ocean color can
also be calculated from the irradiance re-
flectance R(A) (see Jerlov 1968, 1976).

In Fig. 6 we have plotted on the CIE
chromaticity diagram (Com. Colorimetry
1966) the color coordinates of the reflec-
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Fig. 6. CIE chromaticity diagram (Com. Color-
imetry 1966) with loci of spectrally pure wave-
lengths represented by curve labeled from 450 to
650 nm, based on standard source “C” as achro-
matic stimulus. Tristimulus values of reflectance for
various values of Cx are plotted and labeled. Mun-
sell specifications for ocean color hue (Munsecll Col-
or Co. 1967), as suggested by Austin et al. (pers.
comm.), also plotted and labeled.

tances given in Fig. 5 for various values
of Cx along with the Munsell specifica-
tions of hue for describing ocean color
(Munsell Color Co. 1967). The locus of
points of various values of Cx show di-
rectly in a quantitative way the relation-
ship between ocean color and pigment
concentration. The dominant wavelength
is given by the intersection of a line
drawn from standard illuminant “C”
through the point in question with the
pure spcctrum locus. It varies from 470
nm for Cx = 0.01 mg pigment m™ to 560
nm for Cg = 10. Austin et al. (pers.
comm.) have pointed out that the chroma
and value of ocean color arc highly de-
pendent on the environmental and view-
ing circumstances and so are not indica-
tive of intrinsic water color. These factors
have, therefore, not been included in
their Munsell notation for ocean color.

Conclusions

The spectral characteristics of upwell-
ing radiant energy from natural waters,
which has penetrated to depth and been
back-scattered, contain information with
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respect to the dissolved and suspended
material in these waters. It is possible to
detect this upwelled signal with appro-
priate spacecraft sensors and thus, poten-
tially, to gain information about the ma-
terial in thesc waters. If this potential is
to be realized, the relationships between
ocean optical properties and the biologi-
cal parameters affecting these properties
must be understood.

We have presented a technique for re-
lating the spectral diffuse attenuation
coefficient for irradiance to the chloro-
phyll-like pigment concentration in a
way that is both physically and biologi-
cally meaningful. We have shown that Cx
can be quantitatively related not only to
Ky but also to the spectral reflectance,
R(M\), and to a specific description of
ocean color. Within the limitations dis-
cusscd above, this provides a basis for the
remote sensing of chlorophyll-like pig-
ment concentrations in ocean waters.
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