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[1] Empirical relationships have been previously established in case 1 waters, by which
some inherent optical properties such as particle absorption, scattering and attenuation
coefficients, or some apparent properties, such as diffuse attenuation, reflectance, and
color band ratios, have been statistically related to the chlorophyll concentration [Chl].
These relationships are at the basis of most of the bio-optical models; with their
uncertainties, they describe average trends along the [Chl] range of certain optical
properties, around which a natural variability occurs. Through closure exercises and
inversions, it is examined whether the presently available, and independently established,
empirical relationships form a set of compatible equations. This approach also allows
other, less frequently measured properties to be inferred, such as the absorption by
dissolved colored matter, ay, which appears to be larger than often anticipated and to
behave on average as a power function of [Chl] in case 1 waters. The spectra of the single
scattering albedo of particulate matter are also derived; whatever [Chl], they distinctly
exhibit the imprint of the algal pigment absorption. The consistency between the present
approach and the GSM inversion scheme (developed by Garver, Siegel, and Maritorena) is
also verified. Globally, it is found that within their own uncertainty (resulting from
measurements) and variability levels (resulting from natural causes), the main historical
relationships describing the bio-optical state of case 1 waters appear to be mutually
coherent and compatible.
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1. Introduction and Objectives

[2] Chlorophyll concentration, denoted [Chl], was
employed as a convenient index of the ‘‘bio-optical state’’
of oceanic waters when it was realized that the changes in
the optical properties of these waters are rather regularly
organized with respect to it (Smith and Baker [1978], also
historical review by Mobley et al. [2004]). The adoption of
this index was also guided by methodological considera-
tions because this pigment was routinely measured at sea.
Thus [Chl] became a useful descriptor of phytoplanktonic
biomass, and, by extension, a global indicator of the trophic
state and abundance of various materials deriving from algal
cells. These cells, and accompanying biogenous materials,
form the optically influential components which determine
the bulk optical properties of case 1 waters.
[3] At least as a heuristic approach, the choice of [Chl]

as a global index for case 1 optical properties was not
groundless. Indeed, far from terrestrial runoff and terrige-
neous influence, oceanic water essentially contain products

(and by-products) of the initial photosynthetic process, by
which particulates were created as chlorophyll-bearing algal
cells. Thereafter, the decay of these cells and the activity of
grazers, create a retinue of dissolved, colloidal and partic-
ulate detrital matter, to which heterotrophic organisms
(bacteria and viruses) are added.
[4] The bio-optical properties of case 1 waters have been

progressively extracted via statistical studies by which
several optical properties and coefficients have been empir-
ically related solely to [Chl], even if they depend on the
ensemble of biological material. From the early beginning,
it has been repeatedly stressed that such relationships, with
their own uncertainties, are ‘‘average laws’’ for case 1
waters; as such they are only able to describe the mean
trends of certain optical properties over a wide [Chl] range,
but not specific traits at regional scale or within a narrow
[Chl] range. In the work by Gordon and Morel [1983, page
65–67] ‘‘natural causes of deviation with respect to average
laws’’ were clearly identified. For a given [Chl], variability
in the bio-optical properties is to be expected because of
possible fluctuations (1) in the pigment composition and
packaging effect inside the phytoplankton community and
species assemblages; (2) between the respective proportions
of algal and nonalgal particles; and (3) between the relative
proportions of particulate matter (algal plus nonalgal) and
dissolved colored matter. These fluctuations essentially
originate from the lack of phasing in the generation,
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maintenance, and life span of these biogenous materials
submitted to various chemical and physical actions (e.g.,
short-living algal cells versus resistant particulate debris or
versus sun-sensitive chromophoric dissolved matter). As a
result, the instantaneous [Chl] cannot accurately represent a
global biological activity which extends over past periods of
varying length.
[5] Somewhat surprisingly, compatibility among the

average relationships between optical properties and [Chl]
has been a priori assumed without having been specifically
verified. Up to now only indirect tests have been realized.
Indeed, some of these relationships (mainly those dealing
with diffuse attenuation and scattering) have been success-
fully combined into general [Chl]-dependent bio-optical
models for case 1 waters [e.g., Morel and Gentili, 2004],
and these models allowed the development of efficient
semianalytical algorithms for ocean color interpretation
[e.g., Gordon et al., 1988; Morel, 1988; Morel et al.,
2007c], and supported empirical algorithms in use for the
retrieval of [Chl] from space [O’Reilly et al., 1998]. They
also set the framework for a model-based on-orbit vicarious
calibration approach applicable to ocean color sensors
[Werdell et al., 2007]. Notwithstanding the considerable
achievements of such indirect tests, direct verifications of
an internal coherency among the empirical relationships
remain to be made.
[6] The main goal of the present study is to investigate

whether the current average laws are mutually consistent,
and specifically, whether the spectral inherent and apparent
optical properties (IOP and AOP, sensu Preisendorfer
[1961]), that were independently related to [Chl] through
statistical relationships, form a compatible and coherent set
of equations. If the answer is positive, ‘‘standards’’ for
average case 1 waters could be drawn.

2. Available Empirical Relationships
and Methodological Aspects

[7] Among the well documented relationships between
IOPs and [Chl] (see Appendix for coefficients, uncertain-
ties, and statistics), one deals with the spectral absorption by
all particles, ap(l), [Bricaud et al., 1998], another one with
absorption by phytoplankton only, a8 (l) [Bricaud et al.,
1995], and a third one, involves the particle scattering
coefficient, bp ([Gordon and Morel [1983], revisited by
Loisel and Morel [1998]). Voss [1992] examined the particle
beam attenuation coefficient, cp(l), with cp(l) = ap(l) +
bp(l), and its dependence with respect to [Chl]. Between
AOPs and [Chl], other empirical relationships are also
available; the diffuse attenuation coefficient for downward
irradiance, Kd(l), was studied as a function of [Chl] [Baker
and Smith, 1982; Gordon et al., 1988; Morel, 1988; Morel
and Maritorena, 2001]; the reflectance spectra, R(l), were
also empirically related to [Chl] [e.g., O’Reilly et al., 2000].
[8] The measurements leading to the above optical

parameters are quite differing. Water samples are collected
for the determination of ap(l), and this coefficient is then
measured in vitro via spectrophotometry of the particles
retained by filtration on glass-fiber filters; the coefficient a8
(l) is determined on the same samples after some chemical
[Kishino et al., 1985] or numerical [Bricaud and Stramski,
1990] manipulations. In contrast, the cp(l), ap(l), and bp(l)

coefficients are measured in situ by operating profiling
instruments (a-c, or b-meters). The Kd(l) coefficients also
derive from in situ radiometric measurements of downward
spectral irradiance, Ed(l), while the upward irradiance Eu(l)
is combined with Ed(l) at the same depth to produce the
irradiance reflectance, R(l) = Eu(l)/Ed(l). Several ways of
testing the compatibility between these various independent
relationships are examined below.

2.1. Absorption and Diffuse Attenuation Coefficients

[9] The spectral coefficients of particle absorption and of
phytoplankton absorption, ap(l) and a8(l), respectively,
(units m�1) were empirically related to [Chl] (units mg
m�3) according to similar power laws [Bricaud et al., 1995;
Bricaud et al., 1998], namely

ap l; Chl½ �ð Þ ¼ Ap lð Þ Chl½ �Bp lð Þ ð1Þ

a8 l; Chl½ �ð Þ ¼ A8 lð Þ Chl½ �B8 lð Þ ð10Þ

The (spectral) attenuation coefficient for downward irra-
diance, Kd(l) (units m

�1), was related to [Chl] according to
[Morel, 1988; Morel and Maritorena, 2001]

Kd l; Chl½ �ð Þ ¼ Kw lð Þ þ c lð Þ Chl½ �e lð Þ ð2Þ

where Kw (l) represents the constant contribution of pure
water. The diffuse attenuation coefficient, Kd, is chiefly
governed by the absorption coefficient, a, [Gordon, 1989a],
where a (=aw + ap + ay) is the sum of the absorption
coefficients of water, particles, and dissolved colored matter
(yellow substance), respectively. Some links, or at least, a
certain compatibility must exist along the [Chl] range and
for the same wavelength between the two relationships,
Kd(l) $ [Chl], and ap(l) $ [Chl].
[10] The coefficients Ap(l), A8(l), and c(l) determine

the magnitude and spectral shape of ap, a8, and Kd when
[Chl] = 1 mg m�3. The exponents, Bp(l), B8(l) and e(l)
determine the dependence on [Chl]. They are all notably
below one (
0.7), which means that the increases in the
optical coefficients, ap, a8, and Kd, are less steep than the
[Chl] increase itself.
[11] The compatibility between the empirical relation-

ships providing ap and Kd can be studied as follows. First,
Kd (l, [Chl]), from equation (2), can be inverted [Morel et
al., 2006] to retrieve the total absorption coefficient,
denoted atot, according to

atot l; Chl½ �ð Þ ¼ 0:97Kd l; Chl½ �; qsð Þmd l; Chl½ �; qsð Þ
� 1� R l; Chl½ �; qsð Þ=f 0 l; Chl½ �; qsð Þf g ð3Þ

The dependence of Kd on the sun zenith angle, qs (for clear
skies), which was ignored in equation (2), is made explicit
in equation (3). The average cosine for downward
irradiance, md, as well as the irradiance reflectance, R, and
the dimensionless coefficient f 0, depend on the same
arguments, namely, on l, qs. and [Chl]. The coefficient f 0

[Gordon, 1989b] relates R to the inherent optical properties,
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a and bb, the absorption and backscattering coefficients,
respectively, through (arguments omitted)

R ¼ f 0 bb= aþ bbð Þ½ � ð4Þ

The dimensionless quantities md, R, and f 0 have been
modeled for case 1 waters as a function of the three
quantities l, [Chl], and qs [Morel et al., 2002; Morel and
Gentili, 2004]. Using equation (3) to retrieve atot poses a
problem because qs is not specified. Indeed, the Kd field
values were merged regardless of the sun position for the
statistical analysis leading to equation (2). Actually, these
Kd values have been determined mostly in temperate or
subtropical zones, and generally around the local solar
noon; therefore, a constant qs value ( = 30�) is adopted as
representative on average of the experimental conditions
(arguments for this choice are presented by Morel and
Gentili [2004]). Under this assumption, the inversion via
equation (3) can be performed to obtain the atot(l, [Chl])
coefficients over the entire [Chl] range. In a second step, the
particle absorption (equation (1)) and the pure water
absorption, aw, are both subtracted from atot, so that the
absorption by the dissolved yellow-colored matter, denoted
ay, is derived as

ay l; Chl½ �ð Þ ¼ atot l; Chl½ �ð Þ � ap l; Chl½ �ð Þ � aw lð Þ ð5Þ

2.2. Attenuation, Absorption, and Scattering
Coefficients

[12] The particle attenuation coefficient, cp, (units m
�1) is

the sum of the particle absorption and particle scattering
coefficients, ap and bp, respectively

cp lð Þ ¼ ap lð Þ þ bp lð Þ ð6Þ

ap(l) depends on the pigmentation within the particles,
whereas bp(l) depends essentially on the refractive index
and the size distribution function of these particles. These
coefficients are physically distinct except that they both
reflect the particle abundance, itself depicted by the [Chl]
index. Reassembling these properties as observed in the
field in order to examine their agreement with cp(l) is worth
being explored. For such a test, the following independent
empirical relationships are available; beside ap(l, [Chl]),
already expressed through equation (1), the relationship
between bp and [Chl] in case 1 waters was also found to be
of the generic form [Gordon and Morel, 1983]

bp l; Chl½ �ð Þ ¼ B0 lð Þ Chl½ �b ð7Þ

On the basis of in situ measurements, an empirical
relationship was proposed by Voss [1992]

cp l; Chl½ �ð Þ ¼ C0 lð Þ Chl½ �G ð8Þ

Equations (1), (7), and (8) are thus available for a numerical
closure as specified by equation (6). It is worth noting that
the exponents b and G in equations (7) and (8), like those in
equations (1) and (2), are consistently below one.

[13] When attempting the closure, it must be kept in mind
that the absorption and scattering contributions in forming
cp are strongly unbalanced. In the green part of the spec-
trum, around 560 nm, and even in the red part of the
spectrum where algal absorption increases (near 660 nm),
ap is almost negligible compared to bp, so that cp is often
considered as a surrogate for bp at these wavelengths [e.g.,
Boss et al., 2001]. A closer examination of the relative
magnitude of ap and bp is more perceptively obtained by
forming the ratio vp

vp ¼ ap= ap þ bp
� �

ð9Þ

which is the single scattering albedo for marine particles. Its
magnitude and spectral behavior, vp(l), for which some
documentation and theoretical consideration do exist, is a
sensitive tool when assessing the compatibility between the
empirical relationships by which ap(l) and bp(l) were
independently expressed.

2.3. Spectral Reflectance: Empirical and
Semianalytical Approaches

[14] The variations in the ratio Rj
i = R(li)/R(lj) of two

reflectances at two wavelengths, li and lj, have been
directly related to [Chl] through statistical relationships
[Clark, 1981; O’Reilly et al., 1998; O’Reilly et al., 2000].
Actually, the same ratios can be produced via semianalytical
models [e.g., Gordon et al., 1988; Morel and Maritorena,
2001]. Such models are built by using the above mentioned
relationships, between Kd, ap, and bp and [Chl]. Therefore,
comparing the (direct) empirical relationships obtained by
O’Reilly et al.[2000] with the results of (indirect) semi-
analytical approaches amounts to examining the compati-
bility between the various and independent empirical
relationships involved in both methods.
[15] The purely empirical approach results in algorithms

which were obtained as being the best fit when the log
transform of the observed [Chl] values were related to the
log transform of band ratios, Rj

i, (i.e., the ratios of remote
sensing reflectance measured in the field at two wave-
lengths, i and j). As the best fit is achieved by using
polynomials (of the 4th order, in general), the resulting
empirical expressions are of the type

log10 Chl½ � ¼ a0 þ
XN
1

an log10 R
i
j

� �n

ð10Þ

[16] Semianalytical hyperspectral approaches [Gordon et
al., 1988; Morel, 1988] consist of expressing both the
absorption coefficient, a(l), and the backscattering coeffi-
cient, bb(l), and then operating equation (4). In a recent
version [Morel and Maritorena, 2001] (hereinafter denoted
MM01), equations (2) and (3) are used to obtain the
absorption coefficient. The backscattering coefficient, bb =
(bbw + bbp), is the sum of the water molecule and particle
backscattering coefficients. The coefficient bbp is obtained
as the product of the backscattering probability, ~bbp and the
particle scattering coefficient, bp. (equations (13) and (12),
respectively, in MM01). The bp(l, [Chl]) values needed at
other wavelengths are obtained by using equations (18–19)
(see later). Through this modeling approach, the spectral
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