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Abstract. The relationships between beam attenuation, 
absorption, suspended particle concentration, size distribution 
and pigment content are examined for a region where the 
particle concentration and pigment maxima are widely 
separated. Mie scattering analyses are performed on this data 
to predict the profiles of backscattering. It was found that 
absorption and scattering are not and have no theoretical 
reason to be well correlated in a vertical section even if the 

particle concentration is perfectly correlated with 
phytoplankton biomass. Due to the rapid change in irradiance 
with depth, pigment concentration and therefore particulate 
absorption are not expected to be correlated with biomass or 
productivity as calculated from published laboratory results 
and theoretical models of phytoplankton pigment content. The 
beam attenuation is a good indicator of particle concentration 
and its vertical distribution relative to the pigment distribution 
is consistent with models of phytoplankton growth. An 
examination of data from a meridional transect of the North 

Pacific rand from the Northeast Pacific coastal upwelling region 
suggested the universality of these findings. The remote- 
sensing algorithms that predict backscattering from chlorophyll 
concentration were developed using near-surface data. Use of 
these algorithms for the prediction of vertical structure of 
backscattering is discouraged. 

Introduction 

The major tool for the global study of phytoplankton 
distribution is remote sensing of ocean color from satellites. 
Interpretation of the remotely sensed data depends strongly on 
our ability to measure accurately and routinely the spectral 
inherent optical properties in the ocean. Gordon and Morel 
[1983] have reviewed the models for inverting remotely 
sensed data to obtain the chlorophyll concentrations. All 
models contain parameters of the form Fœ• bt,/a, where Fœ• is 
a parameter that depends on the radiance distribution and the 
volume scattering function, 13(0), of the water and particles. bb 
is the backscattering coefficient and a is the absorption 
coefficient. The remotely sensed ocean color spectra thus 
depend primarily upon the absorption and the backscattering 
[Zaneveld, 1982; Gordon and Morel, 1983; Carder et al., 
1986]. The models currently used to extract chlorophyll 
concentrations from the ocean color spectra assume that for 
large regions of the ocean (case I waters [Morel and Prieur, 
1977]) the backscattering, biomass and absorption can be 
described as being dependent only on the chlorophyll 
concentration [Gordon et al., 1988; Platt et al., 1988; Morel, 
1988]. These models are robust because changes in spectral 
ratios of absorption are relatively large compared to changes in 
the spectral railos of backscattering. 

While the statistical dependence of backscattering, 
absorption and diffuse attenuation on the chlorophyll 
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concentration is extremely useful in the inversion of remotely 
sensed ocean color spectra, we will show in this paper that 
these relationships cannot be used to predict the vertical 
structure of scattering and backscattering as a function of the 
vertical chlorophyll structure. 

Gordon and Morel [1983] have shown that the total 
scattering coefficient, b, is related to the total seston 
concentration <s>. For case I waters Morel [1988] used the 
relationship b = 0.30 <chl> 0.62 where <chl> is the chlorophyll 
concentration to obtain <s> = 0.30 x 103<chl> 0.62. This implies 
that the seston increases monotonically with chlorophyll. 
Relationships derived for the depth-averaged structure are now 
being used to study vertical structure [Gordon, 1989; 
Sathyendranath and Platt, 1989]. We will show in this paper 
that the vertical structure of scattering, seston and beam 
attenuation are significantly different from the chlorophyll 
structure and cannot be derived by means of the monotonic 
relationships used in the inversion of remote sensing data. 

Pak [1984] and Pak et al. [1988] have shown that in most 
of the tropical and subtropical Pacific there is a seston 
maximum that is distinct from the chlorophyll maximum. The 
seston maximum typically occurs just beneath the mixed layer, 
whereas the chlorophyll maximum occurs at the bottom of the 
euphotic zone. The two maxima are often separated by 50 m 
in depth. The layer from near the top of the thermocline to the 
bottom of the euphotic zone often is a region of decreasing 
seston and increasing chlorophyll which does not satisfy a 
monotonic relationship. For the purpose of radiative transfer 
studies that involve the vertical structure of backscattering, the 
relationship between chlorophyll concentration and 
backscattering thus needs to be re-examined. 

Gordon et al. [ 1988] have shown that the backscattering is 
the most difficult parameter to estimate in the remote sensing 
algorithms. Gordon [1989] uses the remote sensing 
correlations to study the vertical structure of the diffuse 
attenuation coefficient. Sathyendranath and Platt [1989] have 
studied the influence of the vertical structure of chlorophyll on 
the surface reflectance, but they also assumed that the 
backscattering varies monotonically with chlorophyll. Given a 
collection of suspended particles, it has been shown that the 
shape of the beam attenuation spectrum is far more dependent 
on the slope of the size distribution than on the pigment 
concentration [Mueller, 1974; Kishino, 1980; Kitchen et al., 
1982]. The beam attenuation coefficient is thus not expected 
to be well-correlated with chlorophyll or total pigments. 
Siegel and Dickey [ 1987] have shown that in the central gyre 
of the North Pacific the diffuse attenuation coefficient Ka(z,x.) 
is not significantly correlated with the beam attenuation 
coefficient, but is well-correlated with total pigments. This is 
so because Ka(z,z.) is approximately proportional to (a + 
bt,)/cos0s [Gordon, 1989],where Os is the solar zenith angle, 
so that in an oligotrophic region it is an absorption-like 
parameter. The beam attenuation coefficient on the other hand 
is not necessarily absorption dominated. 

The beam attenuation coefficient is the sum of the 

absorption and scattering coefficients. Kullenberg [1970] 
found that in the Sargasso Sea particulate scattering was twice 
as high as particulate absorption at 633 nm and 4 times as high 
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at 440 nm. Petzold [1972] found absorption dominated waters 
in the Tongue of the Ocean. For radiative transfer calculations 
in which the radiance itself is of interest, so that the beam 
attenuation coefficient plays a major role, chlorophyll- 
dependent algorithms, which derive scattering properties from 
absorption-like properties, are thus not sufficient. For those 
calculations beam attenuation models might be more 
appropriate. A large number of studies [e.g., Peterson, 1978; 
Baker, 1984; Gardner et al., 1985; Bishop, 1986; Pak et al., 
1988] have shown the beam attenuation coefficient to be 
highly correlated with the total suspended particulate volume 
concentration which in case I waters is of biological origin. 
The chlorophyll concentration in turn depends on the total 
suspended volume and photo-adaptation. Irradiance levels 
play an important role in the determination of chlorophyll 
concentration, so that the vertical structure of chlorophyll need 
not be well-correlated with the total suspended volume of 
biologically derived materials. The pigment concentration can 
be measured by in situ fluorescence [Pak et al., 1988], 
whereas the particulate volume is measured by the beam 
attenuation coefficient as noted above. 

While knowledge of the backscattering coefficient is 
important in the interpretation of remotely sensed data in the 
visible part of the spectrum, very few measurements have been 
made. Jerlov [1961], Morel [1966], Kullenberg [1968], and 
Petzold [1972] have carried out measurements of the volume 
scattering function in situ at one or two wavelengths that 
included backscattering measurements. Downing [1983] 
measured backscattering in very turbid waters. Moore et al. 
[unpublished SRI final report to DARPA, 1982] have 
developed a backscattering device that operates in the infrared 
at 880 nm. Few of the backscattering studies included 
simultaneous measurements of chlorophyll. Thus we have 
few data to describe the distribution of backscattering in the 
ocean. 

Or the other hand we have many profiles of the beam 
attenaation coefficient (665 nm), particle size distribution, 
spectral diffuse attenuation and chlorophyll concentrations. 
Mie scattering models will be used with a data set from the 
Pacific Central Gyre to demonstrate that internally consistent 
estimated profiles of backscattering do not resemble the profile 
of chlorophyll a concentration, except in a shallow surface 
layer. Other existing data sets will be presented to show the 
universality of the non-correlation of particle and chlorophyll 
concentrations. This universality will be shown to be 
consistent with a model of primary productivity. Finally, the 
algorithms that are currently used to predict backscattering for 
various applications will be critically examined. 

Data and Analyses 

As part of the Optical Dynamics Experiment (ODEX), we 
sampled in excess of 100 stations within a region bounded by 
32 ø and 34 ø N Latitude and by 140 ø 40' and 143 ø W Longitude. 
This region is in the Northeastem Pacific Gyre in the vicinity 
of the Sub-Tropical Front. Beam attenuation coefficients (665 
nm), fluorescence, spectral scalar irradiance and hydrographic 
parameters were measured in situ. Chlorophyll a and 
phaeophytin concentrations, particle size distributions and 
particulate absorption (on filters) were obtained aboard ship. 
Chlorophyll a and phaeophyfin concentrations were obtained 
by filtration and extraction by the method of Smith et al. 
[ 1981]. Particle size distributions from 2 to 16 •m diameter 
were obtained with a resistive-pulse type particle counter using 
50 and 100 •m apertures. Particulate absorption spectra were 
obtained using the glass fiber filter technique (GFFT) 
described by Mitchell and Kiefer [1984, 1988]. Whatman 934 
AH filters were used for this purpose. 

The Subtropical Front, which separates the East Central 
North Pacific water from the less saline waters derived from 

Subarctic North Pacific water, was very convoluted and 

stations were designated as "northern", "southern" or 
"intermediate" based on their temperature-salinity structure. 
Beam attenuation, density and in situ fluorescence profiles are 
shown in Figure i for typical northern, southern and 
intermediate stations. Items of note are a "mixed" layer of one 
or two isopycnal layers of widely variable depth, an 
attenuation maximum near the top of the pycnocline and a 
fluorescence maximum well below the top of the pycnocline 
which does not vary in depth as much as the pycnocline. The 
attenuation profile varies in shape while the fluorescence 
profile is fairly constant except when the mixed layer 
approaches it. The average thickness of the mixed layer is 
significantly larger south of the front than to the north. The 
particle maximum is roughly 5 m below the bottom of the 
mixed layer in both cases. The particle concentration and 
attenuation are higher and the pigment concentration lower in 
the south for both the mixed layer and the particle maximum 
layer down to 80 m depth. 

The particle size distributions were fitted to a segmented 
power law relationship, 

dN = NoD-SdD (1) 

where dN is the particle number concentration between 
diameters D and D + dD and s is the shape parameter 
henceforth called the slope of the size distribution. One slope 
was obtained for particles between 2 and 6 •tm diameter and 
another for those from 6 to 16 •tm diameter. The slopes were 
similar for all samples down to 80 m depth with the southern 
stations having a slightly larger slope (i.e., the "average" size 
was smaller). The pigment to volume ratios increased with 
depth beneath the mixed layer and were larger for thicker 
mixed layers. Beneath 80 m no significant differences were 
noted between the regions north and south of the front, but the 
size distributions changed with depth. The chlorophyll and 
phaeophyfin maxima were at an average depth of 99 m in both 
cases. The pigment to particle-volume ratios attained a 
maximum near the pigment maxima and stabilized or declined 
slightly below that. To examine the distribution of optical and 
particle parameters we first grouped all samples into 10-m 
depth bins. Combining bins that were not statistically 
different, we found that we could characterize the optical 
variability by seven groups. This characterization of the data 
set is presented in Table 1. 

The observed relationships between beam attenuation to 
particulate volume ratios and pigment to volume ratios were 
compared to optical theory using the anomalous diffraction 
approximation [Van de Hulst, 1957] for the attenuation 
efficiency: The product of the attenuation efficiencies, size 
distribution and particle cross sections were numerically 
integrated from 0.5 to 30 gm diameter for real indices of 
refraction varying from 1.01 to 1.25 and for imaginary indices 
(proportional to pigment content) from 0 to 0.1. The resulting 
beam attenuation to particle volume ratios were plotted as a 
function of the real and imaginary parts of the index of 
refraction. The results indicated that the imaginary part 
(proportional to pigment content) did not affect the attenuation 
efficiencies, which is consistent with our earlier observations 
[Kitchen et al., 1982]. For instance, while the chlorophyll 
content in the particle maximum was almost twice the value in 
the mixed layer, the attenuation to volume ratios were the 
same. This is not an unexpected result since the compensating 
nature of scattering and absorption for a collection of low 
index particles (true for the size distribution as a whole, not for 
each individual size particle) was described by Van de Hulst 
[1957] and was also predicted for diatoms by concentric- 
sphere scattering models by Mueller [1974]. 

Increases in attenuation efficiencies from 80 m to 130 m 

depth were consistent with the increasing slopes of the size 
distribution for the particles less than 6 gm. However, the 
increase in attenuation efficiencies for samples deeper than 80 
m relative to those less than 80 m was less than expected from 
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Fig. 1. Profiles of fluorescence, beam attenuation (665 nm) and ot for Pacific Central Gyre stations typical of 
waters north, south and in the Subtropical Front, Oct.-Nov., 1982. 

the changes in the particle size distributions in spite of the five- 
fold increase in chlorophyll content of the particles. In fact, 
the beam attenuation coefficient (665 nm) was much better 
correlated with the measured (2.2 < D < 16 gm) total particle 
volume concentration than would be predicted by Mie theory 

using a constant real index of refraction with an imaginary part 
proportional to pigment content. If the observed size 
distribution is extrapolated to a 0.5 to 30 gm diameter range 
and the new volume concentration is calculated, the agreement 
between attenuation and volume concentration is even better 

TABLE 1. Means and Standard Deviations (in Parentheses) of the Slopes of the 
Segmented Particle-Size Distributions, the Particulate Attenuation to Volume Ratios and 
the Chloropigment to Volume Ratios for Samples From Various Depth and Water-Mass 
Regions in the Central Gyre of the North Pacific 

Region psd Slope Ratio of Particulate Ratio of Pigment 
Attenuation to Particle Concentration to 

n D < 6 gm D > 6 gm Volume, gm -1 n Particle Volume, g/L 

1-70 m, mixed layer, 

North 23 2.97 (0.21) 5.41 (0.41) 1.01 (0.14) 15 2.0 (0.6) 

South 32 3.14 (0.31) 5.42 (0.41) 1.13 (0.19) 33 2.9 (1.0) 

41-80 m, atten. max. 

North 17 2.99 (0.30) 5.16 (0.26) 0.98 (0.16) 12 3.3 (0.8) 

South 17 2.94 (0.30) 5.52 (0.64) 1.14 (0.16) 17 5.2 (1.4) 

81-90 m 14 3.44 (0.24) 5.09 (0.66) 1.12 (0.23) 12 8.2 (2.6) 

91-120m 63 3.63 (0.33) 4.96 (0.44) 1.17 (0.23) 52 9.8 (2.7) 

121-130m 28 3.92 (0.36) 4.96 (0.53) 1.33 (0.27) 19 9.3 (2.8) 

North and South refer to vertical temperature and salinity structure typical of stations north or south of the 
Subtropical Front. 
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(Figure 2). It would seem that when phytoplankton optimize 
for light absorption they also decrease their scattering 
efficiencies. This may be part of the self-shading adaptation 
for populations in the mixed layer. The end result is that a 
regression predicting particle volume concentration from beam 
attenuation would yield results correct within 5 ppb for this 
case while trying to correct for size distribution effects would 
produce much larger errors (approximately 10 ppb). 
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Fig. 2. Particulate volume concentration and particulate beam 
attenuation (665 nm) for the North Pacific Central Gyre north 
of the Subtropical Front. The extended particle concentration 
(0.5 to 30 gm spherical equivalent diameter) is multiplied by 
0.74 to ease the comparison with the beam attenuation 
coefficient. An index of refraction equal to 1.09 - m'i with m' 
proportional to the chlorophyll content was used in the 
anomalous diffraction model. 

We have modeled this effect by using a four-component 
Mie [ 1908] scattering model consisting of two size classes and 
two indices of refraction. These four components were 
combined in proportions that yielded the observed attenuation 
efficiencies and size distributions. The Fortran subroutine to 

compute the Mie scattering coefficients was taken from Bohren 
and Huffman [ 1983]. We used two size classes of 0.5 to 6.0 
gm and of 6.0 to 30 gm diameter with different slopes of the 
size distribution, and we used indices of 1.02 - im' and 1.15 - 
i0. Here m' was chosen to be proportional to the observed 
pigment to volume ratios at each depth consistent with the 
values for m' and chlorophyll to cytoplasm ratios given by 

Mueller [ 1974]. It was found that the index of refraction of 
the large particles had a negligible influence on the attenuation 
efficiencies. Since we cannot assign an m' value until the ratio 
of high to low index particles is known, m' for the four- 
component model was first computed assuming half of the 
particles are low index (chlorophyll-bearing). Then the Mie 
scattering computations were repeated using an m' consistent 
with the ratio of low to high index small particles necessary to 
produce the observed attenuation for two cases: one where the 
large particles all have a high index (model LH) and one where 
the large particles all have a low index (model LL). The values 
obtained for m' at 440 nm varied from 0.003 to 0.028. The 

light adaptation as reflected by scattering efficiencies was 
indicated by the observation that from the surface to 80 m 
depth, 80% of the small particles had to have a high index to 
produce the correct attenuation, while only 50% had to have a 
high index deeper than 80 m. High scattering efficiencies 
could also be due to a deviation from spherical shape resulting 
in higher cross section to volume ratios. The backscattering 
would be especially sensitive to shape. The previous 
observation, however, would indicate that the shallower 
samples deviated more from the spherical which would result 
in the shape factor enhancing the difference between the 
backscattering and chlorophyll profiles. This is also in 
agreement with the observation [Lewis, 1976] that larger 
phytoplankton deviate more from spherical as the chlorophyll 
maximum has relatively more small particles. The range of 
volume scattering functions obtained for the mixed layer north 
of the front are compared to some historical data from central 
gyres in Figure 3. 
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Fig. 3. Volume scattering functions computed from our two 
models compared to historical data [Petzold, 1972] for clear 
ocean waters. Model LH indicates that the particles larger than 
6 gm in diameter all have high indices of refraction while 
Model LL indicates the large particles all have low indices. 

Brown and Gordon [1973], using size distribution and 
scattering data obtained in the Sargasso Sea, concluded that 
70% of the particle volume had a low index while 90% of the 
scattering was due to high index particles. Zaneveld et al. 
[1974] analyzed the same data using a minimization technique 
and concluded that more than half the particles had a high 
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index. Considering the uncertainties, neither result is 
qualitatively different from the results obtained here. Most of 
the scattering is due to high index particles while both high and 
low index particles are significant in number concentration. 

The absorption profiles obtained by the above analysis 
(Figure 4) agree roughly with the results obtained by the 
GFFT method but neither explained the observed values of the 
diffuse attenuation coefficients obtained from the scalar 
irradiance measurements. The diffuse attenuation and the 

measured and estimated profiles of the absorption coefficient 
closely paralleled the chloropigment profiles but not the 
particle concentration profile. It is apparent that the modeled 
particulate absorption misses a large portion of the actual 
absorption. Both the chlorophyll measurement and the GFFT 
absorption method uses filters which may miss submicron 
particles [Phinney and Yentsch, 1985]. Thus the GFFT 
method may simply miss particles and the Mie modelling cotfid 
be biased by an underestimate of the imaginary part of the 
index of refraction. Absorption by dissolved organics could 
also be contributing. B.G. Mitchell [personal communication, 
1989] indicated that changing from the Whatman 934AH 
filters used on the cruise described here to a Whatman GFF 

filter on a subsequent cruise resulted in much higher 
absorption to attenuation ratios for the GFFF method. This is 
attributed to the higher retention efficiency for small particles 
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Fig. 4. Particulate absorption profiles at 440 nm and 665 nm 
wavelengths computed from the Mie scattering models, 
measured with the glass fiber filter technique and estimated 
from diffuse attenuation coefficients. Also shown are the 

chlorophyll and particle concentration profiles. Models LL 
and LH are as in Figure 3. For Model •K enough absorption 
is added to the submicron particles to match absorption 
computed from the observed diffuse attenuation coefficients. 

of the GFF filters. Thus the consistency of our Mie analysis 
based on a limited size range and pigment data collected on 
filters with Mitchell's GFFT absorption data is explained by 
the exclusion of small particles in both cases. The measured 
diffuse attenuation coefficients do not exclude small particles. 

To model this effect, we increased the imaginary component 
of the index of refraction of the submicron particles to match 
(at each depth) the absorption estimated from the diffuse 
attenuation data assuming an average cosine of • =0.8 for 
the radiance field. The profile of m' for the submicron 
particles is not forced to fit the profile of pigment content and 
is higher from the particle maximum to 80 m than at the 
fluorescence maximum. This may merely reflect an increase in 
• with depth. The results are labeled Model •K in Figure 
4. If the component of absorption that is missed by the LH 
and LL models is due to dissolved material rather than to small 

particles, models LL and LH would still be valid for the 
scattering properties since little attenuation from dissolved 
matter is expected at 665 nm and the particle scattering 
properties would be unaffected by dissolved substances. 

Cumulative (with respect to particle diameter) plots of the 
attenuation, absorption and scattering at 2 ø and 180 ø as 
computed from the •K model are shown in Figure 5. This 
indicates that particles in the 1 - 6 gm diameter range 
contribute significantly to attenuation and to scattering at all 
angles, submicron particles (cyanobacteria?) can contribute 
significantly to the total attenuation and absorption while the 
large particles (D > 6 gm) can contribute to the near-forward 
and near-backward scattering in spite of their very low 
concentrations in the study region. 
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Fig. 5. Cumulative (as a function of particle diameter) 
particulate absorption, attenuation, and volume scattering (all 
at 440 nm) for the mixed layer (MXD) and the fluorescence 
maximum (FM) in the Pacific Central Gyre based on our Mie 
scattering model assuming the unexplained absorption is found 
in the dissolved matter or submicron particles (model P K). 
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The range of backscattering profiles obtained from models 
LH, LL and •K by numerical integration of the volume 
scattering function from 90 to 180 ø is shown in Figure 6. As 
is obvious from the figure, backscattering is distributed very 
much like the particle concentration which is proportional to 
the beam attenuation and is not distributed like the pigment 
concentration. Also shown is the backscattering profile 
derived from the pigment concentration via Morel's [1988] 
equation: 

b _. 

06 0.0• --• (2) 

same water masses. The universality of the non-correlation of 
chlorophyll and particle concentration can be demonstrated by 
a quick look at data from a meridional transect of the North 
Pacific and from a coastal cruise. The relationship between 
pigment content and particle concentration (or similarly 
fluorescence and beam attenuation since they are more easily 
obtained) is shown for the meridional transect of the Pacific 
Ocean in Figure 7. We see a A shape with the left leg 
representing samples beneath the chlorophyll maximum and 
the right leg those above it. The left leg is fairly linear and 

There is only slight disagreement between Morel's 
prediction and the model LH down to the particle maximum, • • 4 
but they are quite divergent after that. Significant • 
disagreement is not seen in the first optical depth which may • 
explain why the model works for ocean color remote sensing •' • 3 

applications. Note that the increased small particle absorption • 
in model •Kresultsin decreasedbackscatteringat the pig- • 2 
ment maximum, a contradiction to Morel's model equation (2). 
Particle shape could affect the magnitude of backscattering, but 
since shape is not correlated systematically with chlorophyll, 1 
no improvement in vertical structure is expected. 
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Fig. 6. Backscattering computed from our various models 
compared to the results of applying Morel's [ 1988] algorithm 
to the vertical structure of chlorophyll concentrations. 

The above analyses were carded out in the Central Gyre on 
either side of the Subtroptical Front because of the statistical 
advantages of the large number of profiles available from the 
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Fig. 7. Fluorescence versus beam attenuation (665 nm) for 
various water types in the North Pacific during the summer of 
1985. Note the change in scales between the upper and lower 
graphs. 

constant in slope, while the right leg varies a great deal in 
shape and slope. A common occurrence is for the right leg to 
be perfectly vertical. The A shape was also found in coastal 
waters where the euphotic zone is less than 60 m deep and the 
chlorophyll and particle maxima coincide (Figure 8). The light 
adaptation can also be seen from station to station for the same 
cruise. Samples from the mixed layer (open circles in Figure 
9) show an exponential increase in pigment concentration with 
particle concentration. This is explained by the lower light 
levels in the more turbid mixed layers. We have never failed 
to observe the A shapes, including cruises off the coast of 
Peru, in the equatorial region between Hawaii and Tahiti, 
transecting the California Current, during spring bloom in the 
North Atlantic and in the Sargasso Sea. Mueller and Lange 
[1989] have also reported the universality of exponential 
increases in fluorescence with depth. 
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Fig. 8. Pigment concentration versus particulate volume 
concentration demonstrating the ̂  shape for a eutrophic station 
in the upwelling zone off Washington (July 1979), where the 
chlorophyll and particle maxima coincide. 

Discussion 

The theoretical basis for the non-correlation of chlorophyll 
and particle concentration is provided by the model of Kiefer 
and Kremer [ 1981]. They describe the particulate chlorophyll 
concentration by 

CHL !'Ln + r CHL 
PN -Ea*tlt(E) 0.2 _< PN _<2.0 (3) 

where PN is the particulate nitrogen concentration, gn is the 
nitrogen specific growth rate, r is the respiration, E is the 
scalar quantum irradiance, a* is the chlorophyll specific 
absorption coefficient and •(E) is the quantum efficiency. The 
decrease in pigment content below the maximum has been 
observed in the laboratory [Falkowski, 1980] for viable 
phytoplankton grown at extremely low light levels. From 
equation (3) we would expect the vertical profile of pigment 
content to vary as l/E, which increases exponentially with 
depth, provided the other variables are slowly changing. For 
nutrient-limited cases it is reasonable to expect [tn + r to be 
slowly varying and •(E) to be constant [Kiefer and Mitchell, 
1983]. 

This is observed in the Pacific Central Gyre. Since the 
nutrient concentrations there are extremely low down to 10 or 
20 m beneath the chlorophyll maximum, there is no reason to 
expect large changes in the growth rate or quantum efficiencies 
with depth. Plots of the ratio of chlorophyll + phaeophytin to 
particle volume concentration (Figure 10) show that the 
pigment content of the cells increases exponentially from the 
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Fig. 9. Chlorophyll + phaeophytin concentrations versus 
suspended volume concentrations off the coast of Washington 
during July 1979. BNL refers to bottom nepheloid layers, and 
INL refers to intermediate nepheloid layers (deeper than 60 m 
but separated from the bottom) 

surface to the chlorophyll maximum and then decreases 
slowly. There are no real features in this curve to indicate that 
the particle maximum at 60 m deviates from the general 
relationship. Thus, the non-correlation of chlorophyll and 
particle concentration is shown to be a result of the process of 
primary productivity rather than differences between layers in 
particle origin. Emphasizing the universality of these findings, 
the roughly exponential increase in pigment to volume ratios 
with depth are also observed (Figure 11) in the coastal 
upwelling region where the chlorophyll and particle maximum 
coincide and there is no reason to expect growth rates to vary 
slowly with depth. On a basinwide scale, Kiefer and 
Kremer's relationship was shown to predict the light level at 
which the chlorophyll maximum occurs on an entire 
meridional transect of the Pacific from Tahiti to Kodiak [Pak et 
al., 1988]. 

Due to the effect of light adaptation, an ocean in which the 
vertical structure of particulate volume or mass is constant, 
would exhibit a chlorophyll concentration that increases with 
depth to the depth of the chlorophyll maximum. This is 
predicted by models such as Kiefer and Kremer [1981] and 
has been observed by Pak et al. [ 1988]. If the particulate mass 
is constant, we would expect the beam attenuation coefficient 
to be constant as a function of depth as well as the 
backscattering. As a result the monotonic relations between 
scattering and chlorophyll used to derive chlorophyll 
concentrations from remote sensing data cannot be used when 
studying vertical structure beneath the mixed layer. Figure 7 
(bottom) shows that the total particulate volume (as indicated 
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Fig. 10. An example from the Pacific Central Gyre showing 
the ratio of pigment to suspended particle volume 
concentration to be roughly proportional to the inverse of the 
irradiance down to the chlorophyll maximum. 

by beam attenuation) and chlorophyll fluorescence are 
correlated in the surface waters. This correlation does not 

persist very deep into the water column. 
Many biological oceanographers use chlorophyll 

concentration as a measure of biomass. We have seen that the 

biologically derived total suspended mass (as indicated by 
beam attenuation) is not simply correlated with the chlorophyll 
concentration. If "mass" is used in the physical sense, i.e., 
quantity of matter, it is seen that chlorophyll concentration 
cannot universally be used as an indicator of biomass. 

In this paper we have shown that the vertical structure of the 
backscattering coefficient cannot be derived directly from the 
chlorophyll structure. It is therefore of interest to derive the 
dependence of the remotely sensed reflectance on the vertical 
structure of the particulate matter and the pigment 
concentration. Zaneveld [1982] has derived an expression of 
the remotely sensed reflectance. If we use a zenith sun, we 
may set a + bt, = K; the remotely sensed reflectance (RSR) is 
then given by 

RSR = Io bb(Z)e 
-I• 2K(z') dz' dz 

(4) 

Assuming a constant K in the mixed layer which has a 
thickness zm, and denoting all mixed layer properties by the 
subscript rn, we get 
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Fig. 11. The vertical profile of pigment to particle volume 
concentration compared to particle and pigment profries for the 
upwelling zone off Washington during July'1979. 

RSR = 

bbm ,[ _2K m Zm ] _2K m Zm -I; 2K(z')dz' 2K m 1 - e + e l;mb b ( z)e m dz 
(5) 

The integral in equation (5) is the reflectance beneath the mixed 
layer RSR•t. Thus 

-2K m z m -2K m z m bbm [1- e ]+ e RSR RSR = 2K m 2 

The contribution to RSR by the reflectance beneath the mixed 
layer is approximately 

-2K m z m 
e RSR 

If the mixed layer is 0.5 optical depths thick and RSRa is 
twice RSRM then 42% of the total RSR is contributed by 
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RSRB. In the case of the Pacific Central Gyre, where the 
mixed layer is 1.4 optical depths thick, we have computed a 
difference of only 1% between Morel's RSR model and that 
based on our backscattering coefficient estimates. We 
multiplied the backscattering computed by equation (1) by 
0.75 to make it agree with the values we estimated for the 
mixed layer. Performing the integration of equation (5) 
produced a RSR of 0.0223 for Morel's estimate (Equation 2) 
and 0.0220 for our estimate from Mie theory. In more 
productive regions where the chlorophyll maximum is found at 
a much smaller optical depths [Pak et al., 1988] the differences 
could be larger. 

We see from equation (5) that the contribution to the remote 
sensing reflectance at the surface by a layer just below depth z 
is attenuated approximately as 

-2.[•K(z)dz 
e 

Layers below the mixed layer thus contribute very little to 
the remote sensing reflectance. The correlations used for 
calculations of chlorophyll from reflectance thus only need to 
take into account the upper few 1/K depths, which rarely 
extend below the mixed layer. For the oligotrophic regime 
examined here we saw that the backscattering coefficient as 
obtained from chlorophyll concentration [Morel, 1988] 
matched well in the mixed layer with those calculated from 
optical properties and particle size distributions. Regions 
below the mixed layer are not included in the remote sensing 
correlations. When dealing with predictions of visibility, 
prediction of LIDAR performance or bioluminescent radiance 
below the mixed layer, the remote sensing correlations should 
not be used. 
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