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Abstract. We have collected data during eight separate research cruises from open ocean 
to estuarine oceanic environments. Inherent optical property data collected during these 
cruises were incorporated into a large database totaling 1914 vertical samples. The range 
of each inherent optical property within this database spans over 2 orders of magnitude. 
Using this database, we examine the spectral relationships of each of the inherent optical 
properties based on the measurements made at 488 nm. The results of this study show 
that there are dependencies in the individual inherent optical properties (IOP) spectra 
that are linearly related. The information from the regression models is used to explain 
the linear dependencies observed in the global data set. A separate data set collected from 
a recent cruise is used to compare regional relationships with the global. The implication 
of this research is that over a diversity of oceanic regimes, there are fundamental, first- 
order relationships in the individual IOP spectra. These relationships can provide an 
estimate of the individual IOP spectral relationships when no information about the IOP 
is available, as is often the case in ocean color remote sensing. More detailed models, 
however, may be necessary in order to more accurately predict the IOP spectral 
relationships on regional scales where the expected range of variability is small. 

1. Introduction 

The inherent optical properties (IOP), defined as those op- 
tical properties that are independent of the ambient light field 
[Preisendorfer, 1976], determine the magnitude and spectral 
signature of the light propagating through the water. The IOP 
are the absorption, scattering, and beam attenuation proper- 
ties of the water and its dissolved and suspended materials. 
The apparent optical properties (AOP), such as radiance and 
irradiance levels (percent of surface values) and the diffuse 
attenuation coefficient are connected to the IOP via the equa- 
tion of radiative transfer. Together with the backscattering 
coefficient, the absorption coefficient determines the diffuse 
reflectance of the ocean, which is used for remote sensing 
purposes. Phytoplankton, detritus, and dissolved matter all 
have different absorption and scattering characteristics that 
potentially allow one to infer their concentrations from the 
remotely sensed spectral radiance. 

Various models have been proposed to estimate the IOP 
based on the AOP [Prieur and Sathyendranath, 1981; ZaneveM, 
1989; Gordon, 1991; Kirk, 1994; Lee et al., 1996]. However, 
AOP measurements can only be made during the daylight 
hours and can be difficult to interpret owing to varying surface 
conditions, winds, ship reflections, and sky conditions. The 
AOP are very difficult to measure near the surface, where the 
influence on the remotely sensed radiance is the largest. Fur- 
thermore, discrimination of the particulate and dissolved frac- 
tions of the IOP cannot be inferred directly from the measure- 
ments of AOP. 

The most common technique used to determine the absorp- 
tion coefficient is spectrophotometric analysis of filtrat½s of 
water samples. The absorption coefficient due to particulate 
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and dissolved material is estimated by analyzing the fraction of 
the water sample retained on a filter pad (usually 0.2/xm) and 
the fraction that passes through the filter [Trt;iper and Yentsch, 
1967; Mitchell and Kiefer, 1988a]. Pigment extraction tech- 
niques using organic solvents of the filter-pad sample have 
been used to separate the phytoplankton and detrital portions 
of the absorption coefficient [Kishino et al., 1985]. While these 
analyses provide high spectral resolution, they typically only 
provide data from discrete portions of the water column. Fur- 
thermore, the determination of absolute values using these 
methods is still subject to debate owing to uncertainties caused 
by the filter and extraction technique [Mitchell and Kiefer, 
1988b; Bricaud and Stramski, 1990; Mitchell, 1990]. 

The beam attenuation coefficient can be used to determine 

suspended particulate load [Pak et al., 1988]. Most commonly, 
in situ measurements of the beam attenuation coefficient are 

made using broadband, single-wavelength transmissometers 
[Petzold and Austin, 1968; Voss, 1992]. While these instruments 
do provide high vertical resolution estimates of beam attenu- 
ation, they are limited in the amount of spectral data they can 
provide during a single profile. 

Recent advances in optical instrumentation have allowed for 
noninvasive measurement of the spectral absorption and beam 
attenuation coefficients (WET Labs Inc., ac-9 meter) of the 
oceans on vertical scales similar to traditional conductivity- 
temperature-depth (CTD) measurements [Moore et al., 1992; 
ZaneveM et al., 1992; Roesler and Zaneveld, 1994; Bricaud et al., 
1995a]. Over the past 3 years, we have made spectral IOP 
measurements in six different areas during eight separate re- 
search cruises using this instrumentation. Our approach is to 
incorporate the data colIected from these cruises into a large 
database to examine the spectral variability of each of the IOPs 
over large time and space scales. This data set is unique in that 
it contains spectral data on each of the IOP parameters and 
encompasses a wide variety of oceanic regimes. 
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It is the purpose of this study to examine the general spectral 
relationships of the IOP on a global basis. From a descriptive 
standpoint, this research represents one of the first studies to 
examine the large-scale distributions of the IOPs, measured 
simultaneously at various wavelengths. From an analytical 
standpoint, this research can provide information on the gen- 
eral spectral tendencies in each of the IOPs that span a diver- 
sity of oceanic regimes. It is the goal of this research to exam- 
ine the causes of these spectral tendencies and how they can be 
used to obtain more information on the IOP variability. As the 
IOP data were collected during various cruises, a secondary 
issue to be addressed is the precision of the ac-9 measurements. 

We present various models for the spectral relationships of 
each of the individual IOPs. As we will show, these relation- 
ships are quite strong when considering wide ranges of oceanic 
environments. However, the reader is cautioned that the re- 
sults presented in this work may not be applicable to all oce- 
anic scales and environments. In fact, as we will show, these 
relationships can be quite different on local scales. More de- 
tailed models may be necessary in order to more accurately 
predict the IOP spectral relationships on regional scales. Fur- 
thermore, the relationships may change temporally depending 
on the magnitude of the values owing to differences in the 
composition of very clear waters compared with turbid waters. 

2. Field Methods and Data 

We have assembled the slow descent rate optical platform 
(SlowDROP) to provide simultaneous hydrographical and op- 
tical measurements on vertical scales similar to traditional 

CTD measurements. The platform is free falling and slightly 
negatively buoyant, which eliminates the effects of ship mo- 
tion. A typical instrument configuration on the platform in- 
cludes two spectral absorption a and beam attenuation c co- 
efficient (ac-9) meters and a CTD. Data from the instruments 
are integrated into a single stream using a WET Labs, Inc., 
data acquisition system (MODAPS). Platform descent rates 
are approximately 10-30 cm s-•, providing better than 10 cm 
vertical resolution of the water column. Typically, the entire 
water column (near surface to bottom) is profiled, except in 
cases where the bottom depth is greater than 150 m due to 
restrictions imposed by the length of the data cable. 

Spectral absorption and beam attenuation coefficient mea- 
surements are made using WET Labs, Inc., ac-9 meters at nine 
wavelengths h: 412, 440, 488, 510, 532, 555, 650, 676, and 715 
nm. For the purpose of this paper, only a brief overview of the 
ac-9 calibration, deployment, and processing procedures im- 
plemented during each field experiment is given. For a detailed 
description of these procedures, the reader is referred to WET 
Labs., Inc. (www.wetlabs.com) and M. L. Twardowski et al. 
(Quantification of the micro- to finescale in situ chromophoric 
DOM absorption and total absorption in coastal waters with an 
ac-9, submitted to Journal of Atmospheric and Oceanic Tech- 
nology, 1997). The ac-9 meters are mounted vertically on the 
optics platform, with tubing extensions placed on the flow tube 
intake nozzles. Submersible pumps are attached to the outflow 
nozzle of each of the flow tubes, so that in situ water is drawn 
along the optical path. To insure that the in situ water mea- 
sured by each ac-9 is sampled from the same depth, the intake 
tubes are positioned at the same vertical level on the platform 
and in very close horizontal proximity. 

To avoid the possible effects of instrumentation drift, each 
ac-9 is normally field calibrated relative to a clean water stan- 

dard once each sampling day. A Barnstead Nanopure © water 
system is used to produce the clean water calibration standard. 
When properly calibrated, the ac-9 has been shown to have an 
accuracy of -0.005 m- • (Twardowski et al., submitted manu- 
script, 1997). Postprocessing of the ac-9 data includes applying 
temperature and salinity corrections to the absorption and 
beam attenuation measurements following the methods de- 
scribed by Pegau et al. [1997]. The absorption measurements 
are further corrected for scattering errors to account for the 
portion of scattered light not measured by the detector [Zan- 
eveld et al., 1994; Moore et al., 1996]. As the scattering correc- 
tion of the absorption measurement utilizes the absorption and 
beam attenuation measurements at 715 nm, the IOP measure- 
ments at this wavelength are not included in this analysis. 

Fractionation of the total absorption coefficient into dis- 
solved and particulate portions is accomplished by utilizing two 
ac-9 meters. A 0.2/•m pore size filter is placed on the intake of 
the absorption tube of one of the ac-9 meters to provide a 
direct measurement of the absorption coefficient of chro- 
mophoric dissolved material aa( h)' In some instances, occa- 
sional problems created by the filter necessitated adjustment of 
the a a spectrum by referencing the dissolved absorption pro- 
files to the value measured at 676 nm. The dissolved absorption 
measurements at 676 nm are therefore not included in this 

study. The second ac-9 is operated unfiltered, providing a di- 
rect measurement of the absorption and beam attenuation 
coefficients due to particulate plus dissolved materials, apa (•), 
and Cpa (•), respectively. As the ac-9 meters provide measure- 
ments of absorption and attenuation coefficients in reference 
to pure water, we have chosen to denote the absorption and 
attenuation in these terms. They are equivalent to the total 
absorption or beam attenuation coefficient minus the contri- 
bution by water. 

The particulate absorption fraction ap(,•), which contains 
contributions by detrital, phytoplankton, and sedimentary ma- 
terial, is estimated by subtraction of the filtered absorption 
measurements from the unfiltered measurements 

ap(X) = apg(h) - ag(X) 

The scattering coefficient for particles bp(,•) is derived by 
subtraction of the absorption coefficient from the beam atten- 
uation coefficient, assuming Rayleigh scattering of dissolved 
materials is negligible compared with that of particulate matter 

b(x) = - 

Over the past 3 years, we have collected IOP profiles using 
the SlowDROP system during eight research cruises located in 
six separate geographical regions. A description of the loca- 
tions and dates of these cruises is given in Table 1. The IOP 
data from these cruises encompass a wide variety of oceanic 
regimes ranging from the equatorial Pacific to eutrophic 
coastal and estuarine waters. While all of the IOP data were 

collected in the northern hemisphere, we consider it to be 
global in the sense of the dynamic range observed in each lOP. 
In these terms, we consider the data set to be global in mag- 
nitude range, not necessarily in a spatial sense. The reader will 
also note that the global data set does not contain waters that 
would be considered to be purely "blue" (i.e., where the IOPs 
are strongly dependent on the characteristics of the water itself). 

Over 1,000 profiles of the IOP have been collected during 
these cruises, at an average vertical resolution of approxi- 
mately 0.2 m. Thus the total number of depth samples col- 
lected for each of the IOPs is well over 200,000 at each wave- 
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Table 1. Global Data Set Description 

Approximate 
Number of Number of 

Location Data Set Dates Latitude, øN Longitude, øW Profiles Samples 

Near coastal California OCE95 Oct. 1995 33.22 117.44 8 200 
Gulf of California GOC95 Dec. 1995 28.00 112.50 11 436 

Equatorial Pacific ZF96 April-May 1996 01.00 165.00 9 235 
East Sound, Washington ES96 May-June 1996 48.65 122.89 12 340 
North Atlantic Shelf CMO96 Aug.-Sept. 1996 40.30 70.30 10 306 
Chesapeake Bay COPE96 Sept. 1996 36.80 75.83 17 203 
Gulf of California GOC96 Nov. 1996 27.80 111.50 12 249 

North Atlantic Shelf CMO97 April-May 1997 40.30 70.30 10 632 

Experiment abbreviations are as follows: OCE95, Oceanside, California, 1995; GOC95, Gulf of California, 1995; ZF96, Zonal Flux (equatorial 
Pacific), 1996; ES96, East Sound (Puget Sound), Washington, 1996; CMO96, Coastal Mixing and Optics (North Atlantic Shelf), 1996; COPE96, 
Chesapeake Bay Outflow Experiment (Maryland), 1996; GOC96, Gulf of California, 1996; CMO97, Coastal Mixing and Optics (North Atlantic 
Shelf), 1997. Total numbers of profiles and samples for the 1995-1996 data set are 77 and 1914, respectively. 

length. In order to reduce the number of data points to a 
manageable level, representative profiles of the IOP were se- 
lected from each of the individual cruise data sets and were 

vertically binned by selecting the median value in each depth 
interval. Data from each of the cruises were pooled into a 
global data set resulting in 1914 depth-binned samples for each 
of the IOP parameters described above at each of the respec- 
tive wavelengths. As we are interested in examining the spec- 
tral relationships of each of the IOPs on a global scale, no 
effort has been made to exclude any water type or composition. 
Furthermore, no effort has been made to examine the rela- 
tionships based on vertical structure. All portions of the water 
column were incorporated, ihcluding the bottom nepheloid 
layer, if present in shallow water casts. 

3. Results and Discussion 

The spectral relationships of each IOP are examined in the 
following sections. As the results will show, the spectral depen- 
dency of each IOP can be described based on simple linear 
regressions. Although not included in this presentation, the 
spectral dependence was also examined using log-transformed 
data. While the log transformation models provide for more 
equal weighting of all data points, they are, however, more 
difficult to interpret and require a zero intercept. In most cases 
examined, only a slight improvement in the spectral IOP rela- 
tionship models using a log transformation was found. Because 
linear models do not require a zero intercept, they can provide 
an estimate of the possible biases in the IOP measurements. 
Since one of the goals of this research is to examine the pre- 
cision of the ac-9 measurements, the choice was therefore 
made to use the simpler linear models. 

The spectral relationships are examined using the estimates 
of the individual IOP parameter at the 488 nm wavelength as 
the independent variable x and the measurements at each of 
the other wavelengths as the dependent variable y. 

y(X) = /3x(488 nm)+ m 

The/3 term is the slope, and the m term is the y intercept. The 
uncertainties in the model are assumed to be random and 

equivalent to the accuracy of the ac-9 measurements (+0.005 
m-•). Inaccurate calibrations or meter performance, however, 
may cause systematic biases in the measurements. The y inter- 
cepts returned from the model regressions greater than the 
ac-9 measurement accuracy are assumed to be caused by cali- 

brational and/or instrumentional errors (i.e., biases). We 
therefore assume that the uncertainty in the model is equiva- 
lent to the accuracy of the ac-9 measurements (0.005 m-•). 

Orthogonal least squares regressions are used to derive the 
linear models of individual IOP parameters in order to mini- 
mize the errors in both the 488 nm estimate and the estimate 

at other wavelengths. The choice of the 488 nm wavelength as 
the independent x variable was made for a number of reasons. 
First, both the particulate and dissolved materials affect the 
optical properties at 488 nm, which allows this wavelength to 
be included in inversions of all parameters. Second, for remote 
sensing purposes, 488 nm is a wavelength at which reflectance 
is commonly measured. Third, the 488 nm band is near the 
center of the wavelength range of the ac-9 measurements, 
which minimizes errors that could be caused by using too large 
a wavelength interval. The standard error of the slope and y 
intercept as computed for each of the regressions in the fol- 
lowing sections. As these values were always computed to be 
less than the uncertainty in the ac-9 meter (-0.005 m-•), these 
values are not shown. 

The magnitude of each of the optical parameters at 488 nm 
included in the global data set varies over approximately 2 
orders of magnitude (Table 2). Note that individual cruise data 
sets do not exhibit the same range of variability as observed in 
the global data set. For the data obtained, only 14% of the total 
number of observations are in the upper order of magnitude of 
each IOP parameter data set. In order to examine the influ- 
ence of magnitude on the spectral IOP relationships, we pro- 
vide results from the entire global data set and from two 
reduced data sets. The first reduced data set contains 14% of 

the total observations and encompasses approximately the up- 
per order of magnitude of the IOP values in the global data set. 
The second reduced data set, which contains approximately the 
lower order of the IOP magnitude, includes 86% of the obser- 
vations in the global data set (that is, most of the data are from 
relatively less turbid water). Finally, comparisons are made 
between the relationships resolved from the global data set and 
an IOP data set (CMO97) collected during a recent field ex- 
periment in order to indicate how variable the relationships are 
at local or regional scales. 

3.1. Chromophoric Dissolved Absorption Coefficient ag(•.) 
The a a at each of the ac-9 measured wavelengths are plotted 

versus a a (488 nm) in Plate 1. The results of the regressions, 
given in Table 3, show the spectral relationships at each of the 
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Plate 1. Dissolved absorption coefficient a a measured at 488 nm versus the dissolved absorption coefficient 
measured at the six other wavelengths for the entire global data set. The linear regression fits at each 
wavelength (see Table 3) are shown as lines in the corresponding color. 

wavelengths to be strongly linear, with r 2 values greater than 
0.94 with the exception of the 650 nm band. The magnitude of 
a a (650 nm) is typically less than 0.01 m -•, very near the 
accuracy of the ac-9 meter. Thus the low percentage of vari- 
ability explained by the model of the absorption by dissolved 
materials at 650 nm is due to the decreased signal-to-noise 
ratio at this wavelength. At each wavelength, the y intercept is 
less than the measurement accuracy of the ac-9 meter indicat- 

2.5 

ing that they are not significantly different from zero and are 
thus unbiased. 

The spectrum of absorption by dissolved organic material 
has often been assumed to decrease exponentially with wave- 
length [Bricaud et al., 1981; Carder et al., 1989; Roesler et al., 
1989]. Over the UV and visible wavelengths, the spectrum of 
the absorption by dissolved organic material has been modeled 
with the general exponential function 
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Plate 2. Same as Plate 1, but for the particulate absorption coefficient ap. See Table 4 for the linear 
regression statistics. 
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Table 2. Inherent Optical Property Ranges Within Each Individual Cruise Data Set at 
488 nm 

Data Set apg a g ap Cpg bp 

OCE95 0.009-0.318 0.003-0.038 0.006-0.297 0.159-1.925 0.146-1.696 
GOC95 0.023-0.096 0.017-0.030 0.001-0.070 0.043-0.507 0.016-0.411 
ZF96 0.008-0.028 0.004-0.011 0.000-0.019 0.026-0.157 0.016-0.131 
ES96 0.137-1.543 0.059-0.125 0.070-1.476 0.478-8.079 0.283-6.595 
CM 096 0.027 -0.209 0.018-0.040 0.003-0.171 0.114-1.876 0.064-1.705 

COPE96 0.092-0.523 0.052-0.159 0.019-0.367 0.412-3.373 0.318-3.116 
GOC96 0.032-0.257 0.018-0.036 0.001-0.226 0.052-1.489 0.018-1.241 
Global 0.008-1.543 0.003-0.159 0.000-1.476 0.026-8.079 0.016-6.595 
CM 097 0.051-0.107 0.020-0.036 0.018-0.080 0.179-0.551 0.125-0.475 

Values are m- • 

ag(X,): ag(h.r)•3 w 

where /3•/i = exp [-S(,• i - •r)], aa(Xr) is the dissolved 
absorption at a reference wavelength and S is the spectral 
slope of the absorption by dissolved materials. The spectral 
slope has been estimated for various water types and has been 
found to be weakly variable in the global ocean environment 
[Bricaud et al., 1981; Carder et al., 1991; Roesler et al., 1989; 
Blough et al., 1993; Hoge et al., 1993]. In typical oceanic envi- 
ronments, the spectral slope varies from 0.014 to 0.018 nm -1, 
depending on location [see Roesler et al., 1989]. 

The average spectral slope S was determined for the global 
data set using two methods. First, the slopes from the regres- 
sions of a a(X) versus aa (488 nm), shown in Table 3, were fit 
to the exponential model shown above using the absorption by 
dissolved materials at 488 nm as the reference wavelength. 
This method resulted in a spectral slope of S = 0.016 nm -1, 
with an r 2 = 0.99. In the second method, the spectral slope S 
was determined using the exponential model at each vertically 
binned sample using a a (488 nm) as the reference wavelength. 
The ensemble spectral slope mean was computed by taking the 
average of sample spectral slopes over all of the depth bin 
samples. The mean slope over all profiles was S = 0.015 
nm -1, with a standard deviation of +_0.003. The good agree- 
ment between the two methods (within 0.001 nm -•) suggests 
that the spectral shape of the absorption by dissolved organic 
matter is accurately modeled using the simple linear relation- 
ships resolved from the global data set. Furthermore, these 
results suggest that the absorption by dissolved materials can 
be accurately estimated using the exponential form shown 
above, using the absorption measured at 488 nm as the refer- 
ence wavelength and a spectral slope S = 0.015 nm-1. 

Similar results in the spectral relationships were found using 
the lower and upper order of magnitude data sets, suggesting 

that the spectral shape of the absorption by dissolved materials 
is independent of magnitude of total absorption. As the global 
data set used in this study encompasses a variety of oceanic 
environments and a wide range of a a values, we conclude that 
simple linear models can be used to accurately predict the 
spectrum of the absorption by dissolved organic matter for 
most oceanic environments. 

3.2. Particulate Absorption Coefficient a•,(X) 
The ap values from the global data set at each wavelength 

versus the ap (488 nm) are shown in Plate 2. The absorption 
coefficient due to particulate matter was derived from two ac-9 
measurements; the uncertainty of each is assumed to be ran- 
dom and equal to 0.005 m -1. Thus the uncertainty in the 
particulate absorption model due to calibration and instrument 
errors is assumed to be 0.007 m -•. The percentage of variabil- 
ity explained is greater than 95% for each of the wavelengths 
(Table 4). In general, the lowest r 2 values and largest y inter- 
cepts are in the blue and red portions of the spectrum. In the 
blue wavelengths, the shape of the absorption spectrum is 
strongly dependent on the concentration of detritus and the 
chlorophyll pigment structure of phytoplankton [Morrow et al., 
1989; Bricaud and Stramski, 1990; Bricaud et al., 1995b]. It is 
therefore not surprising that the 412 nm band shows the lowest 
r 2 value, where variability in the proportion of detrital to pig- 
mented absorbing matter is expected to be the greatest. In the 
red portion of the spectrum, differences in the absorption 
spectra of detritus and phytoplankton, variability in the shape 
of the secondary maximum of chlorophyll pigments, and vari- 
ations in the blue to red absorption ratios cause the lowered r 2 
values and the increased y intercepts. 

We noted that 14% of the particulate absorption values at 
488 nm in the global data set are in the upper 90% of the data 
range, 0.142 -< ap (488) -< 1.476 m -•. In order to elucidate 

Table 3. Regression Results of aa(X) Versus aa (488 nm) 
Using the Entire Global Data Set 

Wavelength Coefficient of 
X, nm Slope y Intercept Variation r 2 

412 3.756 -0.001 0.993 

440 2.200 0.002 0.995 

488 1.000 ...... 

510 0.745 -0.001 0.993 

532 0.564 -0.001 0.983 

555 0.414 0.000 0.947 

650 0.076 0.001 0.355 

Table 4. Regression Results of ap(X) Versus ap (488 nm) 
Using the Entire Global Data Set 

X, nm Slope y Intercept /,2 

412 1.287 0.009 0.965 
440 1.434 0.003 0.995 

488 1.000 ...... 

510 0.886 -0.003 0.996 
532 0.718 -0.004 0.991 

555 0.482 -0.001 0.981 

650 0.345 -0.001 0.967 

676 0.937 -0.012 0.977 

Number of samples in the global data set is 1914. Number of samples in the global data set is 1914. 
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Table 5. Regression Results of ap(X) Versus ap (488 nm) Using the Lower and Upper 
Magnitude Data Sets 

Lower 86% Magnitude Data Set Upper 14% Magnitude Data Set 

X, nm Slope y Intercept r 2 Slope y Intercept r 2 

412 1.578 -0.002 0.871 1.260 0.012 0.944 

440 1.486 0.001 0.972 1.432 0.003 0.991 
488 1.000 ...... 1.000 ...... 

510 0.830 -0.001 0.981 0.902 -0.008 0.995 

532 0.644 -0.001 0.951 0.744 -0.014 0.989 
555 0.437 0.001 0.885 0.496 -0.006 0.973 
650 0.301 0.001 0.795 0.363 -0.008 0.958 
676 0.740 -0.003 0.895 1.007 -0.038 0.972 

the influence of these high values on the regressions, we di- 
vided the ap data into lower and upper order of magnitude 
data sets based on the ap value at 488 nm. The lower order of 
magnitude data set includes ap values of less than 0.142 m -• at 
488 nm, and the upper order of magnitude data set contains ap 
values greater than 0.142 m -• at 488 nm. The regression re- 
sults using these reduced data sets are shown in Table 5. In the 
lower order of magnitude data set, the r 2 regression values are 
smaller compared with the upper order of magnitude values. 
However, the y intercepts returned from the regressions on the 
lower order of magnitude data set are smaller than the upper 
order of magnitude y intercepts. 

Recall that our definition of the absorption coefficient due 
to particulate matter includes pigmented (phytoplankton) and 
nonpigmented particulate material (i.e., detritus and sedi- 
ments). The absorption by detrital material has been shown to 
decrease exponentially with increasing wavelength, similar to 
that of dissolved materials [Roesler et al., 1989; Bricaud and 
Stramski, 1990; Hoepffner and Sathyendranath, 1993]. The slope 
of the detrital absorption spectrum, which is generally lower 
than that of the dissolved absorption spectrum, has a typical 
value of •--0.011 _+ 0.002 nm -• [Roesler et al., 1989]. While the 
global data set does not provide any information as to the 
proportions of detrital and phytoplankton absorption, we uti- 
lize the results of the regressions of the two reduced data sets 
to explain the spectral relationships observed in the particulate 
absorption coefficient. 

In the upper range of the ap values (->0.142 m-i), we hy- 
pothesize that the detrital fraction is very small or insignificant 
in comparison to the absorption by phytoplankton. The shape 
of the particulate absorption spectrum, as determined from the 
slopes of the regressions on the upper magnitude data set, is 
similar to a typical phytoplankton absorption spectrum (Figure 
1), with absorption peaks near the chlorophyll absorption 
wavelengths (440 and 676 nm). Notice that the 412/488 nm 
spectral ratio is lower than the 440/488 nm ratio (Table 5), 
indicating that the absorption by detrital matter, which in- 
creases exponentially with decreasing wavelength, is small or 
insignificant in the upper order of magnitude subset. A plot of 
the y intercepts of the particulate absorption regressions of the 
upper order magnitude data set shows that the largest offsets 
from zero occur at 412, 532, and 676 nm (Figure 2). Using 
absorption spectra obtained from 14 cultures of phytoplankton 
species, Roesler et al. [1989] showed that the largest variance in 
the phytoplankton absorption spectra occurred near the 532 
and 676 nm wavelengths. Thus the large biases observed at 
these wavelengths in the upper order magnitude data set cor- 
respond well to the expected variance due to varying pigment 

composition and packaging by phytoplankton. The absorption 
by detrital matter, which is highest in the blue wavelengths, 
may be large enough to influence the regression at 412 nm. 

In the lower ranges of the ap values (<0.142 m-•), we 
hypothesize that the contribution of the absorption by detrital 
material is a significant proportion of the particulate absorp- 
tion coefficient. Notice that the spectral slope at 412 nm is 
greater than the slope at 440 nm in the lower order magnitude 
regressions (Figure 1), consistent with the hypothesis of the 
increased detrital absorbing fraction. Also note that the lower 
order magnitude spectral slope is lower than the slope from the 
global data set at 676 nm. As the detrital absorption spectrum 
follows an exponential form, the absorption at 676 nm is ex- 
pected to be very small or near zero, and thus the particulate 
absorption at 676 nm is due mainly to phytoplankton chloro- 
phyll a pigments. However, at 488 nm the particulate absorp- 
tion coefficient is influenced by both the detrital and phyto- 
plankton fractions. Thus the 676/488 nm spectral ratio is 
reduced owing to the fact that detritus absorbs more strongly 
at 488 nm than at 676 nm. A plot of the y intercepts returned 
from the lower magnitude particulate absorption data set 
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Figure 1. Spectrum of the slopes of the ap (X) returned from 
the regressions versus ap (488 nm) from the global data set 
(dashed line with asterisks), the lower magnitude data set (sol- 
id line with open circles), and the upper magnitude data set 
(solid line with solid circles) given in Tables 4 and 5. Also 
shown is the spectrum of the ap(X) slopes (dot-dashed line 
with solid squares) returned from regressions of only the data 
set (CMO97) collected over the North Atlantic Shelf in April- 
May 1997. 



BARNARD ET AL.' GLOBAL iNHERENT OPTICAL PROPERTY RELATIONSHIPS 24,961 

shows that there are no significant biases (i.e., <0.007 m-•). 
However, note that the r 2 values are greatly reduced as com- 
pared with the r 2 values returned from the regression of the 
global and upper order magnitude data sets. Bricaud and 
Stramski [1990] found that the contribution of detrital matter 
to the total absorption at 440 nm varied between 12% and 82% 
in the Sargasso Sea and from 5% to 42% in the Peruvian 
upwelling system. We hypothesize that the noncovarying frac- 
tions of detrital and phytoplankton absorption increase the 
scatter in the spectral ratio relationships, thus lowering the r 2 
values. Also note that the regressions of the particulate ab- 
sorption are highly influenced by the ap values greater than 
0.142 m -•, as indicated by the similar spectral shapes of the 
global and upper order magnitude data sets (Figure 1). This is 
most likely due to the fact that the range of the ap values in the 
upper order magnitude data set (1.334 m -•) is much greater 
than the range of values in the lower order magnitude data set 
(0.142 

3.3. Total Absorption Coefficient Without Water apg(•.) 
The spectral total absorption coefficient, excluding the con- 

tribution by water, for the global data set are plotted versus the 
value measured at 488 nm in Plate 3. The slopes, y intercepts, 
and r 2 regression values are shown in Table 6. The spectral 
relationships of the total absorption coefficients are shown to 
be linear, with r 2 values ranging from 0.932 at 412 nm to 0.997 
at 510 nm. Note, however, that with the exception of the 555 
and 650 nm bands, the absolute value of the y intercepts are 
greater than the uncertainty due to the ac-9 measurements 
(-0.005 m-•). The causes of these y intercepts are examined 
in a similar manner as the ap data. 

The total absorption data were separated into a lower order 
magnitude data set, with apa values at 488 nm less than 0.225 
m -• (86% of the total) and an upper order magnitude data 
where 0.225 -< apa (488 nm) -< 1.55 m -• (14% of the total). 
Statistics from the regressions of these two reduced data sets 
are presented in Table 7. The r 2 values from the lower order 

Table 6. Regression Results of a•a(X ) Versus ape (488 nm) 
Using the Entire Global Data Set 

x, nm Slope y Intercept r 2 

412 1.781 0.048 0.929 
440 1.578 0.019 0.990 
488 1.000 ...... 

510 0.859 -0.006 0.997 
532 0.687 -0.008 0.992 
555 0.462 -0.002 0.984 
650 0.292 -0.004 0.942 
676 0.795 -0.030 0.940 

Number of samples in the global data set is 1914. 

magnitude regressions are smaller than the global values and 
are also less than the upper order magnitude regression values, 
with the exception of the 412 nm band. The lower order mag- 
nitude regression slopes are larger than the global and upper 
order magnitude regression slopes at wavelengths less than 488 
nm and smaller at wavelengths greater than 488 nm. However, 
the y intercepts from the lower order magnitude regressions 
are not significantly different from zero, with the possible ex- 
ception of the 676 nm wavelength. 

The spectrum of the lower order magnitude regression 
slopes has a definite exponential shape over the 412 to 650 nm 
wavelengths, suggesting that dissolved fraction is a significant 
component of the total absorption coefficient (Figure 3). This 
can be seen further in a plot of particulate and dissolved 
absorption fractions at 488 nm versus the total absorption 
coefficient at 488 nm (Plate 4). At apa values less than 0.225 
m-•, the dissolved and particulate fractions are similar in mag- 
nitude, indicating that the apa spectral shape is due to both the 
dissolved and particulate absorption fractions. The lower r 2 
values are due to the reduced magnitude range and the non- 
covariance of the dissolved and particulate fractions, similar to 
the detrital and phytoplankton absorption noncovariance at 
the lower particulate absorption range. 

The slopes of the apa regressions of the upper order mag- 
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Figure 2. Spectrum of they intercepts of the ap(X) returned 
from the regressions versus ap (488 nm) from the global data 
set (dashed line with asterisks), the lower magnitude data set 
(solid line with open circles), and the upper magnitude data set 
(solid line with solid circles) given in Tables 4 and 5. •so 
shown is the spectrum of the ap(X) y intercepts (dot-dashed 
line with solid squares) returned from regressions of the 
CMO97 data set only. 
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Figure 3. Spectrum of the slopes of the apa(X ) returned 
from the regressions versus apa (488 nm) from the global data 
set (dashed line with asterisks), the lower magnitude data set 
(solid line with open circles), and the upper magnitude data set 
(solid line with solid circles) given in Tables 6 and 7. Also 
shown is the spectrum of the apa(X ) slopes (dot-dashed line 
with solid squares) returned from regressions of the CMO97 
data set only. 
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Table 7. Regression Results of apa(• ) Versus apa (488 nm) Using the Lower and Upper 
Magnitude Data Sets 

Lower 86% Magnitude Data Set Upper 14% Magnitude Data Set 

X, nm Slope y Intercept r 2 Slope y Intercept r 2 

412 2.432 0.002 0.913 1.245 0.257 0.884 
440 1.756 0.005 0.976 1.430 0.081 0.986 
488 1.000 ...... 1.000 ...... 

510 0.808 -0.002 0.991 0.900 -0.024 0.995 

532 0.631 -0.003 0.977 0.743 -0.032 0.988 
555 0.435 0.001 0.931 0.486 -0.012 0.975 
650 0.227 0.001 0.737 0.359 -0.034 0.961 

676 0.511 -0.008 0.845 1.033 -0.139 0.969 

nitude data set are similar to the ap regression slopes of the 
upper order magnitude data set (Figures 1 and 3), suggesting 
that the absorption by phytoplankton dominates the spectral 
relationships at apa values greater than 0.225 m- • at 488 nm. 
Note, however, that there is a significant offset from zero in the 
apa y intercepts of the upper order magnitude data set as 
shown in Figure 4. Recall that the y intercepts of the ap 
regressions of the upper order magnitude data were also offset 
from zero, owing primarily to varying pigment composition and 
packaging of phytoplankton. However, the absolute value of 
these offsets is much less than the absolute value of the apa 
offsets of the upper order magnitude data set, especially in the 
blue wavelengths. Thus these offsets cannot be entirely due to 
varying phytoplankton pigment structure. 

Plate 4 shows that for apa values at 488 nm greater than 
0.225 m -1, the a a at 488 nm is relatively constant. Thus in- 
creases in apa at 488 nm greater than 0.225 m -• are due 
primarily to increases in ap. If the dissolved and particulate 
matter do not covary but, instead, the dissolved matter con- 
centrations are constant or independent of the particulate ab- 
sorption, the y offsets would indicate the background concen- 
trations of aa. 

Finally, note that the ap9 spectrum of the global data set lies 
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Figure 4. Spectrum of the y intercepts of the apa(X ) re- 
turned from the regressions versus apa (488 nm) from the 
global data set (dashed line with asterisks), the lower magni- 
tude data set (solid line with open circles), and the upper 
magnitude data set (solid line with solid circles) given in Tables 
6 and 7. Also shown is the spectrum of the apa(X ) y intercepts 
(dot-dashed line with solid squares) returned from regressions 
of the CMO97 data set only. 

in between the spectra of the lower and upper order magnitude 
data sets (Figure 3). This implies that the global relationships 
of apa are not as heavily influenced by the upper order mag- 
nitude range as in the case of the absorption by particulate 
matter and may represent a more realistic relationship as ob- 
served in the oceans. 

3.4. Particulate Scattering Coefficient bp(X) 
The spectral scattering coefficient is plotted versus scatter- 

ing at 488 nm in Plate 5, with the statistics of the regressions 
shown in Table 8. Previous measurements of the spectral scat- 
tering coefficient are almost nonexistent. The scattering coef- 
ficient is often modeled as a power law relationship with wave- 
length ;t -n [Gordon et al., 1988; Sathyendranath et al., 1989; 
Lee et al., 1994]. Because of anomalous dispersion, we expect 
that in phytoplankton-dominated absorption waters, the scat- 
tering coefficient will have a spectral shape that is similar to the 
inverse of the particulate absorption [ZaneveM and Kitchen, 
1995]. We find that the spectrum of the scattering coefficient is 
nearly flat (Figure 5), with n = -0.1 when fit to a power law 
function. It does retain a wavelength dependence that is similar 
to the inverse of the absorption spectrum, although the mag- 
nitude of the slopes is much lower (Figure 5). Similar spectral 
relationships were found for the global and both lower and 
upper particulate scattering data sets which implies that ab- 
sorbing particles dominate the data collected at these scatter- 
ing levels. The nonzero y intercepts seen in the absorption 
coefficient are repeated in the analysis of the scattering coef- 
ficient. We hypothesize that the presence of a background level 
of detrital particles may cause the offset observed in the scat- 
tering coefficient. 

Table 8. Regression Results of bp (;t) Versus bp (488 nm) 
Using the Entire Global Data Set 

x, nm Slope y Intercept r 2 

412 0.986 0.009 0.996 

440 0.957 0.006 0.995 
488 1.000 ...... 

510 1.002 0.000 0.999 

532 1.013 -0.004 0.997 
555 1.042 -0.010 0.993 
650 0.978 -0.016 0.987 
676 0.886 -0.011 0.994 

Number of samples in the global data set is 1914. 
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Plate 3. Same as Plate 1, but for the total absorption coefficient less water apa. See Table 6 for the linear 
regression statistics. 

3.5. Beam Attenuation Coefficient Cvg(h) 
Plate 6 illustrates the spectral relationship of Cpa (x) versus 

Cpa (488 nm) for the entire global data set, with the regression 
statistics listed in Table 9. The data show a strong linear spec- 
tral relationship in beam attenuation, with the lowest r 2 value 
of 0.989 at 412 nm. The y intercepts of the regressions are 
nonzero and much larger than the uncertainty due to the 
accuracy in the ac-9 measurements. 

A similar study by Voss [1992] examined the spectral depen- 
dency of the beam attenuation coefficient as measured using 
various beam transmissometers. The slopes and y intercepts 
from the study by Voss [1992] and the present study are plotted 
in Figures 6 and 7, respectively, for comparison. Although the 
Voss [1992] study used wavelengths that are slightly different 
from ours, the following general comparisons can be made. At 
440 nm, the slopes are in good agreement (Figure 6). However, 

Plate 4. 
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apg (488nm) coefficient (m 'l) 
Dissolved absorption coefficient at 488 nm versus the total absorption coefficient at 488 nm for the 

lower 86% magnitude data set (blue) and the upper 14% magnitude data set (green). Also plotted is the 
particulate absorption coefficient at 488 nm versus the total absorption coefficient at 488 for the lower 86% 
magnitude data set (cyan) and the upper 14% magnitude data set (olive green). 
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Figure 5. Global data set slopes of bp(X) from the least 
squares regressions plotted versus wavelength (solid line with 
asterisks). The inverse of the particulate absorption regression 
slopes (dashed line with solid diamonds) is plotted for com- 
parison. Also shown is the spectrum of the bp(X) slopes (dot- 
dashed line with solid squares) returned from regressions of 
the CMO97 data set only. 

moving into the green and red portion of the spectrum, the 
slopes given by Voss are lower than those obtained in this 
study. Furthermore, the apparent increase in slope at 550 nm 
is not seen in the regressions using our global data set. The y 
intercepts computed in Voss's regressions are also nonzero, 
which he attributes to calibration and beam attenuation by 
water measurement errors. 

It should be noted that the range of the beam attenuation 
coefficients used in the study by Voss [1992] is much smaller 
than that of the global data set. Although the exact ranges are 
not given, the majority of the beam attenuation measurements 
at 490 nm used by Voss are less than 1.0 m-•. Restricting our 
data set to values less than 1.0 m-• at 488 nm reduces the size 

of the global data set by 14% (N = 1646). The results of the 
regressions using the reduced data set are shown in Table 10. 
The effect of excluding the higher beam attenuation values 
increases the slope in the blue while decreasing the slope in the 
red and green wavelengths (Figure 6). The slopes in the red 
and green portion of the spectrum and the y intercept values 
are close to those reported by Voss [1992]. Although the y 
offsets are reduced, they are still greater than would be ex- 
pected, given the expected accuracy of the measurements 
(0.005 m-•). 

A possible source of these offsets may be the background 
concentrations of absorbing or scattering (i.e., detrital and/or 
dissolved organic) material which does not covary with particle 

Table 9. Regression Results of Cpa(A) Versus Cp•, (488 nm) 
Using the Entire Global Data Set 

A, nm Slope y Intercept r 2 

412 1.115 0.076 0.989 

440 1.059 0.039 0.997 

488 1.000 ...... 
510 0.977 -0.008 0.999 
532 0.957 -0.017 0.999 

555 0.943 -0.023 0.998 
650 0.862 -0.034 0.995 

676 0.866 -0.040 0.993 

Number of samples in the global data set is 1914. 
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Figure 6. Slopes of Cpa (A) returned from the least squares 
regressions versus ½po (488 nm) using the full data set (dashed 
line with asterisks). Also shown are the slopes from the lower 
magnitude data set (solid line with open circles) and the upper 
magnitude data set (solid line with solid circles). For compar- 
ison, the slopes given by Voss [1992] are plotted (dot dashed 
line with solid triangles). The slopes from the regressions using 
the lower magnitude data set (Cpo (488 nm) < 1.0 m -•) with 
the dissolved absorption subtracted are also plotted (solid line 
with open squares). The spectrum of the Cpa (A) slopes (dot- 
dashed line with solid squares) returned from regressions of 
the CMO97 data set only are also shown. 

concentrations. The spectral shape of the y intercepts shows a 
strong exponential decrease with wavelength (Figure 7). We 
found the exponential slope of the y offsets to be 0.009, slightly 
lower that the expected shapes of the detrital and dissolved 
absorption spectra. This indicates that the nonzero intercepts 
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Figure 7. The y intercepts of cpa(X ) from the least squares 
regressions versus Cpa (488 nm) using the full data set (dashed 
line with asterisks). Also shown are the y intercepts from the 
lower magnitude data set (solid line with open circles) and the 
upper magnitude data set (solid line with filled circles). For 
comparison, the y intercepts given by Voss [1992] are plotted 
(dot-dashed line with solid triangles). The y intercepts from 
the regressions using the lower magnitude data set (Cp•, (488 
nm)< 1.0 m -•) with the dissolved absorption subtracted are 
also plotted (solid line with open squares). The spectrum of the 
Cp•(X) y intercepts (dot-dashed line with solid squares) re- 
turned from regressions of the CMO97 data set only are also 
shown. 
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Plate 5. Same as Plate 1, but for the particulate scattering coefficient bp. 

may be related to the detrital and/or dissolved absorption co- 
efficient. If the absorption by detrital and/or dissolved materi- 
als did not covary with the absorption by particulate matter, 
but instead, they were constant or independent of the partic- 
ulate absorption, the y offsets would indicate the background 
concentrations of detrital and dissolved absorption. 

Voss [1992] concludes from his data set that the dissolved 
matter appears to covary with the particles. We show this is 
true up to certain concentrations (see Plate 4). Thus, for a 

given region, there is some upper maximum in dissolved ab- 
sorption, past which the dissolved absorption remains approx- 
imately constant, irrespective of the particle concentration. 
The opposite case is also true. In clear waters, it is possible for 
the particulate attenuation to approach zero, leaving the at- 
tenuation coefficient strongly dependent on the absorption by 
the dissolved materials. In other words, the dynamic range of 
the absorption due to dissolved materials is much less than that 
due to particles, as already indicated in Table 2. These factors 
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Plate 6. Same as Plate 1, but for the beam attenuation coefficient less water Cpa See Table 8 for the linear 
regression statistics. 
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Table 10. Two-Way Regression Results of Cpg(•.) Versus Cpg (488 nm) Using Cpg (488 nm) 
Values Less Than 1.0 m -• Only and With the Subtraction of the Dissolved Absorption 
Values 

Slope Slope 
x, nm Cpa < 1.0 y Intercept r 2 -- r 2 cvg a g y Intercept 

412 1.268 0.023 0.975 1.045 0.011 0.994 
440 1.128 0.013 0.992 1.036 0.005 0.997 
488 1.000 ...... 1.000 ...... 

510 0.967 -0.004 0.998 0.981 -0.001 0.998 
532 0.93 -0.007 0.998 0.956 -0.003 0.997 
555 0.913 -0.012 0.996 0.949 -0.007 0.995 
650 0.811 -0.016 0.992 0.875 -0.010 0.990 
676 0.814 -0.020 0.990 0.878 -0.014 0.988 

Number of samples is 1646 or 86% of the total. 

determine the nonzero intercepts in the regressions of the total 
attenuation coefficient; that is, the background dissolved ab- 
sorption coefficients drive the high end of the regression down 
and the low end up. These results imply that the spectral shape 
of the beam attenuation coefficient is dependent on the relative 
concentrations of the dissolved and particulate fractions, similar 
to the results presented for the total absorption coefficient. 

After removing the contribution of the dissolved component 
absorption to the beam attenuation coefficient, the y intercepts 
were closer to zero f (Table 10). The small offset that remains is 
spectrally dependent with a linear shape that increases toward 
shorter wavelengths (Figure 7). After removal of the dissolved 
component, the offset in the y intercept values was only weakly 
dependent on the range of the beam attenuation values in- 
cluded in the calculation. Although many of the y intercept 
values are within the uncertainty of the ac-9 measurements, the 
regular shape of the offset leads us to believe that much of the 
remaining offset is due to factors other than calibration of the 
instrumentation. We postulate that the remaining offset in the y 
intercepts is partially caused by a background level of attenuation 
that is associated with the scattering and absorption by detritus. 

For Cpg values greater than 1.0 m -•, the spectrum of the 
regression slopes is much flatter than the spectrum of the 
global slopes (Figure 6). As was shown for the upper order of 
magnitude range of the apa data, the spectrum of the regres- 
sion slopes is similar to the typical phytoplankton absorption 
spectrum (Figure 3). In section 3.4, we showed that the spec- 
trum of the b p regression slopes is similar to the inverse of the 
spectrum of the ap regression slopes (Figure 10). We therefore 
conclude that at Cpg values greater than 1.0 m -l, the particu- 
late scattering and the absorption by phytoplankton cause the 
flattening of the spectrum of the Cpg regression slopes. Note, 
however, that the y intercepts from the regressions of Cpo, 
values greater than 1.0 m-• are similar in shape and magnitude 
to those returned from the regressions of the upper magnitude 
range of apa data (Figure 4). As with the apa, the background 
levels of the absorption by dissolved organic materials may 
cause the y offsets in the regressions at Cpa greater than 1.0 m-•. 

3.6. CMO97 Data Set: Regional Differences 

In analyses similar to the global data set, linear models were 
used to examine the spectral relationships of a subset of IOP 
data collected from a cruise in April-May 1997 over the North 
Atlantic Shelf (CMO97). This data set is independent in time 
(9 months later than the CMO96 cruise data) but was collected 
from the same site as the CMO96 site, which was used in 
deriving the global relationships. While thus not a fully inde- 

pendent data set, it can give insight into the degree to which 
local or regional IOP relationships differ from the global. It 
may also indicate which of the IOPs are more predictable or 
consistent on a global basis. Note that the range of each of the 
IOPs values at 488 nm is much less than the global and is also 
reduced from the CMO96 data set (Table 2). We have omitted 
spectral data plots (i.e., Plate 1) for the CMO97 data in order 
to conserve space. The r 2 values from each of the IOP regres- 
sions are given in Table 11. Information on the slopes and y 
intercepts are discussed below. 

Results from the regressions of the a a data from the CMO97 
data were, in general, comparable to the global data set. The 
exponential spectral slope S was estimated to be 0.014, slightly 
lower than the slope determined from the global a a data set 
(0.015 to 0.016). Note, however, that the r 2 values are greatly 
reduced from the global data set regressions. As was the case 
with the other IOP parameters, this is due to the much nar- 
rower range of concentrations at each wavelength in the 
CMO97 data set as compared with the global data set. 

Regressions of ap and apa show similar trends in comparison 
with the global data set regressions. The slopes are lower at all 
wavelengths, with the exception of 650 nm where they are 
approximately the same as the global slope (Figures 1 and 3). 
The y intercepts from the ap and apa regressions of the 
CMO97 data set are comparable to the global data set at 
wavelengths greater than 488 nm (Figures 2 and 4). The y 
intercepts less than 488 nm are larger than the global data set, 
especially at 412 nm. Also note that r 2 values from the CMO97 
absorption regressions are the lowest at these wavelengths. 
The shape of the spectrum is also varied from the global, with 
a much steeper increase from 412 to 440 nm. Thus using the 
linear models derived from the global data set to predict the 
spectral absorption of the CMO97 data set would lead to an 
overestimate of the absorption at all wavelengths. 

Table 11. R 2 Values Returned From the Linear 

Regressions of the CMO97 Data Set 

x, nm Cpg apg a g ap bp 

412 0.960 0.191 0.266 0.455 0.976 

440 0.983 0.801 0.446 0.784 0.977 
510 0.989 0.756 0.591 0.760 0.978 
532 0.986 0.683 0.465 0.740 0.971 

555 0.980 0.504 0.359 0.565 0.958 
650 0.954 0.676 0.052 0.730 0.928 
676 0.947 0.761 ... 0.797 0.944 



BARNARD ET AL.: GLOBAL INHERENT OPTICAL PROPERTY RELATIONSHIPS 24,967 

The spectral shape of the CMO97 bp regression slopes is 
nearly flat, similar to the shape of the global data set regression 
slopes (Figure 5). The greatest differences between the global 
and CMO97 bp regressions are at 650 and 676 nm, with the 
CMO97 data set showing higher slopes and the largest reduc- 
tion in r 2 values. In the case of the b p data, using the global 
models of bp to predict the spectral values of the CMO97 
would lead to an underestimate of the b p at 650 and 676 nm. 

The spectrum of the ½pa regression slopes is nearly flat for 
the CMO97 data set (Figure 6). In comparison with the global 
data set, the regression slopes are lower at wavelengths less 
than 488 nm and greater at wavelengths greater than 488 nm. 
The largest differences between the global and CMO97 data 
set regressions are at 650 and 676 nm, with the CMO97 slopes 
being larger and the r 2 values greatly reduced. The biases (y 
intercepts) are also larger for the CMO97 data set spectrally 
(Figure 7). Using the global models to predict the ½pa spec- 
trum would therefore overestimate the values at wavelengths 
less than 488 nm and underestimate the values at wavelengths 
greater than 488 nm. 

4. Summa• 
We have produced a large data set of IOP from data col- 

lected from a wide variety of oceanic and coastal environ- 
ments. It should be stressed that the results from this study not 
only span various water types but also cover the entire water 
column. One of the most significant results of this study is that 
when considering a diversity of oceanic and coastal environ- 
ments, there are global relationships in the IOP spectra that 
are strikingly linear. These global relationships can be ex- 
plained by noting that if the dynamic range is large, the devi- 
ation from a linear relationship can be relatively large without 
significantly affecting the overall variance. For a local data set, 
when the dynamic range is small, deviations from the global 
linear trend do not have to be large to significantly affect the 
variance on these regional scales. While these global relation- 
ships are extremely useful in providing large time and space 
estimates of the IOP relationships, they may or may not be 
valid in predicting local scale IOP variability. In comparison 
with a regional data set with a smaller dynamic range 
(CMO97), the IOP relationships were considerably different 
from the global, especially in the case of the beam attenuation 
coefficient. Thus using the global models to predict the spectral 
IOP at the local or regional scale may lead to inaccurate 
estimates of the IOP spectral shape and magnitude. 

The main conclusion of this research is that over a diversity 
of oceanic regimes, there are fundamental, first-order relation- 
ships in the individual IOP spectra. This is logical from the 
standpoint that the constituents of the ocean: water, particles 
(including detrital and pigmented material), and dissolved or- 
ganic matter, combine to determine the IOP spectral relation- 
ships. While the relative proportions of each of these constit- 
uents may vary from region to region, the variability in the 
spectral relationships of these constituents is much smaller 
than the dynamic range of the IOP concentrations observed 
over the global oceans. 

The importance of the results from this study has various 
implications for use in deriving ocean color remote sensing 
algorithms. The linear global relationships of this study define 
a set of IOP basis vectors that can be used in these remote 

sensing inversion models which require some a priori informa- 
tion of the absorption spectra [Morel, 1988; Carder et al., 1991; 

Roesler and Perry, 1995; Hoge and Lyon, 1996]. Prediction of 
the spectrum of IOP variables given absorption, attenuation, 
or scattering at a single wavelength with a given degree of 
accuracy can provide a wealth of information based on inver- 
sions of the remotely sensed radiance. However, on regional 
spatial scales, the spectral IOP relationships may differ greatly 
from the global. It is these local or regional scale deviations 
that contain the information about the local physical/biological 
environments. 

From an instrumental standpoint, the results of this study 
indicate that the ac-9 meter measurements are, in general, 
precise over a large magnitude range of IOP values. In each of 
the spectral IOP relationships, the biases (as indicated by the 
value of the y intercept) were nearly equivalent to the esti- 
mated accuracy of the ac-9 measurements. The largest biases 
observed were located at the endpoints of the measured spec- 
trum (412 and 676 nm) and may be due, in part, to the large 
wavelength separation from the regression wavelength (488 
nm). Other causes of these biases were proposed, such as 
noncovarying detrital and dissolved fractions. These effects are 
amplified, as noted in the regional data set comparison 
(CMO97), when the dynamic range of the IOP values is de- 
creased. 
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