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Error in predicting hydrosol backscattering from remotely 
sensed reflectance 

A.D. Weidemann, • R. H. Stavn, • J. R. V. Zaneveld, 3 and M. R. Wilcox 4 

Abstract. Monte Carlo simulations are carried out to determine the error in the 

inversion of backscattering from remotely sensed reflectance when geometrical shape 
factors of the light field are assumed to be unity. The results show that error in 
backscattering inversion can vary from a 40% overestimation to a 20% underestimation 
and is dependent on the solar angle and the hydrosol constituents contributing to 
backscattering. The simulations also demonstrate that for chlorophyll concentrations 
ranging from 0.05 to 20 mg m -3 the most dramatic change in the geometrical shape 
factor occurs near 1.0 to 1.5 mg m -3 chlorophyll. The potential importance of bacteria 
in influencing the shape factor and the subsequent effect of bacteria on the retrieval of 
the backscattering from remote sensing reflectance are shown. Quartzlike material's 
strong impact on geometrical shape factors and errors of retrieval of backscattering at 
low chlorophyll concentrations are also demonstrated. Remote sensing reflectance 
inversion schemes must include information about the backscattering function to be 
successful. 

Introduction 

Understanding the fundamental relationships of light prop- 
agation through the ocean, as they relate to ocean color or 
primary production, has been a primary goal for hydrologic 
optics. Driven by potential remote sensing capabilities, there 
is an increased interest in potential derivation or inversion of 
optical properties from ocean color [Lee et al., 1994; Zan- 
eveld, 1982, this issue]. Intrinsic to this approach are the 
relationships between optical properties of the hydrosol and 
the signal received by a remote sensing platform over 
defined wavelength intervals. 

The transmission of light through the ocean is described 
by the equation of radiative transfer, which relates the 
spatially varying light field to the inherent optical properties. 
Preisendorfer [1976] defined inherent optical properties as 
those properties that are invariant with the local radiance 
distribution but may vary spatially due to inhomogeneities in 
the constituents of the water. These properties include the 
total absorption coefficient at(A, z), total scattering coefficient 
br(A, z), and the volume scattering function/•(y, A, z). Hence- 
forth, the wavelength A dependency will be implied. Vertical 
inhomogeneities are caused by the layering of biota or 
inorganic particulates suspended in a density gradient, while 
horizontal variability occurs as a result of patchiness from 
physically driven upwelling, mesoscale features, local 
winds, coastal discharge, tidal action, or fine-scale turbu- 
lence [Gallegos et al., 1990; Dickey et al., 1991; Marees and 
Wernand, 1991 ]. At a molecular level, as light propagates, its 
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electromagnetic field interacts with the dielectric interfaces 
of various material constituents which include water, ad- 
sorbed microlayers, and the optical features of organic 
detritus, inorganic material, phytoplankton, viruses, and 
bacteria. At larger scales, such as those of most optical 
measurements, or at still larger scales, such as the ocean 
color radiance signal received by a satellite, there is integra- 
tion in space and time, however, which makes inversion 
difficult in a horizontally varying medium. It is the derivation 
of the inherent optical properties from the remotely sensed 
reflectance (RSR) RSR = L(rc)/Eoa (the ratio of nadir 
radiance to scalar downwelling irradiance) that this paper 
addresses. 

The total scattering coefficient b is composed of the 

forward bf and backward bb scattering components. For a 
remotely sensed signal it is the relationship between the 
backscattering and total absorption coefficients that is sig- 
nificant for most realistic oceanic conditions. Therefore the 

hydrosol backscattering and absorption coefficients are often 
used in modeling light propagation and signal return for both 
active and passive systems. About 90% of the water-leaving 
radiance is due to scattering events occurring within the first 
attenuation length [Gordon and Clark, 1980; Gordon and 
Morel, 1983]. Our goal has been to develop and evaluate 
inversion techniques that permit inherent optical properties, 
such as the backscattering coefficient, to be derived from 
remote sensing reflectance. 

The use of the more easily measured apparent optical, or 
even biological, properties has been put forth to circumvent 
the intrinsic difficulties in measurements of absorption and 
scattering or backscattering and also to determine the rela- 
tionship that the apparent optical properties have with the 
inherent properties. Morel [1988] and Gordon et al. [1988] 
presented techniques for estimation of backscattering from 
chlorophyll derived from the coastal zone color scanner 
(CZCS) imagery (i.e., the radiances received by the CZCS). 
Lee et al. [1994] have developed a model whereby reflec- 
tance ratios measured remotely are used to predict the ratio 
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Uniform Backscatter 
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Figure 1. Source of radiant energy scattered into the nadir 
radiance L(•r, z) from any other radiance L(O', c•', z) at 
depth z. Backscattering lobe of the volume scattering func- 
tion/5(% z) for bacteria is compared with uniform backscat- 
ter. For a special case of nadir radiance, scattering angle •/= 

0'). 

optical properties. The geometrical shape factors from Zan- 
eveld's [1982, this issue] formulation allow us to analyze this 
question quantitatively. We then demonstrate strengths and 
weaknesses of this formulation and show the importance of 
water, bacteria, and quartzlike material in determining the 
remote sensing reflectance signal for chlorophyll concentra- 
tions less than 1.0 mg m -3. At higher concentrations of 
chlorophyll we show the important effects of phytoplankton 
on the remote sensing reflectance. 

Theory 
Zaneveld [1982] proposed a formulation of the radiative 

transfer equation for upwelled nadir radiance (a zenith angle 
of 180 ø) which required appropriate geometric shape factors, 
fb and fœ, for the interaction of the volume scattering 
function and the radiance distribution. In its original form 
the equation for radiative transfer for a horizontally non- 
varying field in the absence of internal sources is given by 

cos o 
dL( O, •b, z) 

dz 
= -c(z)L(O, •b, z) + L*(O, •b, z), 

(1) 

where 

of b b to Q (where Q is the ratio of upwelling irradiance to the 
upwelling nadir radiance). However, it has been shown that 
the value of Q can vary over more than an order of 
magnitude [Morel and Gentili, 1993]. In addition, the reflec- 
tance ratio R, defined as the upwelling plane irradiance 
divided by the downwelling plane irradiance, varies strongly 
as a function of solar angle and the shape of the hydrosol 
volume scattering function [Gordon, 1989; Morel and Gen- 
tili, 1993]. Furthermore, while the absorption coefficient is 
largely a function of the biota, the scattering and backscat- 
tering may or may not correlate with the living biomass 
present [Kitchen and Zaneveld, 1990]. Consequently, the 
estimation of hydrosol backscattering from only biological 
information or a derived biological parameter is tenuous, and 
a more analytical approach to derive backscattering is desir- 
able. 

An analytic approach for retrieval of the inherent optical 
properties was put forth by Zaneveld [1982, this issue] in 
which the backscattering and absorption are simple func- 
tions of the remotely sensed reflectance. Since remotely 
sensed reflectance as viewed by a satellite is only measur- 
able on clear days, one can hypothesize that the absorption 
coefficient used in Zaneveld's approach can be reasonably 
determined from the refracted solar angle and the attenua- 
tion coefficient for the upwelling nadir radiance. Here we 
present results of Monte Carlo simulations with known 
absorption and scattering coefficients and phase functions as 
inputs so that the backscattering is known a priori. The 
output of the simulations is used to calculate the backscat- 
tering coefficient and then compare it with the known input 
values of b•. We evaluate the retrieval of backscattering 
under the assumption that absorption can be reasonably 
estimated or that at least (a + b •) is a linear function of k( 
(where k(rr) is the vertical attenuation coefficient for up- 
welling nadir radiance) over a wide range of conditions. 
Since the volume scattering functions are also known inputs, 
we are able to investigate the question of whether the shape 
of the hydrosol backscattering lobe, usually assumed to be 
uniform, has any effect on the retrieval of the inherent 

L*(0, •b, z) 

= /3(3/, z)L(O', qb', z)sin 0' dO' dqb' (2) 

is the path radiance, and 

cos •/= cos 0 cos 0'-sin 0 sin O' cos (•b- •b'), (3) 

where L is the radiance in watts per square meter per 
steradian, 0 is the zenith angle, •b is the azimuth angle, z is 
the geometrical depth in meters, c is the beam attenuation 
coefficient equal to the absorption coefficient plus the total 
scattering coefficient (a + b), and /3(3/, z) is the volume 
scattering function at depth z with the scattering angle 3'. The 
path function represents the flux scattered into the radiance 
L(0, •b, z) from all other radiances of the light field located 
at zenith angle O' and azimuth angle •b'. Figures 1 and 2 
illustrate the geometry of backscattering from a bacterialike 
particle and a quartzlike particle into the nadir radiance. 
Considering only the upwelling nadir radiance and assuming 
that the scattering and radiance distribution functions are 
continuous in the region (rd2, re), Zaneveld [1982] showed 
that the remotely sensed reflectance can be rigorously de- 
scribed by (4): 

b•,(z) 

L(•r, z) 2re 
RSR = • = (4) 

Eod(Z ) k(•r, z) + c(z) - bf(Z)fL(Z)' 
where k(z', z) is the attenuation coefficient of the nadir 
radiance andfo andfr are defined by Zaneveld [this issue] as 

f(z) = 

2•rf •r/2 /•(7r- 0', z)L(O', ok', Z) sin O' dO' dcb' 
dO 

b(z) 

217' 
• Eoa(Z) 

(5) 
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f(z) = 

2•f • fi(rr- 0', z ) L ( O ' , ok', z) sin O ' dO' d cb ' 
d ,r12 

z) 
(6) 

The meaning of the backscattering shape factor fo becomes 
clear from (5); it is the ratio of the actual radiant flux 
backscattered into the nadir radiance to the predicted back- 
scattered radiant flux. Use of Eod and L(,r, z) in these 
equations implies uniformity of radiances in the downwelling 
and upwelling hemispheres, respectively. In addition, the 
backscattering lobe of the volume scattering function is also 
assumed to be uniform. The geometrical shape factors fo and 
fr modify this to account for nonuniformity in the radiances 
in each hemisphere and in the backscattering lobe of the 
volume scattering function. This parameterization of the 
radiative transfer equation requires specification of these 
two factors. 

To evaluate the potential errors of (4), the extreme or 
end-member values of the shape factors were required. 
Employing radiance distributions representative of diffuse 
and sunny skies and particle size distributions following 
Junge-type distribution with slopes of 3 and 5 with refractive 
indices ranging from 1.02 to 1.25, values for fb and fr were 
calculated. For Zaneveld's [1982] test conditions these 
ranged from 1.001 to 1.1lI1 forfr and 0.810 to 1.267 forlb. 
With strong arguments that fr makes only a minor contri- 
bution, Zaneveld [1982] concluded that, to within 30% error, 
the total backscattering coefficient could be determined iffo 
and fr were assumed to be unity. This technique requires 
determination of the absorption coefficient from either 
Gershun' s [1939] equation or the refracted solar zenith angle 
and k(rr) (to one attenuation length) calculated from remote 
sensing. The technique assumes that k(rr) = ko• for exten- 
sion of the remote sensing reflectance to a determination of 
the inherent optical properties. 

Stavn and Weidemann [1989], however, have shown that 
inversion attempts neglecting shape parameters are sensitive 
to the radiance distribution of the light field. The shape of the 
radiance distribution was shown to significantly alter a 
generalized value of "hydrosol backscattering." The vari- 
ability of the shape factor contains influences of forward and 
backscattering lobes on the upwelled irradiances and radi- 
ances. Therefore it became important to investigate the error 
in backscattering using Zaneveld's [1982] inversion scheme 
of remotely sensed reflectance even if absorption could be 
reasonably approximated. At issue was the use of Zan- 
eveld's exact equation (4) versus the approximation that f0 
and fr were unity in the upper one attenuation length of the 
water column and whether or not single or multiple scatter- 
ing would dominate the remote sensing signal over this depth 
range. 

To investigate Zaneveld's [1982] relationship, Monte 
Carlo modeling with known inputs of absorption, scattering, 
and phase functions for water, organic detritus, quartzlike 
inorganic material, and phytoplankton is employed. In addi- 
tion, bacteria are included to investigate the influence of 
Rayleigh-Gans-type scatterers on the predictability of the 
backscattering coefficient. It is the goal of this study to use 
the Monte Carlo simulation to determine the magnitude of 
error when inverting the backscattering coefficient using 
Zaneveld's formulation. First we take (4), substitute (a + b) 

(•-•') = 7 •; 

,,,,,,,,,,...... ' ' ' ' ' ' -......,,,,,,,,? Uniform Backscatter 
Quartzlike 

Figure 2. Source of radiant energy scattered into the nadir 
radiance L(rr, z) by quartzlike material. Symbols are same 
as in Figure 1. 

for c, then, assuming that fr andfo are unity, rearrangement 
yields an expression for backscattering (equation (7)). 

L(•r, z) 
[k(rr, z) + a(z)] 

Eod(Z) 
bt,(z) = . (7) 

1 L(,r, z) 

2 rr Eod(Z) 

Using the irradiance and radiance outputs of the Monte 
Carlo simulations, we calculate backscattering from (7) as 
well as the actual values off0 and fr using (5) and (6). Once 
fb is determined from the radiances and irradiances of the 
Monte Carlo output and the volume scattering functions in 
the model, then it is possible to calculate fL as 

[k(,r, z)- a(z)] bt,(z) [f b( Z)Eod( Z) fL-- bf(z) bf(z) L•r•77'z-• - 1 + 1. (8) 
The backscattering coefficient retrieved from the simplified 
RSR relation, equation (9), is then compared with the known 
backscattering coefficient. Among the relationships investi- 
gated is how the error in the retrieval of b 6 compares to the 
fr and f6 contributions and their deviation from unity. 
Furthermore, we can partition f6 into components due to 
molecular water, quartzlike material, etc., and consider 
which components tend to dominate. 

Monte Carlo Model: Parameters and Constraints 

The potential errors in the assumptions of the original 
Zaneveld [1982] algorithms stimulated studies to evaluate 
the effect of these assumptions on the extracted values of b b. 
One outcome of these studies was validation of a new 

method [Zaneveld, this issue] for estimating the geometrical 
shape factor fv from optical measurements of the shape of 
the backscattering function in the field. 

We use the Monte Carlo method to simulate solutions to 

the radiative transfer equation under a variety of optical 
conditions. A series of Monte Carlo simulations at the U.S. 

Naval Oceanographic Office and the North Carolina Super- 
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computing Center utilized the Naval Research Laboratory 
(NRL) blue water model with some logical extensions. The 
NRL blue water Monte Carlo model is explained in some 
detail by• Stavn and Weide, mann [1988] and verified by 
Mobley et al. [1993]. The extensions that are applied to the 
model account for a variety of suspended materials tending 
to make the blue water model "green." Scattering and 
absorption are partitioned into components including algae, 
detritus (organic), dissolved.colored organic material (gelb- 
stoff), quartzlike material, and molecular water. The chloro- 
phyll range of previous modeling efforts is extended to 
higher chlorophyll regimes (20 mg m-3), which are more 
representative of coastal and upwelling conditions. The 
range of chlorophyll concentrations used in this study is 0.05 
to 20.0 mg m -3. Bacterial contributions to scattering and 
absorption are made through adjustment in the organic 
fraction. Therefore, while the total absorption and scattering 
coefficients do not change, with or without bacteria, their 
partitioning is altered. The impact of bacteria is particularly 
important in modifying the angular distribution of the back- 
scattering function toward the nadir. Quartzlike material has 
a similar impact at low (<l mg m -3) chlorophyll concentra- 
tions. 

Briefly, what shall henceforth be referred to as the "stan- 
dard model" is as follows. The model simulations are carried 

out at 440 nm, near a chlorophyll absorption peak, with solar 
zenith angles of 11 ø (air mass l) and 60 ø (air mass 2) with 
33.8% (air mass l) and 52.4% (air mass 2) of the global 
radiation due to skylight, respectively [Brine and Iqbal, 
1983]. The parameterization of components of sky radiation 
to yield aerosol type are derived from Baker and Frouin 
[1987]. Since the model simulations are conducted for the 
blue region of the spectrum, internal sources, such as 
fluorescence and Raman scattering, are excluded. Ail simu- 
lations are for flat surface, optically homogeneous oceanic 
conditions. The absorption and total scattering Coefficients 
are partitioned as 

aT = aw + ap + ay + a d a d = a o + abact 

bT= b• + b•, + ba + bq ba = bo + bbact 

where the subscripts T, w, p, y, d, q, o, and bact refer to 
total, water, phytoplankton, yellow substances (dissolved), 
detrital, quartzlike material, organic (nonbacteria), and bac- 
teria, respectively. The a bact is assumed negligible and equal 
to zero so that ad = ao. The basic working of the Monte 
Carlo model involves generating photons that penetrate the 
marine hydrosol at an angle dependent on the solar zenith or 
the skylight distribution. The absorption and scattering 
coefficients become probabilities that determine whether a 
photon will be absorbed or continue but at a new trajectory. 
All the volume scattering functions of the suspended parti- 
cles (quartzlike, organic detritus, bacteria, small algal cell, 
large algal cell) and the water molecule are used separately 
to generate different probability distributions invoked by 
separate calls to the random number generator. The pene- 
trating photons in the model have a large range of possible 
photon-particle interactions which, we feel, allows for an 
accurate simulation of the photic fields of a series of marine 
hydrosols from open ocean to coastal-type upwelling type 
situations of case 1 waters. After 10 million photons have 
penetrated, their passages at various depths, with a constant 
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increment between the depths, are summed and radiances 
and irradiances can be determined. Information on radiances 
and irradiances can then be used, as they were in this study, 
to test the efficiency of algorithms that are simplifications of 
radiative transfer theory. 

The absorption and total scattering coefficients for the 
constituents are extracted from the literature. Absorption 
and scattering by molecular water are those from Smith and 
Baker [1981] and Morel [1974]. The quartzlike material of the 
marine hydrosol is assumed to be nonabsorbing, while the 
scattering coefficient for this material is taken from data 
reported by Kullenberg [1968] at depths of 1500 to 2000 m in 
the Sargasso Sea. This quartzlike material is taken as a 
constant "background component" of the marine hydrosol. 
For the phytoplankton component of our marine hydrosol 
we have taken advantage of the extensive data on absorption 
and scattering of these cells from Bricaud and Morel [ 1986], 
Morel and Bricaud [1986], and Bricaud et al. [1988]. The 
absorption properties of the bacteria are taken from Stram- 
ski and Kiefer [1991], but since bacterial absorption was 
negligible, detrital absorption has been used in the scattering 
calculations for bacteria. Bacterial optical properties are also 
taken from Morel and Ahn [ 1990]. The scattering properties 
for the bacteria are derived from Mie theory [Bohren and 
Huffman, 1983], using a mean spherical diameter of 0.58/am. 
The concentration of bacteria in the hydrosol is determined 
using relationships between bacteria concentration (cells per 
cubic meter) and chlorophyll concentration [Chl] (milligrams 
per cubic meter) as follows' 0.63 x 1012 cells m -3 for -<0.5 
mg m -3 chlorophyll and 0.91 x 1012[Chl] ø'52 cells m -3 for 
>0.5 mg m -3 chlorophyll [Cho and Azam, 1990; Cole et al., 
1988]. The contributions to absorption from dissolved sub- 
stances (0.207aT) and organic detritus utilize regression 
relationships of absorption on the total scattering coefficient 
at 550 nm developed by Prieur and $athyendranath [1981]. 
The total scattering coefficient for organic detritus was 
obtained by difference. That is, for any given chlorophyll 
concentration the total scattering coefficients for molecular 
water, quartzlike material, phytoplankton cells, and bacte- 
rial cells were summed and subtracted from the total scat- 

tering coefficient for the hydrosol at 550 nm, calculated from 
bT = 0.21[Chl] ø'62 where [Chl] is the chlorophyll concen- 
tration [Morel, 1980]. 

One distinctive feature of the NRL optical model is that 
the volume scattering function of each constituent of the 
marine hydrosol is accounted for separately rather than 
applying a single "average volume scattering function" that 
remains constant even though chlorophyll concentrations 
vary. The volume scattering function for molecular water 
comes from Morel [ 1974], and the volume scattering function 
for the quartzlike material is taken from Petzold's [ 1972] data 
for tongue-of-the-ocean (Atlantic Undersea Test and Evalu- 
ation Center (AUTEC)) with water subtracted. Two volume 
scattering functions are utilized for phytoplankton based on 
whether we are investigating open ocean water or more 
coastal-type case 1 water. The detailed criteria applied to 
these scattering functions will be explicated in our discus- 
sion of constraints applied to the optical parameters utilized 
in the model. The volume scattering functions are from 
Bricaud and Morel [1986], Bricaud et al. [1988], and Mie 
calculations for small (<2-/am diameter) cells with the ab- 
sorption cross sections reported by Bricaud and Morel in 
various papers. The volume scattering function for particu- 
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late organic detritus was estimated from the data reported by 
Petzold [1972] for San Diego Harbor water, with molecular 
water subtracted. 

Extensive constraints have been built into this model to 

assure compliance with the relationships between the optical 
parameters of the marine hydrosol as published in the 
literature. Absorption coefficients of the marine hydrosol 
and its components are more easily measured and arguably 
more reliable than the scattering measurements that have 
been available heretofore. Therefore we use the absorption 
properties and relationships to establish our hydrosol optical 
model. We then investigate the relevant scattering properties 
of the marine hydrosol, constrained by the absorption rela- 
tionships. A "small-cell model" is utilized for ocean waters 
of -<1 mg chlorophyll m -3 and a "large-cell model" for 
ocean waters of >1 mg chlorophyll m -3. For chlorophyll 
concentrations at or below 1 mg m -3 the phytoplankton 
absorption and scattering coefficients are considered to be 
typical of a "small algal or cyanobacteria cell" with a 
diameter of <2 /am [Bricaud and Morel, 1986; Morel and 
Bricaud, 1986; Bricaud et al., 1988], such as Platyrnonas 
species. The specific absorption coefficient is 0.0404 m 2 
mg- 1 g-1 and the portion of the scattering by phytoplankton 
in the backward direction b bp/b p is 0.000332. For chloro- 
phyll concentrations >1.0 mg m -3 the model uses optical 
properties of a large algal cell (Dunaliella sp.) with a specific 
absorption of 0.0158 m 2 mg -1 and bbp/bp ratio of 0.0020. 
The large cell is believed to be more representative of 
phytoplankton in coastal and upwelling areas. Carder et al. 
[1986] and Cleveland [this issue] have bracketed these spe- 
cific absorption coefficients for nearshore and open ocean 
environments. K. L. Carder (unpublished data, 1994) found 
that the specific absorption coefficient varied in a "hyper- 
bolic" fashion from about 0.07 m2 mg-1 in open water with 
low chlorophyll, declining rapidly to 0.016 m 2 mg -• in 
high-chlorophyll regimes. The midpoint of the transition was 
near the chlorophyll concentration of 1 mg m -3. Cleveland 
[1988] reported specific absorption coefficients of 0.015, 
0.040, and 0.060 m 2 mg -• in a series ranging from deep 
ocean systems to near-coastal systems. We conclude that 
the values used in our model are representative of those 
expected in natural conditions. Additionally, there have 
been reports on the relative concentration of particulate 
organic matter compared to living cells. The general trend is 
one of relatively high organic detritus concentration in 
low-chlorophyll, open ocean systems and relatively low 
organic detritus concentration in high-chlorophyll, near- 
coastal systems [Morel, 1988]. Bricaud and Strarnski [1990] 
have reported quantitative estimates of the ratio of the absorp- 
tion coefficient of particulate organic detritus to the absorption 
coefficient of all particulates at 440 nm, ao/(ap + aa), in our 
notation. They report a range in the detritus to total partic- 
ulate absorption ratio of 60-80% at chlorophyll concentra- 
tions below 0.05 mg m -3 and a range of 5-24% at chlorophyll 
concentrations of 1.5 mg m -3. The organic matter concen- 
trations chosen for this model conform to these absorption 
ratios established. 

The original limits on the scattering by the marine hy- 
drosol at 550 nm were established by Morel [1980] and later 
modified [Gordon and Morel, 1983]. The limits for total 
scattering at 550 nm for case 1 ocean waters were from b r = 
0.12[Chl] ø'62 to br = 0.45[Chl] ø'62. Our estimate of the total 
scattering coefficient for organic detritus was obtained by 

difference, i.e., summing up all of the scattering components 
of the hydrosol except organic detritus and then subtracting 
this value at 550 nm from the power law for the total 
scattering coefficient established by Morel. We could have 
validly chosen any coefficient in this range from 0.12 to 0.45 
and have been within the accepted range for total scattering 
of case 1 waters. After testing many coefficients of this 
power law, we arrived at the relationship of b r = 
0.21[Chl] ø'62. This power law exhibits a coefficient about 
midway between the limits established by Morel. The or- 
ganic matter estimated by difference from this power law 
conforms to the absorption ratio for organic detritus to total 
particulate established by Bricaud and Stramski [1990]. 
Higher coefficients than 0.21 resulted in organic detritus 
concentrations that were too high in coastal ocean systems. 
The optical scattering relationships established at 550 nm 
were then corrected back to 440 nm by the A -• relationship 
for marine particulates when scattering cross sections for 
440 nm were not known. Another check on these relations is 

to consider the backscattering coefficient measured by 
Carder et al. [1986] at various levels of chlorophyll in the 
Gulf of Mexico. The backscattering coefficient from our 
model, summed from the backscattering coefficients of the 
individual hydrosol components, conforms to the backscat- 
tering coefficient established by Carder et al. for chlorophyll 
concentrations at 1 mg m -3 or less. At higher chlorophyll 
concentrations our backscattering coefficient is less than that 
reported by Carder et al. However, Carder et al. admit that 
the high-chlorophyll waters they sampled were quite proba- 
bly case 2 waters. In addition, when we compare our 
backscattering coefficient with the backscattering formula, 
parameterized to chlorophyll, proposed by Morel [ 1988], the 
coefficient now exceeds the predictions of Morel's formula 
by about 30%. To our knowledge, no other model or 
parameterization of case 1 waters conforms this well to 
Morel' s backscattering formula. Regions of high chlorophyll 
may have more organic detritus than previously suspected, 
or perhaps more inorganic particulate must be accounted for 
as chlorophyll concentration increases. In addition, the 
specific scattering coefficient for our optical model varied 
from 1.23 m 2 mg -• Chl at 0.05 mg Chl m -3 to 0.673 m 2 
mg -• Chl at 20 mg Chl m -3 decreasing in a "hyperbolic" 
fashion on the semilog plot in accordance with the data range 
established by Morel [1987]. This model is probably repre- 
sentative of a rapid new growth algal bloom without any 
large significant inorganic quartzlike contributions above 
chlorophyll concentrations of 1.0 mg m -3. 

To assess the impact of dramatically different optical 
properties of phytoplankton on the inversion of backscatter- 
ing from RSR, we made several "nonstandard" model runs. 

-3 
These simulations are carried out in the region of 1.0 mg m 
chlorophyll. It is at this point where the simulations shift 
from a small-cell to a large-cell model. In the nonstandard 
simulations the large-cell characteristics are used at chloro- 
phyll concentrations of 1 mg m -3 or less, and conversely, 
the small-cell characteristics are used at larger chlorophyll 

-3 
concentrations. The chlorophyll concentration of 1 mg m 
was an important "hinge point" for many of the observa- 
tions from these simulations, and it was important to estab- 
lish what effect, if any, the change in cell models would have 
on the results. 
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Figure 3. Mean percent error over one attenuation length, 
440 nm, for backscattering retrieval as a function of chloro- 
phyll for air mass 1 (11 ø solar angle), with squares indicating 
standard simulation with bacteria; circles, standard simula- 
tion without bacteria; crosses, nonstandard simulation (see 
text) with bacteria; and pluses, nonstandard simulation 
without bacteria. 

Error in Retrieval of b•' Standard Model 
In order to conform with previous modeling efforts that 

have shown that 90% of the water-leaving radiance used in 
passive remote sensing is propagated from interactions that 
occur within the first attenuation length [Gordon and Morel, 
1983], the retrieval of b • from RSR via (7) is evaluated over 
the depth interval of one attenuation length (1/K•). The 
inversion of b• from RSR is parameterized as the "mean 
percent error" • which is the average deviation between the 
input b• and b • recovered by (7) over all depth increments 
of the model from the surface to one attenuation length (a 
minimum of four model depth increments in low chlorophyll 
to a maximum of seven depth intervals in high-chlorophyll 
water). For each depth increment the mean percent error in 
b• retrieval is defined as 

bb(RSR)- bb(actual) 
g- x 100 (9) 

bb(actual) 

The model simulations suggest that Zaneveld's [1982] 
original contention that the inherent optical properties can 
be inverted with a certainty of -+30% is a reasonable first- 
order estimate (assuming absorption can be recovered inde- 
pendently). However, (7) does not give any indications of 
the systematic overestimation and underestimation of b b 
that the model simulation output clearly indicates. For the 
Sun near the solar zenith (11 ø, air mass 1), (7) actually 

-3 
overestimates b• by about 40% from 0.05 to 1.0 mg m 
chlorophyll (Figure 3). Between 1.0 and 1.25 mg m -3 chlo- 
rophyll, Figure 3 indicates that the mean percent error in b • 
drops to 25%. There is gradual improvement in the recovery 
of b• between 1.25 and 20.0 mg m -3 chlorophyll. The mean 
percent error declines from an overestimate of 25% to an 
overestimate of about 15%. While there is considerable 

variability in the mean percent error, overall, the simulations 

that include bacteria show a slight improvement in recovery 
of b b . 

The simulations demonstrate a strong dependency of solar 
angle on the retrieval of b b using remote sensing reflectance 
(Figures 3 and 4). The error in retrieval of b b for the air mass 
2 (60 ø solar zenith) condition shows a "hyperbolic" shape 
similar to that from air mass 1, but with a downward 
displaced asymptote for low-chlorophyll concentrations. At 
low chlorophyll concentrations the mean percent error is 
only about 10%. There is then rapid improvement in b o 
inversion between 1.0 and 2.0 mg m -3 similar to the air mass 
1 case; the mean percent error at 2 mg m -3 is about 1%. 
However, at even higher chlorophyll concentrations the 
simulations show that (9) will underestimate b o by about 
6-9%. In addition, simulations at low chlorophyll concentra- 
tions with bacteria differ significantly from simulations using 
organic detritus to replace the bacterial component. There is 
much more scatter over the entire range of chlorophyll 
concentrations for air mass 2 over what is evident in the 

output for air mass 1. This variability is ascribed to the low 
solar angle and the low number of photons being backscat- 
tered into the nadir. We conclude from these results that (7) 
requires modification. Clearly, the retrieval of b o is depen- 
dent on the solar angle and on the partitioning of the 
scattering into organic and bacterial components. The re- 
sults furthermore suggest that fo and fL cannot be assumed 
to be unity as initially suggested, but rather, there is a 
systematic change in one if not both of these shape factors. 
The "random" assumption in the variability of fb and fL 
implied by Zaneveld [1982] is not present. The results also 
demonstrate a sudden change in the accuracy of the retrieval 
of b o between 1.0 and 1.5 mg m -3 chlorophyll. 

Analysis of ft. and f• 
We proceed to determine if either shape factor fv or fr or 

their combination is the cause of the systematic discrepancy 
between the recovered b v and the input bb. The values for 
fr and fv were calculated from (8) and (5). The effect of 
neglecting variance in the shape factors is manifested 

•_0 ............ i i'&'-"i'"'"r• ......... ...... ............ i i-'-t"i"'i'T!-i'i i ii'?i ............. ................. ..... ....................... if ......... i'T"'i'"'i"i' 
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Figure 4. Mean percent error in backscattering retrieval as 
a function of chlorophyll for air mass 2 (60 ø solar angle); 
symbols as in Figure 3. 
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Figure 5. Shape factor fL as a function of chlorophyll for 
air mass 1, all simulations; symbols as in Figure 3. 
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Figure 7. Shape factor fb as a function of chlorophyll for 
air mass 1, all simulations; symbols as in Figure 3. 

through the comparison of the exact (equation (4)) and the 
approximate solution (equation (7)) for RSR. 

For fL the differences between air mass 1 and air mass 2 
results are small; fL is not a strong function of solar angle 
(Figures 5 and 6). The range of fL values is 0.963-1.152 
which is broadened somewhat over the range reported by 
Zaneveld [1982]. One anticipates that for our simulations the 
near-surface radiance distribution will be strongly peaked in 
a forward direction, and thus fL would not be expected to 
show large deviations [Zaneveld, 1982, this issue]. The 
sharper/g(•,) is in the forward direction, the less likely fL is 
to show any great impact on the retrieval of b b from 
remotely sensed reflectance. In addition, the exact solution 
(equation (4)) shows that fL has only a small impact on the 
numerator through the modification of forward scattering bf. 
In our simulations, fr is nearly constant from 0.05 to 1.0 mg 
m -3 chlorophyll, with values of 1.0 and 1.07 for air mass 1 
and air mass 2, respectively (Figures 5 and 6). The f•. 
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Figure 6. Shape factor fr as a function of chlorophyll for 
air mass 2, all simulations; symbols as in Figure 3. 

coefficient then increases to about 1.1 at the higher chloro- 
phyll concentrations for both solar angles. 

At scales too small to be significant in b•, retrieval there is 
a difference between air mass 1 and 2 in the importance of 
bacteria on fL. For a solar angle of 11 ø, nearly all the fL 
values are higher in those simulations without bacteria. 
However, the trend disappears or even shifts slightly to 
lower fL values for the 60 ø solar angle. 

Of more interest is the calculation of f• for the model 
simulations (Figures 7 and 8). The range of fb values 
averaged over the first attenuation length is 0.821-1.41 which 
extends Zaneveld's [1982] range only at the high end. As (4) 
predicts, the retrieval of b b from RSR is inversely propor- 
tional to fb, and therefore changes in f• are manifest in the 
retrieval of b b from RSR. The values for air mass 1 range 
from 1.4 in the low-chlorophyll range (0.05-1.0 mg m -3) to 
1.02 at 20 mg m -3 chlorophyll (Figure 7). There is a sudden 
decrease inf• that is characteristic of the change in the mean 
percent error at 1.25 mg m -3. The shape is distinct and 
follows the hyperbolic shape exhibited in the mean percent 
error [Stavn and Weidemann, 1994]. Air mass 2 results show 
a similar trend, but the values for f• are about 1.03 at low 
.chlorophyll, decreasing to <0.9 at high chlorophyll concen- 
trations (Figure 8). In contrast to fL, there is a significant 
difference between fb values for air mass 1 and air mass 2 
when bacteria are present versus when they are absent. For 
the air mass 1 (11 ø solar angle) simulations, fb is always 
higher with bacteria included; the converse is the case for air 
mass 2. Since f• is dominated by the backscattering function 
and the radiance distribution, this result indicates that the 
volume scattering function in the backward direction is 
affected significantly by the presence or absence of the 
bacteria. This result indicated that further analysis into the 
effect on the shape factors caused by the partitioning of the 
constituents was required. 

Partitioning of f• 
We can extend the analysis offb further by taking advan- 

tage of the parameterizations possible with Monte Carlo 
technique. Each component of bb is evaluated separately in 
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Figure 8. Shape factor f0 as a function of chlorophyll for 
air mass 2, all simulations; symbols as in Figure 3. 

its effect on the photon flux, as each represents a different 
probability, and the same is true for the volume scattering 
function for each hydrosol component. All of the scattering 
coefficients are additive, and thus their contributions to a 
calculation off0 from (5) are determined separately, appro- 
priately weighted, and summed. That is, a shape factor f0 is 
determined for each individual component (water, algae, 
bacteria, organics, etc.) of the hydrosol. In Table 1 we have 
the backscattering shape factors evaluated for three chloro- 
phyll concentrations (0.05, 1.0, and 20.0 mg m -3) and the f0 
values for each hydrosol component. The partitioning of the 
f0 coefficient among the hydrosol components as shown in 
Table 1 gives some indication as to why the f0 parameter is 
neither simple nor easy to dismiss. For example, individual 
hydrosol components vary in their f0 value by much more 
than the variation in the shape factor for the entire hydrosol 
(i.e., the weighted average). In contrast to the values for f0 
of the entire hydrosol originally estimated by Zaneveld 
[ 1982], the shape factors in the surface layer can be as low as 
0.118 for bacteria at a chlorophyll concentration of 20 mg 
m -3 and air mass 2 to as high as 2.596 for quartzlike material 
at 20 mg m -3 chlorophyll and air mass 1. Clearly, radical 
shifts in the concentration of hydrosol components strongly 
effects f0; consider an algal bloom, a bloom of bacterial 
decomposers after an algal bloom has run its course, or 

transport of quartzlike suspended matter into coastal waters 
by a river after a storm or just by disturbance of bottom 
sediments. The pattern that emerges from Table 1 is that for 
a given external radiance distribution the backscattering 
shape factor for each component is essentially unchanged, 
no matter what the chlorophyll concentration. However, 
because f0 is dominated by /3(7) once L(O, z) is defined, 
changes in the concentration of individual components will 
shift the weighting factor for each component f0 and alter the 
final backscattering shape factor for the entire hydrosol. For 
the low chlorophyll concentrations (0.05-1.0 mg m -3) at air 
mass 1 the highest f0 values in the study are associated with 
the very high f0½ values for quartzlike material, which is 
apparently the major factor in causing high hydrosol f0 
values. At the high chlorophyll concentration (20.0 mg m -3) 
the value for f0 appears to be affected most strongly by the 
fba value associated with algae, although air mass 2 values 
would indicate some bacterial effect. In general, the bacterial 
effect on the hydrosol f0 value can vary from 3 to 12%. 

The causes for the variation in the backscattering shape 
factor for individual hydrosol components are illustrated in 
Figures 1, 2, 9, and 10. The schematic diagrams of Figures 1 
and 2 illustrate the geometry of the volume scattering 
function in the backward direction associated with a given 
downwelling radiance. In both cases we also illustrate the 
nonuniform volume scattering function in the backward 
direction for bacteria and quartzlike material. The figures 
graphically show how the bacterial volume scattering func- 
tion in Figure 1 scatters less into the nadir radiance than 
would be predicted from the assumption of uniformity of the 
volume scattering function in the backward direction. Con- 
versely, in Figure 2 the quartzlike material will scatter more 
into the nadir radiance than would be predicted by the 
assumption of uniformity of the backscattering function. The 
interactions leading to the typical backscattering shape fac- 
tors for bacteria and quartzlike material are illustrated quan- 
titatively in Figures 9 and 10, where plots of radiance 
distributions and the backscattering function for quartzlike 
material and bacteria are shown. In Figure 9 we have plotted 
the downwelling zonal radiance distribution L(©', 2z-)dw 
against the backscattering lobe of the volume scattering 
function/3(7) of the quartzlike material. This plot of zonal 
radiance (integrated over a 2z-azimuth angle) multiplied by 
dw represents the integral term of (5). We see that the 
dominant zonal radiance from this air mass 1 radiance 

distribution interacts with a near maximum of the volume 

scattering function in the backscattering direction. This 

Table 1. Backscattering Shape Factors f0 at 0 m Depth, 440 nm 

Air Mass 1 Air Mass 2 

fb fbw fbq fbo fbb fba fb fbw fbq fbo fbb fba 

0.05 mg m -3 chlorophyll 
Bacteria 1.490 1.371 2.359 ß ß ß 0.861 0.587 1.026 1.138 0.858 ß ß ß 0.167 0.734 
No Bacteria 1.391 1.368 2.351 0.728 '.. 0.592 1.055 1.139 0.848 0.893 ... 0.738 

1.0 mg m -3 chlorophyll 
Bacteria 1.474 1.385 2.40 ß ß ß 0.847 0.570 0.998 1.147 0.855 ß ß ß 0.129 0.717 
No Bacteria 1.340 1.383 2.39 0.717 '.. 0.570 1.037 1.140 0.894 0.854 ... 0.723 

20.0 mg m -3 chlorophyll 
Bacteria 0.990 1.390 2.596 0.713 0.847 0.845 0.814 1.152 0.843 0.884 0.118 0.716 
No bacteria 0.918 1.389 2.592 0.714 '.. 0.846 0.915 1.151 0.844 0.884 ... 0.718 

The subscripts with fb are defined as follows' w, water' q, quartzlike; o, organic detritus' b, bacteria; and a, algae. 
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Figure 9. Data plotted from output of Naval Research Laboratory (NRL) Monte Carlo model. 
Simulation is at 440 nm with 20.0 mg Chl m -3 at 0 m depth and air mass 1. Downwelling zonal radiance 
distribution is each zonal radiance multiplied by dw, L(O', 2•r, O-)dw. Backscattering lobe of volume 
scattering function (quartzlike material) will scatter radiant flux from the zonal radiance into the nadir 
radiance. Maximum zonal radiance at 7.5 ø zenith angle interacts with a maximum in the backscattering 
lobe of the volume scattering function. This explains the maximum in backscattering shape factor for 
quartzlike material in Table 1. 

leads to a much greater amount of energy being scattered 
into the nadir radiance and a high value of ft, q for quartzlike 
material. In Figure 10 we have a similar plot of an air mass 
2 zonal radiance distribution, L(•9', 2•r)dw, against the 
backscattering lobe of bacteria. The dominant zonal radiance 
from the air mass 2 distribution interacts with a minimum in the 

bacterial volume scattering function in the backscattering di- 
rection. Thus the bacteria under air mass 2 conditions will 

contribute a minimum to the backscattered flux entering the 
nadir radiance and resulting in a very low value of f00 for 
bacteria. One merely has to shift the radiance distribution in 
the plots to predict the effects of changes in air mass on the 
backscattering shape factor. The two dominant factors control- 
ling the backscattering shape factor are the radiance distribu- 
tion of the downwelling light field and the shape of the volume 
scattering function of the scattering particle. 
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Figure 10. Data plotted from output of NRL Monte Carlo model. Simulation is at 440 nm with 20.0 mg 
Chl m -3 at 0 m depth and air mass 2. Downwelling zonal radiance distribution is each zonal radiance 
multiplied by dw, L(O', 2•r, O-)dw. Backscattering lobe of volume scattering function (bacteria) will 
scatter radiant flux from the zonal radiance into the nadir radiance. Maximum zonal radiance at 42.5 ø 

zenith angle interacts with a minimum in the backscattering lobe of the volume scattering function. This 
explains the minimum in backscattering shape factor for bacteria in Table 1. 
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Figure 11. Backscattering shape factors calculated from the NRL Monte Carlo output compared with 
the volume scattering ratio. Comparisons are made from the entire range of chlorophyll concentrations, 
0.05-20.0 mg m -3. 

Direct Estimation of fo 
Given the number of variations in the backscattering 

shape factor documented above, it may be difficult to simu- 
late enough oceanic conditions to estimate the probable f• 
value for a given oceanic region; alternatively, it may be 
possible to estimate fo from specific oceanic optical mea- 
surements. To the end of determining fo directly, consider 
an approximation of the Eoa(Z) term used in these equations 
utilizing the maximum radiance, usually at the refracted 
solar zenith angle (see also Zaneveld [this issue]). If L(19•n, 

! 

•b m, z) is the dominant or maximum radiance, then we make 
the approximation 

Eoa( Z) -• L( O m, q• m, Z) alto m, 
m 

where dto m = sin 19;nd19;ndcb;n. Substituting into (5) 

(10) 

13 (z' - 0 m, z)L(O m, Cb m, Z) dto m 
m 

lb(z) • , (11) 
b •,( z) 

Eod(Z) 
277' 

fi(z'- O•n, Z)Eod(Z) 
f•,(z) --• , (12) 

b •,( z) 
Eocl( z) 

2qr 

0;n, Z) 
f•,(z) • 2'rr . (13) 

b•,(z) 

In Figure 11 we compare the volume scattering ratio formu- 
lation for fb (equation (13)) with the fb calculated from 
Monte Carlo output. The deviations from the true value 
average about 5%, whereas the worst case deviation is about 
13%. The best general agreement appears to be for air mass 
2 conditions, while total overcast conditions deviate a bit 
more. The greatest deviation appears to occur for air mass 1 
conditions at high fb values for open ocean conditions with 
low chlorophyll concentration. The fb values reported in 
Figure 11 are averages over the first attenuation length of the 
surface layers. The agreement of the volume scattering ratio 
with the fb value at 0 m depth is even better. Under air mass 
1 conditions the agreement at 0 m depth is very good because 
a dominant radiance is easily identified. Diffusion of the 
downwelling radiance field, perhaps in a nonlinear fashion, 
degrades the agreement between measurement and predic- 
tion as depth increases. Under air mass 2 and overcast 
conditions the radiance distribution around the dominant 

radiance tends to be more symmetrical and the errors in 
identifying a dominant radiance tend to cancel out. 

From the above evidence we conclude that for the first 

time it is possible to estimate a rather difficult optical 
parameter, the backscattering shape factor, utilizing the 
ratio of the volume scattering function at the angle (•r - 19 •n) 
to the backscattering coefficient b b. Thus the fv coefficient 
can be approximated on the assumption that the nadir 
radiance is populated with photons largely from single 
scattering at a dominant downwelling radiance. This param- 
eter should be measurable very soon, with the development 
of backscattering meters that will allow an interpolation of 
the volume scattering function in the backscattering lobe. 
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The radiance needed to determine the zenith angle at which 
to apply the volume scattering function may be determined 
by knowledge of just the angle of the refracted solar beam. 
For cloudier skies and differing sea state conditions, Monte 
Carlo simulations will be needed to determine the typical 
dominant radiance. There are possibilities for mapping re- 
gions of specific fb factors relative to air mass and sea state 
conditions, and new algorithms utilizing/3(•r - O•, z) are 
being proposed by Zaneveld [this issue]. 

Backscattering: Water, Algae, and Bacteria 
The abrupt change in the mean percent error in the 

retrieval of b b near 1.25 mg m -3 chlorophyll (Figures 3 and 
4) shows that absorption and scattering partitioning is im- 
portant in the performance of (7) and also for most remote 
sensing algorithms. Several simulations are carried out be- 
tween 1.0 and 2.0 mg m-3, where the recovery of b • changes 
the most. The sensitivity of this change to the variation in 
cell model input values at 1 mg m -3 chlorophyll concentra- 
tion is investigated as follows. We employ "nonstandard" 
simulations utilizing the large-cell model at and below 1.0 mg 
m -3 chlorophyll concentration and the small-cell model for 
chlorophyll concentrations above 1.0 mg m -3. The use of 
the large-cell model at chlorophyll concentrations of 1.0 mg 
m -3 or less did not affect the trends reported from the 
"standard" model simulations (small-cell model at 1.0 mg 
m -3 chlorophyll or less). However, use of the small-cell 
model for chlorophyll concentrations > 1.0 mg m-3 did affect 
the transition point for the mean percent error and fo 
(Figures 3, 4, 7, and 8). Rather than declining info and mean 
percent error between 1.0 and 1.25 mg m -3 chlorophyll, the 
transition point now occurs between 1.25 and 1.50 mg m -3. 
However, the decrease info and the mean percent error is as 
pronounced in these nonstandard simulations as those re- 
ported for the standard simulations (Figures 3 and 7). Keep 
in mind that small movement in the position of the falloff 
(transition) of fb and the mean percent error in these 
nonstandard simulations occurs with a 2.5-fold decrease in 

the specific absorption coefficient, and a sixfold increase in 
the bop/bp ratio. Thus the change in cell model parameters is 
not responsible for the general hyperbolic shape found in the 
simulations and the drastic change in fo with increasing 
chlorophyll concentration. Therefore, even though the 
model is affected by the cell model parameters, factors other 
than the phytoplankton optical properties alone are crucial in 
determining the region of the rapid change in mean percent 
error and fb' 

On the basis of (13) it is seen that the answer lies in the 
following two areas' the relative contribution to scattering, 
backscattering, and absorption of "conservative" fractions 
(water, quartzlike material, background bacteria, and detri- 
tus) compared to the phytoplankton contribution and, sec- 
ondly, the modification of the shape of the volume scattering 
function in the backward direction by constituents such as 
quartzlike material, phytoplankton, and bacteria. Thus the 
abrupt change in fb and the rapid change in the mean percent 
error are brought about when the system switches from one 
dominated by conservative material (bacteria, quartzlike 
material, and water) to one dominated by the phytoplankton 
and its codependencies. 

The presence or absence of bacteria affects the values of 
fb (Figures 7 and 8). There is a clear difference between fb 

with and without bacteria for both the air mass 1 and air 

mass 2 simulations. In air mass 1 the fo values with bacteria 
are higher than those without bacteria present; the converse 
is true for air mass 2. Bacteria apparently contribute more 
than organic detritus to backscattering for the low zenith 
angles (high Sun). However, for air mass 2, with a refracted 
solar zenith angle near the Brewster's angle, the largest 
contribution to the backscattering comes from near the 135 ø 
scattering angle (Figure 10). This scattering angle is near the 
minimum in the volume scattering function for bacteria 
(Figure 10). The scattering function for the backward direc- 
tion at this angle is very different when bacteria are present 
versus when bacteria are excluded. It is this minimum and 

the "1obing" in the shape of the backscattering function for 
bacteria (Figures 1 and 10) that give rise to the distinct 
separation of the model output, an increase in the shape 
factor with a high Sun and a decrease in the shape factor with 
a low Sun. 

Morel and Gentili [1991, 1993] put forth the parameters ,/, 
the ratio of b w to b T, and ,/•, the ratio of b bw to b or, where 
b ow and b OT are the backscattering attributable to water and 
the total backscattering, respectively. They then partitioned 
the marine hydrosol into two components: molecular water 
and an "average" particulate material. Furthermore, they 
proposed that the ,/and ,/• parameters are directly corre- 
lated with the unique nature of the volume scattering func- 
tion for the marine hydrosol. To the extent that the volume 
scattering function of all the particulates (bacteria, organic 
detritus, phytoplankton, etc.) can be summed and described 
by a single average function, it was proposed that the value 
of ,/ and ,/b describe the shape of the volume scattering 
function of the marine hydrosol and its backscattering func- 
tion, respectively. Since each individual component of the 
marine hydrosol is treated separately in our simulations, an 
increase in chlorophyll implies an increased influence of the 
volume scattering function of the phytoplankton relative to 
the influence of all other components. The shape of the 
hydrosol volume scattering function changes accordingly. 
Since the particulate volume scattering function of Morel 
and Gentili remains constant for all chlorophyll concentra- 
tions, we contend that too much information about the 
scattering function is lost when parameterizations involving 
these simple ratios of scattering coefficients are utilized and 
therefore should not be employed in inversion techniques. 
There is too much variability in the scattering functions of 
the various hydrosol components, as we will demonstrate. 

The parameter ,/ at low chlorophyll concentrations is 
dominated by water, quartzlike material, and background 
bacteria concentration (there is no organic contribution at 
our lowest chlorophyll concentrations; bacteria are serving 
in the role of "organic detritus"). When the volume scatter- 
ing function is dominated by these constituents, the value of 
fo remains high and stable (Figures 12 and 13) due to the 
contribution of the quartzlike material and water. The high 
and stable fo values exist over a broad range of ,/values, 
indicating essentially no functional relationship between the 
two parameters below the chlorophyll concentration of 1 mg 
m -3. However, with increasing chlorophyll concentration 
there is a lessening of the dominance by water and the 
quartzlike material and an increase in the influence of 
phytoplankton absorption and scattering. No single relation- 
ship between ,/and fo develops, but rather, several relation- 
ships occur that vary with compositional makeup of the 
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Figure 12. Fraction of total scattering attributed to molec- 
ular water ri as a function of the shape factor fo for air mass 
1, all simulations; symbols as in Figure 3. 

water. The region of transition lies between 1.0 and 1.25 mg 
m -3 chlorophyll. At least three different relationships ap- 
pear between fo and ri based on the presence or absence of 
bacteria and presence of the small-cell phytoplankton model. 
Thus Figures 1'2 and 13 show that the total scattering ratio ri 
does not tell us enough about the shape factors affecting the 
upwelle•d radiance. The three different relati0n•s at 10w ri 
indicat e that shape is important, but the effect is impossible 
to resolve. Likely, any change in the dominant scattering 
particle type will yield yet another unique functional rela- 
tionship. 

Since f0 is controlled by the shape of the volum$ scatter- 
ing functibn in the backward direction (Figures 1, 2, 9, and 
10 and equation (5)), one could argue that a strong relation- 
ship should exist between rio and fo. Morel and Gentili 
[1991, 1993] showed that the coefficient of proportionality 
between b o/a and irradiance ratio (reflectance: ratio R = 
Eu/Ea), defined as the "f factor," is a function of rio, the 
solar angle, and to some extent, the ratio of b/c. Function- 
ally, fo has similar dependencies, but they account for more 
than the f factor discussed by Morel and Gentili. Consider 
the',following from Morel and Gentili [ 1993], where Lu is the 
nadir [adiance [= L(rr)] 

Lu f bo 
• = (14) 
Ea(0-) Q a' 

where 

Es(O-) = a(O-)Eoa(O-), 

and substituting into (14) 

(15) 

Lu f bo 
• = RSR = • a(0-) -- --, (16) 
Eoa(O-) e a 

then substituting into (5), replacing c with (a + b), and 
rearranging 

f [k(rc)+bo b•] - , + 1 + (1-fr) (17) f0 2rr•a(0-) • a ' 

and allowing fr = 1.0 

f [k(rr) + b0 fb- 2rr•a(O-) • ' a +1 (18) 

Recalling that the hemispherical scalar downwelling irradi- 
ance is used in the definition of RSR, we see that the fo 
factor contains terms that are similar to the formulation of 
Morel and Gentili and others, but there is an extra term 
present, the downwelling mean cosine, be(0-), near the 
water/air interface. The k(rr) coefficient can be considered a 
function of b o and a. The downwelling mean cosine, con- 
tainin g information about the radiance distribution of the 
downwelling hemisphere of the light field, provides informa- 
tion about the geometry of the light-particle interaction that 
is not available to the f factor. 

The possible dependency of fo on rio is investigated 
further by examining the relationship between the ratio of 
backscattering attributable to water and the total backscat- 
tering (bow/bor). This is shown in Figure 14 (air mass 1) and 
Figure 15 (air mass 2). Two different .functionalities emerge 
when the results from the two air masses are compared. The 
two different functionalities display the effect on fo of 
interaction between the dominant radiance source and the 
shape of the volume scattering function in the backward 
direction (Figures 9 and 10). For air mass 1 there is nearly a 
linear relationship between ri0 and fo over all the simulations 

-3 
from chlorophyll concentrations of 0.05 to 20 mg m 
(Figure 14). The presence or absence of bacteria shifts the 
relationship sligh•tly. Thus, for remote sensing inversion with 
the Sun near the zenith, one can hypothesize that fo could be 
estimated from rio with reasonable accuracy. This result 
suggests either that the influences on fo from quartz, bacte- 
ria, and phytoplankton compensate for one another or that 
the backscattering functions scattering into the nadir from 
the dominant radiance source are 'nearly identical for all the 
constituents and thus have a simple relationship with rio. It 
must be pointed out that our rio include highly variable 
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Figure 13. Fraction of total scattering attributed to molec- 
ular water • as a function of shape hctor f0 for air mass 2, 
all simulations; symbols as in Figure 3. 
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shapes of/3(¾), whereas Morel and Gentili [1991, 1993] do 
not allow such variability. 

For air mass 2 the minimum and the lobing in the shape of 
the backscattering function for bacteria (Figures 1 and 10) 
give rise to the distinct separation of the model output with 
and without bacteria (Figure 15). The lobate shape of the 
backscattering function for bacteria results in low f0 values 
for a given value of r/0 . The curves at the higher f0 values of 
Figure 15 are parallel, as in Figure 14, but widely separated; 
there is no discernible relationship at the lower f0 values. 
The sudden changes in f0 are absent until concentrations of 
5-10 mg m -3 chlorophyll are obtained, at which point b or is 
controlled by phytoplankton and bacteria and not by the 
other constituents. The significance is in the separation of 
the curves with and without bacteria. While bacteria do not 

change the total scattering, their presence does influence the 
magnitude of scattering into the nadir from particular angles 
(Figures 1 and 10). Here the use of r/0 as a parameterization 
of the backscattering function is inappropriate and falls 
apart. The shape factor f0 changes by about 8% just by 
changing the constituents in the water. The results suggest 
that for inversion of remote sensing signals, use of only 
scattering functions for molecular water and San Diego 
Harbor particulates, as in the work by Morel and Gentili 
[1993], is insufficient. 

Implications and New Inversion Techniques 
Zaneveld's [1982] RSR model (equation (4)) is correct; 

however, the assumption that f0 and, to a lesser extent, fr 
are approximately 1.0 is not appropriate over the range of 
the phase functions studied here, and the modified formula- 
tion [Zaneveld, this issue] should be used. The results from 
this study have several implications for modifications needed 
in the approximate equations derived from the exact RSR 
model. The most important point is the dependency off0 (or 
the mean percent errors) on solar angle and the shape of the 
volume scattering function for the backward direction for the 
constituents in the water (i.e., bacteria, quartzlike material, 
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Figure 14. Fraction of total backscattering attributed to 
molecular water r/0 as a function of f0 for air mass 1, all 
simulations; symbols as in Figure 3. 
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Figure 15. Fraction of total backscattering attributed to 
molecular water r/0 as a function of f0 for air mass 2, all 
simulations; symbols as in Figure 3. 

etc.). Such information, as we have demonstrated here, is 
necessary in order to predict b0 to accuracies better than 
30%, and this type of information is becoming available. It is 
worth noting that this range of uncertainty of the method 
discussed here based on the RSR utilizing the downwelling 
hemispherical scalar irradiance demonstrates nearly an or- 
der of magnitude improvement over the uncertainties inher- 
ent in other remote sensing inversion schemes that employ 
only the reflectance ratio R. Zaneveld [this issue] has 
proposed an analytic derivation with successive approxima- 
tions of the exact RSR inversion which includes the solar 

angle (for the dominant radiance in the downwelling direc- 
tion) and the volume scattering function (in the backward 
direction) derived in part from the results presented in the 
Direct Estimation of f0 section. The difficulty becomes 
knowing the volume scattering function a priori to any 
degree of accuracy. New schemes for measuring and map- 
ping the backscatter coefficient and estimating the backscat- 
tering lobe of the volume scattering function in the ocean will 
potentially alleviate this problem. The estimation of b 0 from 
t3(•r - 0 m) is only as good as our estimation of the shape of 
/3(7). Using various solar angles zenith angles may allow/3(7) 
to be approximated from remote sensing. 

Another conclusion from these simulations with important 
implications is the stability of the mean percent error and f0 
relationships for open ocean conditions even when optical 
properties of algae are changed significantly. The nonstand- 
ard simulations did not alter the conclusions; the inflection 
value of f0 or the mean percent error in backscattering 
retrieval occurs in a relatively narrowly defined region of 
chlorophyll concentration, 1.0-1.5 mg m -3. Clearly, the 
importance of water and other nonalgal material is evident. 
Morel and Ahn [1991] have suggested that larger algae are 
practically inoperative in the backscattering process when 
case 1 situations are extended to high-chlorophyll regimes at 
> 1 mg m -3 . However, in our model the effect of larger algae 
on backscattering increases with the increase in chlorophyll 
concentration. At the highest chlorophyll levels the back- 
scattering due to algae is of the same order as the backscat- 
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tering due to the water molecule. The overall pattern is one 
in which the algae, once the transition point at 1 mg m -3 is 
exceeded, reduce the shape factors in magnitude and allow 
simpler algorithms to be used to retrieve the backscattering 
coefficient. 

In addition, still other relationships have been demon- 
strated with our model, which takes the optical properties of 
individual hydrosol components into account. For example, 
the potential importance of bacteria to measurements of 
remote sensing reflectance has not been well documented or 
appreciated, although Morel [1991] and $tramski and Kiefer 
[1991] have called attention to bacterial effects on hydrosol 
scattering. Of potential importance for case 2 waters are the 
results on the effect of the quartzlike material partitioning of 
fb (Table 1). This material is primarily responsible for the 
very high values offb for low chlorophyll concentration with 
a high Sun (low zenith angle). This effect is then negated with 
a low Sun (high zenith angle). The implication is that the 
backscattering function must be known in some detail for 
retrieval of the inherent properties to be carried out in an 
analytic manner. 

Notation 

a absorption coefficient (total), m -1 (=a T)' 
abact bacterial absorption coefficient, m -1 . 

ae detrital absorption coefficient, m-1 (= ao + abact). 
a o organic detrital absorption coefficient, m -1. 
ap phytoplankton absorption coefficient, m -1. 
ay yellow substance (dissolved) absorption coefficient, 

-1 
m . 

aw water absorption coefficient, m -• . 
b scattering coefficient (total), m-l (= b T). 

bbact bacterial scattering coefficient, m -1. 
be detrital scattering coefficient, m -I (=bo + bbact). 
b o organic detrital scattering coefficient, m -1. 
bp phytoplankton scattering coefficient, m -1. 
b q quartzlike matehal scattering coefficient, m -1. 
b w water scattering coefficient, m -• . 
bb backscattering coefficient, m- I. 
bf forward scattering coefficient, m -1. 

/3(y) volume scattering function, m- l sr- 1. 
c beam attenuation coefficient, m -1. 
• mean percent error of bb retrieval. 

E e downwelling plane irradiance, W m -2. 
Eoe downwelling scalar irradiance, W m -2. 
E u upwelling plane irradiance, W m -2. 

f ratio of Rtobb/a. 
fb backscattering shape factor. 

fba algal backscattering shape factor. 
fbb bacterial backscattering shape factor. 
fbo organic detritus backscattering shape factor. 
fbq quartzlike backscattering shape factor. 
fbw water backscattering shape factor. 
f•; radiance shape factor. 

tb azimuth angle. 
tb' azimuth angle of radiance contributing to path 

radiance. 

y scattering angle. 
K e vertical attenuation coefficient for downwelling 

plane irradiance, m -1 . 
k(rr) vertical attenuation coefficient for nadir radiance, 

-1 
m . 

k• asymptotic vertical attenuation coefficient for nadir 
-1 

radiance, m 
L radiance, W n• -2 sr -1. 

L* path radiance, W m -3 sr -1 . 
•e downwelling mean cosine. 

A wavelength, nm. 
0 zenith angle. 

O' zenith angle of radiance contributing to path 
radiance. 

Q ratio of upwelling irradiance to the upwelling nadir 
radiance, sr. 

R reflectance ratio. 

RSR remotely sensed reflectance, sr -1. 
z depth, m. 
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