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Using the phytoplankton size-class model of Brewin et al. [Ecol. Model. 221, 1472 (2010)], the two-
population absorption model of Sathyendranath et al. [Int. J. Remote. Sens. 22, 249 (2001)] and Devred
et al. [J. Geophys. Res. 111, C03011 (2006)] is extended to three populations of phytoplankton, namely,
picophytoplankton, nanophytoplankton, and microphytoplankton. The new model infers total and size-
dependent phytoplankton absorption as a function of the total chlorophyll-a concentration. A main char-
acteristic of the model is that all the parameters that describe it have biological or optical interpretation.
The three-population model performs better than the two-population model at retrieving total phyto-
plankton absorption. Accounting for the contributions of picophytoplankton and nanophytoplankton,
rather than the combination of both as in the two-population model, improved significantly the retrieval
of phytoplankton absorption at low chlorophyll-a concentrations. Class-dependent specific absorption of
phytoplankton derived using the model compares well with previously published models. However, the
model presented in this paper provides the specific absorption of three size classes and is applicable to a
continuum of chlorophyll-a concentrations. Absorption obtained from remotely sensed chlorophyll-a
using our model compares well with in situ absorption measurements. © 2011 Optical Society of
America
OCIS codes: 010.4450, 010.5630, 010.7340, 010.1030, 010.0280.

1. Introduction

We present a phytoplankton absorption model based
on size structure [1] and the earlier models of
Sathyendranath et al. [2] and Devred et al. [3]. Un-
derstanding the interaction between phytoplankton
and the in-water light field is crucial to model ocean
primary production and to improve our comprehen-
sion of the role of biological processes in the ocean–

carbon cycle. The absorption coefficient of phyto-
plankton (hereafter denoted aðλÞwhere λ is the wave-
length) is a fundamental quantity in marine primary
production models because (i) it alters the transmis-
sion of light underwater [4–8]; (ii) it modifies the
photosynthetic response of phytoplankton to avail-
able light [9–11]; (iii) it can be used as a direct
indicator of phytoplankton abundance [12,13] and
phytoplankton size [3,14,15]; and (iv) it can be used
as an indicator of environmental variability [13,16].

Several regional and global studies to assess
the phytoplankton absorption coefficient have been
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undertaken in the past few decades [7,17–20]. It is
well known that the phytoplankton absorption coef-
ficient is a function of the dominant phytoplankton
pigment, chlorophyll-a, and that this relationship
is directly linked to changes in both pigment compo-
sition and size structure [20–25].

Power-law or polynomial expressions have proven
useful predictors of the phytoplankton absorption
coefficient as a function of the chlorophyll-a con-
centration [17,18,20,26–28]. Alternatively, models
have been proposed based on Michaelis–Menten-
type equations [7,19]. However, such approaches
have limitations at extreme values of chlorophyll-a
concentrations and the interpretation of the model
parameters is difficult [3,19].

Recently, total phytoplankton absorption has been
expressed as the contribution of two populations of
optically distinct phytoplankton [2,3,14]. Such ap-
proaches ensure realistic values of the specific ab-
sorption coefficient of phytoplankton (absorption
per unit chlorophyll-a, a�ðλÞ) when applying the mod-
el to extreme values of chlorophyll-a concentration,
since the range of values of a�ðλÞ is bounded by the
two values associated with the two populations.
Furthermore, the parameters of the model have bio-
logical and bio-optical interpretation.

Devred et al. [3] extended the Sathyendranath
et al. [2] model to derive a�ðλÞ for the two optically
distinct phytoplankton populations. Assuming that
a�ð440Þ of large-celled populations of phytoplankton
would be smaller than 0.05 (m2 ½mgC�−1), Devred
et al. [3] related the large-celled population to micro-
phytoplankton and the small-celled population to
combined nano-picophytoplankton that constitute
the remaining autotrophic pool.

It is well documented that small phytoplankton
have a higher specific absorption coefficient than
large phytoplankton [14,22,23,29,30]. Some biogeo-
chemical functions of phytoplankton are also related
to cell size. Picophytoplankton have a high surface-
to-volume ratio, and, therefore, absorb nutrients
with high efficiency under nutrient-limited condi-
tions and sink more slowly than larger cells [31]. Na-
nophytoplankton are larger than picophytoplankton
and some members of the class contribute to the
cycling of CaCO3 and dimethylsulphide.

Uitz et al. [30] calculated a�ðλÞ of microphytoplank-
ton, nanophytoplankton, and picophytoplankton by
utilizing high performance liquid chromatography
(HPLC) analysis. Although a pigment-based classifi-
cation of phytoplankton does not strictly represent
the true size classes of phytoplankton, making it in-
dicative rather than definitive [32,33], pigment com-
position and cell size are highly correlated, so that,
with some caution, the pigment-based classification
can be used as a proxy for size class [1,15,20,33,34].
In the Uitz et al. [30] model, the proportions of the
three size classes in the autotrophic pool are deter-
mined according to a small number of class intervals
in chlorophyll-a concentrations [33], which may
introduce unrealistic spatial discontinuities when

satellite data are used to map the distribution of
these size classes.

In this paper, using the approach of Brewin et al.
[1], we extend the two-population absorption model
of Sathyendranath et al. [2] and Devred et al. [3]
to three size classes of phytoplankton. As with the
model of Uitz et al. [30], the three-population model
yields the specific absorption coefficients of three size
classes (microphytoplankton, nanophytoplankton,
and picophytoplankton), and furthermore, it can be
applied to a continuum of chlorophyll-a concentra-
tions. The performance of the model, when used to
retrieve total phytoplankton absorption for a given
chlorophyll-a concentration, is compared with a
power-law model and the Devred et al. [3] two-
component model fitted to the same dataset. Then,
the specific absorption coefficients of the three size
classes derived using the new model are compared
with the results of Ciotti et al. [14] and Uitz et al. [30]
for field data, as well as with results based on labora-
tory cultures. Finally, absorption coefficient inferred
from remotely sensed chlorophyll-a using the model
is compared with the corresponding in situ data.

2. Methodology

A. In Situ Data

The NASA bio-Optical Marine Algorithm Dataset
(NOMAD) was used for model development and in-
tercomparison [35]. NOMAD is a global, high-quality,
in situ, bio-optical dataset, publicly available for
algorithm development and ocean-color satellite
validation (samples located within either the first op-
tical depth or at a depth<10m). A subset of NOMAD
made of colocated aðλÞ (20 wavelengths between 405
and 683nm) and pigment concentration derived from
HPLC, was downloaded from the NASA website
(Version 1.3.h, 22/02/2007 HPLC evaluation data-
set). This consisted of 265 measurements collected
in various oceans insuring high variability in the da-
taset. The pigment and aðλÞ dataset was quality con-
trolled according to Aiken et al. [36], reducing the
number of measurements to 256, and is hereafter re-
ferred to as database A.

The model was used to estimate phytoplankton ab-
sorption as a function of chlorophyll-a, estimated
from remote-sensing reflectances using an empirical
model [37], and the results were compared with
in situ data from the NASA NOMAD dataset
(Version 2.0 w APLHA, 18/07/2008, OOXIX IOPAlgo-
rithm Workshop evaluation dataset [35,38]) from
which data points that were common to database A
were eliminated, such that the comparison might be
regarded as an independent test of the performance
of the model in a remote-sensing context. The result-
ing dataset consisted of 634 matched remote-sensing
reflectances at SeaWiFS visible wavelengths, in situ
absorption coefficient of phytoplankton, aðλÞ, and
chlorophyll-a concentration. This validation dataset
is hereafter referred to as database B.
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B. Data Analysis

Diagnostic pigments [32] were used to compute
the size-specific chlorophyll-a concentrations and
the fractions of a given size class in the total
chlorophyll-a concentration for each sample in data-
base A. First, we note that, according to Uitz et al.
[33], the chlorophyll-a concentration can be derived
from the seven diagnostic pigments, such that

Cw ¼
X7
i¼1

WiPi; ð1Þ

where Cw ¼ total chlorophyll-a concentration
calculated from the sum of the pigments,
½W�¼f1:41;1:41;1:27;0:35;0:6;1:01;0:86g and ½P�¼
ffucoxanthin;peridinin;190-hexanoyloxyfucoxanthin;
190-butanoyloxyfucoxanthin; alloxanthin; chloro-
phyll-banddivinyl chlorophyll-b;zeaxanthing. Ac-
cording to Uitz et al. [33], as modified by Brewin
et al. [1] to account for picoeukaroytes in ultra-
oligotrophic environments, the fractions [F] of the
chlorophyll-a concentration (C) associated with each
size class can be inferred as

Fp ¼
8<
:

ð−12:5Cþ1ÞW3P3
Cw

þ
P

7
i¼6

WiPi

Cw
if C < 0:08mgm−3P

7
i¼6

WiPi

Cw
if C > 0:08mgm−3;

ð2Þ

Fn ¼
8<
:

12:5CW3P3
Cw

þ
P

5
i¼4

WiPi

Cw
if C < 0:08mgm−3P

5
i¼3

WiPi

Cw
if C > 0:08mgm−3;

ð3Þ

Fm ¼
P

2
i¼1 WiPi

Cw
: ð4Þ

In this paper, subscripts p, n, and m refer to picophy-
toplankton, nanophytoplankton, and microphyto-
plankton, respectively, and the picophytoplankton
and nanophytoplankton fractions when combined
into a single fraction, is referred to as Fp;n ¼ Fp þ Fn.
The fractions of each size class can then be applied to
the in situ chlorophyll-a concentrations (C) to derive
the size-specific chlorophyll-a concentrations for
each sample in database A:

Cp ¼ FpC; ð5Þ

Cn ¼ FnC; ð6Þ
Cp;n ¼ Fp;nC; ð7Þ

Cm ¼ FmC: ð8Þ

C. Model Development

In this section, using the model of Brewin et al. [1],
we extend the two-population absorption model of

Sathyendranath et al. [2] and Devred et al. [3] to a
three-population absorption model of phytoplankton
size class. To simplify the notation in our manuscript
we have used aðλÞ to represent phytoplankton ab-
sorption, though it is commonly used for total absorp-
tion. Appendix A provides a key to notations used in
the paper. The phytoplankton absorption coefficient
can be expressed as

aðλÞ ¼ a�ðλÞC: ð9Þ
Here we assume the total chlorophyll-a concentra-
tion (C) is the sum of chlorophyll-a concentrations
in the picophytoplankton (Cp), nanophytoplankton
(Cn), and microphytoplankton (Cm) components,
such that

C ¼
X3
i¼1

Ci; ð10Þ

where i ¼ fpicophytoplankton;nanophytoplankton
and microphytoplanktong. Sathyendranath et al. [2]
gave an expression for the chlorophyll-a con-
centration of small cells as a function of the total
chlorophyll-a concentration. If we treat small cells
as being the combination of picophytoplankton and
nanophytoplankton [1], then their combined chloro-
phyll-a concentration (Cp;n) can be expressed as

Cp;n ¼ Cm
p;n½1 − expð−Sp;nCÞ�; ð11Þ

where Cm
p;n is the asymptotic maximum value for Cp;n,

and Sp;n determines the initial slope of the curve. It
follows that

Cm ¼ C − Cp;n: ð12Þ
Furthermore, according to Brewin et al. [1], the
model of Sathyendranath et al. [2] can also be used
to calculate the picophytoplankton chlorophyll-a con-
centration (Cp) from total chlorophyll-a (C), such that

Cp ¼ Cm
p ½1 − expð−SpCÞ�; ð13Þ

where Cm
p is the asymptotic maximum value for Cp

and Sp determines the initial slope of the curve.
Therefore, Cn can be calculated according to

Cn ¼ Cp;n − Cp: ð14Þ

The fractions of each size class (Fp, Fn, and Fm) can
then be derived from

Fp ¼ Cm
p ½1 − expð−SpCÞ�

C
; ð15Þ

Fn ¼
Cm

p;n½1− expð−Sp;nCÞ�−Cm
p ½1− expð−SpCÞ�

C
; ð16Þ

Fp;n ¼ Cm
p;n½1 − expð−Sp;nCÞ�

C
; ð17Þ

1 August 2011 / Vol. 50, No. 22 / APPLIED OPTICS 4537



Fm ¼ C − Cm
p;n½1 − expð−Sp;nCÞ�

C
: ð18Þ

The unknown parameters Cm
p , Cm

p;n, Sp, and Sp;n were
obtained by performing a nonlinear least squares re-
gression (Levenberg–Marquardt [39], IDL Routine
MPFITFUN) of Fp and Fp;n on C from database A
using Eqs. (15) and (17). The retrieved parameters
are given in Table 1. Here we assume the total phyto-
plankton absorption coefficient (aðλÞ) is the sum of
the picophytoplankton (apðλÞ), nanophytoplankton
(anðλÞ), and microphytoplankton (amðλÞ) contribu-
tions such that

aðλÞ ¼
X3
i¼1

a�
i ðλÞCi; ð19Þ

where i ¼ fpicophytoplankton;nanophytoplankton
and microphytoplanktong. Expanding Eq. (19) by in-
serting Eqs. (11)–(14) yields the expression

aðλÞ ¼ a�
pðλÞCm

p ½1 − expðSpCÞ�
þ a�

nðλÞfCm
p;m½1 − expð−Sp;nCÞ�

− Cm
p ½1 − expð−SpCÞ�g

þ a�
mðλÞfC − Cm

p;n½1 − expð−Sp;nCÞ�g: ð20Þ

Having retrieved Cm
p , Cm

p;n, Sp and Sp;n, Eq. (20) was
then fitted to C and aðλÞ from database A to derive
a�
pðλÞ, a�

nðλÞ, and a�
mðλÞ at each of the 20 wavelengths

shown in Table 2. To examine whether the retrieved
specific absorption coefficients are realistic, they
are compared with laboratory measurements
[22,23,40,41], in situ measurements [42], and size-

specific absorption coefficients retrieved using other
approaches [3,14,30,43].

The performance of our model (as well as of other
models tested later) was quantified using the root
mean square error (RMSE) between the retrieved
and measured absorption coefficients. The RMSE
were computed in relative values so as to give equal
weight to all measurements and expressed in percen-
tages according to

RMSE% ¼
�
1
N

XN
i¼1

�
ai;EðλÞ − ai;MðλÞ

ai;MðλÞ
�

2
�
1=2

100; ð21Þ

where N is the number of samples. The subscript E
denotes the estimated variable, and the subscript M
denotes the measured variable. The RMSE% values
as well as the Pearson correlation coefficients (r) be-
tween the model estimates and corresponding obser-
vations in database A are given in Table 2.

D. Comparison with Other Phytoplankton Absorption
Models

1. Models That Relate Phytoplankton Absorption
Coefficients to the Chlorophyll-a Concentration

The absorption model developed in the previous
section was compared with a variety of existing

Table 1. Parameter Values Derived from Fitting
Eqs. (15), (17), and (23) to Database A

Cm
p;n [mgm−3] Sp;n Cm

p [mgm−3] Sp

Three-population model
[Eq. (20)]

0.775 1.152 0.146 5.118

Two-population model [3] 0.929 1.077 - -

Table 2. Size-specific Absorption Coefficients (m2 �mgC�−1) Retrieved from Database A Using the Three-Population Model [Eq. (20)], the Devred et al.
[3] Model [Eq. (23)], As Well As Parameters for the Power-Law Model [Eq. (22)]

Three-Population Model [Eq. (20)] Two-Population Model [3] Power-Law Model

λ (nm) a�
p a�

n a�
m RMSE% r a�

p;n a�
m RMSE% r A B RMSE% r

405 0.1053 0.0176 0.0167 50.9 0.871 0.0499 0.0149 62.6 0.881 0.0317 0.3241 52.5 0.883
411 0.1147 0.0256 0.0169 46.2 0.879 0.0555 0.0163 55.4 0.885 0.0358 0.3427 46.4 0.887
443 0.1552 0.0333 0.0225 38.5 0.906 0.0708 0.0206 45.5 0.911 0.0477 0.3485 38.4 0.911
455 0.1484 0.0280 0.0203 37.8 0.910 0.0648 0.0182 45.0 0.915 0.0437 0.3604 37.7 0.915
465 0.1318 0.0347 0.0182 36.8 0.912 0.0632 0.0167 42.8 0.917 0.0419 0.3580 36.0 0.916
489 0.1031 0.0238 0.0143 36.8 0.909 0.0480 0.0125 43.0 0.915 0.0318 0.3556 36.5 0.915
510 0.0611 0.0125 0.0109 38.5 0.920 0.0281 0.0104 45.2 0.923 0.0198 0.2994 39.0 0.922
520 0.0417 0.0103 0.0093 39.0 0.928 0.0207 0.0091 44.8 0.929 0.0151 0.2509 39.6 0.928
530 0.0285 0.0083 0.0081 41.4 0.930 0.0157 0.0082 46.3 0.930 0.0117 0.1960 41.8 0.929
550 0.0170 0.0036 0.0057 54.4 0.917 0.0094 0.0059 61.7 0.917 0.0070 0.1426 54.2 0.916
555 0.0155 0.0024 0.0049 60.0 0.912 0.0081 0.0052 70.0 0.912 0.0059 0.1453 60.0 0.911
560 0.0136 0.0017 0.0043 81.5 0.909 0.0070 0.0045 89.2 0.909 0.0050 0.1372 75.5 0.907
565 0.0131 0.0007 0.0038 73.5 0.906 0.0063 0.0041 93.7 0.906 0.0044 0.1459 74.8 0.904
570 0.0122 0.0005 0.0037 77.9 0.908 0.0058 0.0040 99.8 0.909 0.0041 0.1314 78.9 0.907
590 0.0095 0.0038 0.0041 104 0.927 0.0068 0.0042 108 0.927 0.0048 0.0946 92.7 0.927
619 0.0114 0.0044 0.0052 54.9 0.943 0.0074 0.0055 55.2 0.943 0.0060 0.0924 52.0 0.942
625 0.0130 0.0046 0.0056 44.5 0.945 0.0079 0.0058 45.8 0.945 0.0066 0.1040 43.3 0.944
665 0.0284 0.0137 0.0137 33.6 0.956 0.0195 0.0139 35.6 0.957 0.0163 0.0990 33.6 0.957
670 0.0348 0.0199 0.0165 31.2 0.958 0.0254 0.0168 33.0 0.958 0.0208 0.1147 31.1 0.958
683 0.0264 0.0207 0.0121 31.4 0.957 0.0225 0.0125 32.8 0.958 0.0174 0.1428 31.5 0.958
`Root mean square error percentages (RMSE%) and linear Pearson correlation coefficients (r) are provided for each model.
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phytoplankton absorption models. Power-law
expressions have proven useful descriptors of the
phytoplankton absorption coefficient as a function
of the chlorophyll-a concentration [17,20,26–28,44].
The power-law model can be expressed as

aðλÞ ¼ AðλÞCð1−BðλÞÞ; ð22Þ

where AðλÞ and BðλÞ are positive, wavelength-
dependent parameters (of the same formulation as in
Table 2 of Bricaud et al. [27]). Equation (22) was
fitted to aðλÞ as a function of C from database A to
derive the parameters of A and B (shown in
Table 2 together with correlation coefficients (r)
and RMSE%).

The Sathyendranath et al. [2] model is expressed
as

aðλÞ ¼ Cm
p;n½a�

p;nðλÞ − a�
mðλÞ�½1 − expð−Sp;nCÞ�

þ a�
mðλÞC: ð23Þ

Their model was not based on pigment composition.
Instead, it was designed to classify the phytoplank-
ton population into two optically distinct classes.
Nevertheless, Devred et al. [3] showed, using data
from a variety of ecosystems, that when a�

mð440Þ <
0:05 (m2 ½mgC�−1), the corresponding population was
well correlated with the microphytoplankton fraction
estimated independently by HPLC pigment analysis.
Conversely, the population with the higher specific
absorption coefficient corresponded to the combined
nanophytoplankton and picophytoplankton. There-
fore, when dealing with the Sathyendranath et al. [2]
model, we assume that the model parameters Cm

p;n

and Sp;n in Eqs. (20) and (23) may be treated analo-
gous to each other, despite differences in the method
by which they are determined. Whereas in the model
presented here, HPLC data are used to determine
the parameters, in the Sathyendranath et al. [2]
model, Eq. (23) is fitted directly to absorption and
chlorophyll data to retrieve model parameters.

Equation (23) was fitted to aðλÞ as a function ofC to
samples in database A following the procedure de-
scribed in Section 2.D of Devred et al. [3]. First, the
Sathyendranath et al. [2] model was fitted to the
wavelengths from 411 to 489nm to derive UðλÞ,
Sp;n, and a�

mðλÞ, where UðλÞ refers to the composite
parameter Cm

p;n½a�
p;nðλÞ − a�

mðλÞ�. The computed Sp;n
values were then averaged and used to compute
UðλÞ and a�

mðλÞ over the entire spectral range. The
parameters Cm

p;n and a�
p;nðλÞ were then computed

using Eqs. (5) and (10) in Devred et al. [3]. This
procedure assumes that as C tends to zero Cm (the
chlorophyll concentration associated with microphy-
toplankton) tends to zero and as a consequence Sp;n
Cm

p;n tends to 1. The computed parameters are given
in Tables 1 and 2 together with r and RMSE% values.
Note that the retrieved a�

mð443Þ value is less than
0.05 (m2 ½mgC�−1) and, therefore, according to
Devred et al. [3], we can assume the small-celled

population is combined pico-nanophytoplankton
and the large-celled population microphytoplankton.

2. Models That Derive Size-Class-Dependent
Specific Phytoplankton Absorption

The Ciotti et al. [14] model is expressed in terms of
a�ðλÞ:

a�ðλÞ ¼ Gpa�
pðλÞ þ ð1 −GpÞa�

mðλÞ; ð24Þ

where a�
pðλÞ and a�

mðλÞ represent the specific absorp-
tion coefficients of picophytoplankton and micro-
phytoplankton, respectively (Table 3 of Ciotti et al.
[14]), and Gp represents the fractional contribution
of picophytoplankton to the total absorption coeffi-
cient, accounting for both pigment composition and
cell size. Note that Gp in Eq. (24) is represented as
Shf i in Ciotti et al. [14] and their notation has been
changed here to avoid confusion with parameters
Sp;n and Sp used in this study. In deriving Gp, Ciotti
et al. [14] physically separated phytoplankton sam-
ples into size classes using filtration and determined
the absorption spectra associated with each size
class. The specific absorption coefficients derived
by Ciotti et al. [14] (see their Table 3), and the up-
dated picophytoplankton specific absorption coeffi-
cients of Ciotti and Bricaud [43] (see their Web
Appendix 1), were used for comparison with the spe-
cific absorption coefficients derived using the model
presented here [Eq. (20)].

The Uitz et al. [30] model is expressed as

a�ðλÞ ¼ 1
C

X3
i¼1

Cia�
i ðλÞ exp

�
−Ri

z
Zp

�
; ð25Þ

where i ¼ fpicophytoplankton; nanophytoplankton
and microphytoplanktong and Ri represent the
slopes describing the variations in a�

i ðλÞ along the
vertical z=Zp axis (z ¼ depth and Zp ¼ euphotic
depth). Note that Ri has the notations Smicro, Snano,
and Spico in Uitz et al. [30] for the different size
classes and their notation has been changed here to
avoid confusion with the parameters Sp;n and Sp in
the model presented here. Because the study is lim-
ited to the surface layer of the ocean, z=Zp was set to
zero and, therefore, Eq. (25) reduces to

a�ðλÞ ¼ 1
C

X3
i¼1

Cia�
i ðλÞ: ð26Þ

The parameters of Eq. (26) are given in Uitz et al. [30]
Web Appendix 1 and were used for comparison with
the specific absorption coefficients derived using the
model presented here [Eq. (20)].
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3. Results and Discussion

A. Three-Population Absorption Model

To examine how well the three-population model fits
the pigment observations from database A the model
is plotted against the observations in Fig. 1. It can be
seen that the model captures the general trend in
both the size-specific chlorophyll-a concentrations
[Figs. 1(a)–1(d)] and the fractional contributions
[Figs. 1(e)–1(h)]. The retrieved coefficients a�

pðλÞ,
a�
nðλÞ, and a�

mðλÞ derived by fitting the three-
population model to database A are plotted in
Fig. 2(a), and the same spectra are shown in Fig. 2(b)
after normalization at 443nm to highlight differ-
ences in their spectral form. The specific absorption
coefficients of all the three size classes have typical
peaks around 443 and 670nm associated with
chlorophyll-a absorption.

Microphytoplankton exhibit low a�ðλÞ at all wave-
lengths (Table 2), and the flattest spectral shape

[Fig. 2(b)], which is consistent with previous studies
[3,30,45–47] and can be linked to the strong package
effect occurring in large-celled phytoplankton
[20,22,23].

The nanophytoplankton absorption spectrum
(a�

nðλÞ) is higher than a�
mðλÞ but lower than a�

pðλÞ at
most wavelengths (Table 2). In agreement with pre-
vious studies [30], the nanophytoplankton spectrum
exhibits a distinct peak at 465nm characteristic
of the pigments 190-hexanoyloxyfucoxanthin and
190-butanoyloxyfucoxanthin [48]. However, this spec-
tral feature is accentuated when compared with
other nanophytoplankton spectra [22,30] and further
investigation is needed to verify if it is realistic.

Picophytoplankton consistently display the high-
est specific absorption consistent with their small
size. This is enhanced in the blue wavelengths, prob-
ably due to the presence of nonphotosynthetic carte-
noids, such as zeaxanthin or β-carotene, that absorb
in this region of the spectrum. The picophytoplank-
ton spectrum also exhibits a small peak at 490nm,
which may be attributed to the photoprotective pig-
ment zeaxanthin [49].

The size-specific a�ð443Þ values retrieved from the
model are consistent with previous laboratory stud-
ies on microphytoplankton [23,41] and nanophyto-
plankton [22]. For picophytoplankton, the specific
absorption coefficient at 443nm (a�

pð443Þ) obtained
(0:15m2 ½mgC�−1) is lower than that derived
from some laboratory monospecific cultures of
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Fig. 1. Three-population model fitted to pigment data from data-
base A, (a)–(d) show the model plotted against the size-specific
chlorophyll-a concentrations and (e)–(h) show the model plotted
against the size-specific fractional contributions to the total chlor-
ophyll-a concentration.
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Fig. 2. Specific absorption curves retrieved from database A
using the three-population absorption model: (a) magnitude and
(b) shape normalized at 443nm.
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Prochlorococcus (e.g., 0:19m2 ½mgC�−1 [40]), although
consistent with other laboratory studies on picophy-
toplankton (e.g., 0:14–0:16m2 ½mgC�−1 [50,51]).
Turning to field studies, a�

pð443Þ obtained for pico-
phytoplankton in this study is consistent with that
observed in situ by Babin et al. [42] at the surface
in a picophytoplankton-dominated site in the North
Atlantic (0:16m2 ½mgC�−1).

Figure 3(a) shows the absorption spectrum of
phytoplankton for chlorophyll-a concentration (C)
ranging from 0.01 to 5mgm−3, and Figs. 3(b)–3(d)
show the fractional contributions to the absorption
coefficient from the three size classes at the different
wavelengths. The picophytoplankton contribution is
the highest when the total phytoplankton absorption
coefficient is low (e.g. 0.00 to 0:03m−1 at 443nm); as
the total phytoplankton absorption coefficient in-
creases (e.g., 0.03 to 0:07m−1 at 443nm), the nano-
phytoplankton contribution becomes higher; and as
the total phytoplankton absorption coefficient
increases beyond 0:07m−1 at 443nm, the microphy-
toplankton contribution becomes dominant. Super-
imposed on the first-order relationship associated
with concentrations are the spectral characteristics
of each size class shown in Fig. 2. When the nano-
phytoplankton and picophytoplankton fractions are
high, their effects on the shape of the total absorption
spectra become pronounced [Figs. 3(b) and 3(c)].
When total absorption is high, the microphytoplank-
ton contribution is more pronounced in the green and
red portions of the absorption spectrum as a conse-
quence of the relatively flat shape of its absorption
spectrum [Fig. 3(d)]. By decomposing the total
phytoplankton absorption spectra we begin to under-
stand how it is spectrally influenced by varying
phytoplankton composition.

B. Comparison with Other Approaches

1. Phytoplankton Absorption Coefficients as a
Function of the Chlorophyll-a Concentration

The Power-Law Model
Figures 4(a)–4(c) shows in situ absorption of phyto-
plankton from database A versus chlorophyll-a at
443, 555, and 670nm, on which the three-population
model and the power-law model fitted to the same
database (Table 2) are superimposed. Figure 4(d)
shows the RMSE% (given in Table 2) as a function
of wavelength for the twomodels. In comparison with
the power-law model, the three-population absorp-
tion model yielded statistically similar RMSE%
across the 20 wavelengths (t-test, p ¼ 0:88). The r va-
lues in Table 2 are generally comparable between the
two approaches (>0:87), and statistically similar
across the 20 wavelengths (t-test, p ¼ 0:81). When
using a power-law model with the coefficients of
Bricaud et al. [20] at 440nm, the three-population
model yielded lower RMSE% at 443nm (38.5% in
comparison with 60.9%, Fig. 4(d)].

At low chlorophyll-a concentrations in the blue
region [Fig. 4(a)], the power-law model predicts high-
er aðλÞ values than the three-population model. To
investigate this further we plotted the specific ab-
sorption coefficient (a�ðλÞ) as a function of the
chlorophyll-a concentration according to both the
three-population absorption model [Fig. 5(a)] and
the power-law model [Fig. 5(b)] using parameters
in Tables 1 and 2. We also computed the mean
dominant specific absorption coefficients for
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Fig. 3. (Color online) (a) Phytoplankton absorption coefficient re-
constructed from the chlorophyll-a concentration according to the
three-population absorptionmodel, (b)–(d) show the fractional con-
tribution from the picophytoplankton, nanophytoplankton, and
microphytoplankton size classes, respectively (cubic spline used
to interpolate between wavelengths in Table 2).

Fig. 4. The three-populationmodel, the two-populationmodel [3],
and the power-law model plotted against database A, with which
they were parameterized, for the wavelengths (a) 443nm,
(b) 555nm, and (c) 670nm. Figure 4(d) shows the root mean
squared error percentages from Table 2 as a function of wave-
length for the three models.
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microphytoplankton, nanophytoplankton, and pico-
phytoplankton in database A using only those sam-
ples in database A for which Fp, Fn, or Fm were
>0:65. The specific absorption coefficients for each
size class was then averaged and are superimposed
in Fig. 5 together with their confidence levels.

Whereas the three-population model represents
the variability in the specific absorption coefficient
between the three size classes, the power-law model
overestimates the specific absorption coefficient in
the blue-green region (400–550nm) when extrapolat-
ing to lower chlorophyll-a concentrations than the
minimum value in database A. Lutz et al. [19] and
Devred et al. [3] have highlighted that a model
based on the power-law can fail at extremely low

chlorophyll-a concentrations as the specific absorp-
tion coefficient tends to infinity. The three-
population model adopted from Sathyendranath
et al. [2] and Devred et al. [3] constrains the specific
absorption coefficients to realistic values based on
phytoplankton size structure, and the parameters
of the model offer direct optical and biological
interpretation.

The Model of Devred et al. [3]
The specific absorption coefficients calculated using
the three-population model and the two-population
model (Devred et al. [3], with the model parameters
fitted to the database A) given in Table 2, and the
specific absorption coefficients calculated in the
Devred et al. [3] study for global applications are
plotted in Fig. 6(a). At all wavelengths a�

p;nðλÞ calcu-
lated using the two-population model lies between
the a�

pðλÞ and a�
nðλÞ spectra calculated using the

three-population model, as expected.
The a�

mðλÞ derived from the database A using the
two-population model are slightly higher at most wa-
velengths when compared with the spectra derived
from the global dataset used in the Devred et al.
[3] study. The global dataset used in Devred et al.
[3] ranged in chlorophyll-a concentrations between
0.05 to 28:0mgm−3, whereas the values in database
A ranged between 0.04 and 12:2mgm−3. It might be
expected that the higher chlorophyll-a concentra-
tions in the Devred et al. [3] study would yield lower
a�
mðλÞ values as larger phytoplankton cells are

sampled at these very high chlorophyll-a concentra-
tions. The differences could also be indicative of re-
gional or temporal variations in the phytoplankton
composition.

The microphytoplankton specific absorption coeffi-
cients, a�

mðλÞ, calculated using the three-population
model are slightly higher than for the two-population
model using database A in the blue part of the spec-
trum. Table 1 compares the parameters Sp;n and Cm

p;n
derived from the two models. When fitting the two-
population model to database A, the assumption is
made that as C tends to zero, Cm tends to zero
and as a consequence Sp;nCm

p;n tends to 1. This as-
sumption is not required for the three-population
model as implemented here.

Certain discrepancies can arise when using
diagnostic pigments as indicators of phytoplankton
size class. For example, the pigment fucoxanthin
(the main indicator of diatoms) may also be found
in some prymnesiophytes. Therefore, higher percen-
tages of microphytoplankton at low chlorophyll-a
concentrations [shown in Fig. 1(e)] may be an artifact
of using diagnostic pigments to infer size class.
Further investigation into the limitations of using
diagnostic pigments to infer cell size is required,
possibly by conducting coupled cell count, size-
fractionated chlorophyll-a measurements, phyto-
plankton absorption measurements, and HPLC
pigment measurements.
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Fig. 5. (Color online) (a) a�ðλÞ calculated from the three-popula-
tion model for a range of chlorophyll-a concentrations, (b) a�ðλÞ cal-
culated from the power-law model for a range of chlorophyll-a
concentrations, and (c) a�ðλÞ calculated from the two-population
model [3] for a range of chlorophyll-a concentrations. All models
were fitted to database A, with parameters given in Tables 1
and 2 and a cubic spline used to interpolate between wavelengths
in Table 2. Superimposed are the mean dominant size-specific
a�ðλÞ spectra from database A and their 95% confidence levels.
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Figure 4(d) compares the RMSE% of the two mod-
els. Over all the 20 wavelengths the three-population
model produces lower RMSE%, with a significantly
lower average RMSE% between 405 and 550 nm
(t-test, p < 0:05), indicating a better fit to the data
when compared with the two-population model. The
values of r (Table 2) are statistically similar across
the 20 wavelengths (t-test, p ¼ 0:77).

In Fig. 4(a), for chlorophyll-a concentrations less
than 0:6mgm−3, the two-population model yields
lower aðλÞ values than both the power-law model
and the three-population model. Figure 5(c) shows
a�ðλÞ calculated according to the two-population
model, using parameters in Table 2, for a range of
chlorophyll-a concentrations. The two-population
model constrains its a�ðλÞ between its a�

p;nðλÞ and
a�
mðλÞ values [Fig. 6(a)]. As a consequence, it fails

to reproduce the high magnitude of a�ðλÞ in a pico-
phytoplankton-dominated environment (i.e., at very
low chlorophyll-a concentration), seen when super-
imposing the dominant mean size-class spectra onto
Fig. 5(c). Therefore, extending the model from two
to three populations (representative of three size

classes) improved accuracy and representation of the
variability in the specific absorption coefficient at
low chlorophyll-a concentration. An advantage of
the two-population model is that it can be fitted to
any chlorophyll-a and absorption dataset, whereas
the three-population model is fitted here using addi-
tional information on the size structure of the phyto-
plankton in the dataset (HPLC data).

2. Specific Absorption Coefficients of the Three
Size Classes of Phytoplankton

The Model of Uitz et al. [30]
Figure 6(b) compares the specific absorption coeffi-
cients calculated using the three-population model
with those of Uitz et al. [30]. The picophytoplankton
coefficients from this study are consistent with those
of Uitz et al. [30], but the nanophytoplankton coeffi-
cients are consistently lower. The two approaches
yield similar spectral shapes, with peaks at 490nm
in the picophytoplankton spectra attributable to
zeaxanthin and peaks in the nanophytoplankton
spectra at around 465nm, thought to be linked to
the presence of 190-hexanoyloxyfucoxanthin and
190-butanoyloxyfucoxanthin [48].

The microphytoplankton spectra also differ be-
tween the two approaches [Fig. 6(b)]. The a�

mðλÞ va-
lues are higher in the three-population model in
the blue region of the spectrum and lower in the
green region compared with Uitz et al. [30] and they
are similar elsewhere. A majority of data in the Uitz
et al. [30] study were from the Pacific and Mediter-
ranean Oceans, whereas, the majority of samples
in database A were from the Atlantic Ocean. There-
fore, diversity in microphytoplankton species would
be expected between the two datasets, which could
cause variations in a�

mðλÞ. Furthermore, the data
used in Uitz et al. [30] varied from 0.02 to
28:7mgm−3 chlorophyll-a (see Table 1 of Uitz et al.
[30]), whereas the data used in this study varied from
0.04 to 12:2mgm−3 chlorophyll-a, which could also
have contributed to the differences.

When applying the Uitz et al. [30] model to globally
derived chlorophyll-a fields, it is necessary to parti-
tion the values into a number of trophic classes
before estimating fractions of chlorophyll-a asso-
ciated with each size class [33]. The mathematical
formulation of the three-population model pre-
sented here is a continuous function of chlorophyll-a
concentration.

The Model of Ciotti et al. [14]
Figure 6(c) shows the specific absorption coefficients
calculated using the three-population model and
those calculated by Ciotti et al. [14]. There are large
differences between the two a�

pðλÞ, with the three-
population model giving consistently higher a�

pðλÞ
values at all wavelengths. In comparison with the
data used byCiotti et al. [14], databaseA incorporates
very oligotrophic, tropical waters, such as the North
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Fig. 6. (Color online) Size-specific a�ðλÞ coefficients calculated
from the three-population model plotted against (a) the two-
population model [3], (b) the model of Uitz et al. [30], and
(c) the model of Ciotti et al. [14] (cubic spline used to interpolate
between wavelengths in Table 2 for three-population model and
the two-population model fitted to database A). For each figure,
insets magnify the microplankton spectra.
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andSouthAtlantic gyres. This could explain the high-
er a�

pðλÞ values obtained using the three-population
model (see also a similar discussion on the effects of
regional representation in Uitz et al. [30]).

Figure 6(c) also shows a comparison between a�
pðλÞ

retrieved using the three-population model and that
of Ciotti and Bricaud [43]. The a�

pðλÞ spectrum of
Ciotti and Bricaud [43] was derived from a Prochlor-
ococcus dominated natural population measured in
the Equatorial Pacific during the FLUPAC cruise
[28], hence, more oligotrophic waters than data used
in Ciotti et al. [14], which is likely to have resulted in
higher a�

pðλÞ values at blue wavelengths [Fig. 6(c)]. It
is also worth noting that the Ciotti et al. [14] a�

pðλÞ
spectrumwas derived under the assumption of a con-
stant β factor [52], without accounting for spectral
backscattering losses [53]. Higher a�

pðλÞ values are
observed in the blue region of the Ciotti and Bricaud
[43] absorption spectrum (closer to a�

pðλÞ derived
using the three-population model) when compared
with Ciotti et al. [14]. However, despite a better
match, a�

pðλÞ values derived using the three-
population model are consistently higher than those
of Ciotti and Bricaud [43], which may have resulted
from contrasting methods in deriving a�

pðλÞ (e.g., the
use of HPLC data or different model formulation).

For the microphytoplankton, a�
mðλÞ from the three-

population model is slightly higher at all wave-
lengths compared with that of Ciotti et al. [14]. The
Ciotti et al. [14] database incorporated data with
chlorophyll-a concentrations as high as 135mgm−3

(see Table 2 of Ciotti et al. [14]). It is possible that,
at such large chlorophyll-a concentrations (particu-
larly during an intense bloom of Gonyaulax digitale
in the Bedford Basin), the sampled microplankton
population may well have been different from those
encountered at lower concentrations in the open
ocean, which could account for the differences in the
magnitude of a�

mðλÞ, also highlighted by Devred
et al. [3].

C. Remote-Sensing Validation

Remote-sensing reflectances (RrsðλÞ) from data-
base B were used to derive the near-surface
chlorophyll-a concentration (Csat) using the Ocean
Chlorophyll 4—version 4 (OC4-v4) algorithm [37].
Figure 7(g) shows a comparison between the in situ
HPLC chlorophyll-a concentrations (C) and the de-
rived Csat concentrations in database B. The two
are well correlated (r ¼ 0:69) with a RMSE% of
102.5%. Larger differences are associated with sam-
ples in more optically complex waters where simple
band-ratio algorithms are known to break down [37].

The three-population model [Eq. (20)] was applied
to Csat using the parameters in Tables 1 and 2 to de-
rive asatðλÞ (total phytoplankton absorption from
RrsðλÞ). Comparisons between remotely sensed and
in situ phytoplankton absorption values at the six
SeaWiFS wavelengths are shown in Figs. 7(a)–7(f)
and indicate good agreement. The RMSE% varies
from 52.5% to 59.2% between the wavelengths of

411–555 nm, increases to 308% at 555 nm due to a
very low signal at this wavelength, and is 115.5%
in the red region (670 nm). Furthermore, all wave-
lengths are well correlated (r > 0:65). Between
411–555nm, the three-population model underesti-
mates asat at high values [e.g., >0:2m−1, Fig. 7(b)],
probably because of differences in the composition
of database A compared with database B. Database
A, with which the three-population model was para-
meterized, has chlorophyll-a concentrations ranging
from 0.04 to 12:2mgm−3, with only 10% of the data-
base with chlorophyll-a concentrations greater than
2:0mgm−3. The corresponding values in database B
are from 0.02 to 77:8mgm−3, with 38% of the data-
base greater than 2:0mgm−3. Therefore, the para-
meters in Tables 1 and 2 are not strictly applicable
to chlorophyll-a concentrations greater than
12:2mgm−3 and the three-population model appears
to underestimate asatð443Þ at chlorophyll-a concen-
trations greater than 2:0mgm−3 when compared
with database B [Fig. 7(h)]. Additional HPLC and
aðλÞ data may be required to improve the param-
eterization of the three-component model at high
chlorophyll-a concentrations.

The lowest RMSE% in the validation was for
443nm [Fig. 7(c)], which may be a result of this
wavelength corresponding to the highest value of ab-
sorption for a given spectra and, therefore, the lowest
signal-to-noise ratio. We computed the absolute
RMSE between in situ að443Þ and asatð443Þ for each
sample in database B according to

RMSEi½m−1� ¼ ½ðai;EðλÞ − ai;MðλÞÞ2�1=2; ð27Þ

where að443Þ is the variable (phytoplankton absorp-
tion coefficient at 443nm), i denotes the sample, sub-
script E denotes the estimated variable (asatð443Þ),
and the subscript M denotes the measured variable
(að443Þ). Figure 7(i) shows the absolute RMSE at
443nm plotted as a function of asatð443Þ. Using a
log-linear fit, a strong correlation was found be-
tween the absolute RMSE at 443nm and asatð443Þ
(r ¼ 0:79, p < 0:001).

Considering that database B includes data from a
diversity of locations not present in database A
(e.g., Beaufort Sea, Indian Ocean, and Australia-
Antarctic Basin) and considering the RMSE%
between Csat and the in situ chlorophyll-a concentra-
tions in Fig. 7(g) (∼102:5%), the RMSE% shown in
Figs. 7(a)–7(f) are quite encouraging and support
the application of the three-population absorption
model to satellite RrsðλÞ fields. It is envisaged that
with improvements in remotely sensed chlorophyll-
a retrievals this error would reduce. Furthermore,
as shown by Sathyendranath et al. [47], through
discriminating diatoms from other phytoplankton
using ocean-color data, the three-population absorp-
tion model may have the potential to improve Csat

retrievals from RrsðλÞ.
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D. Global Application

In light of the results above, we have applied the
three-population absorption model to daily, Level 3,
SeaWiFS chlorophyll-a composites for May 2005 to
produce a monthly composite of total phytoplankton
absorptionandtheabsoluteandrelativeestimateder-
ror (Fig.8).Anyvaluesgreater than12:2mgm−3 chlor-
ophyll-aweremasked. Thewavelength of 443nmwas
chosen for our exampleas itwas found tohave the low-
est RMSE% when compared with the in situ data
[Fig. 7(b)]. We estimated the absolute error according
to the log-linear fit described inFig. 7(i) andestimated
the relative error percentage by dividing the absolute
error by asatð443Þ and multiplying by 100.

For May 2005, high levels of asatðλÞ are seen in the
sub-Arctic, associated with the boreal Spring blooms,

in coastal upwelling zones, such as the Benguela, in
the southern North Sea, and the area around the
Amazon outflow. Lower asatð443Þ values are found
in the subtropical oligotrophic gyres. The estimated
absolute error is seen to increase with increasing
asatð443Þ according to the log-linear fit [Fig. 7(i)].
The estimated relative error is shown to be less than
20% in the majority of the global ocean, increasing to
>40% in the highly eutrophic regions.

Figure 9 shows the estimated absorption
coefficient of the three size classes for May 2005.
Absorption by microphytoplankton (asat

m ð443Þ) is high
in the sub-Arctic and upwelling zones associated
with blooms of diatoms and dinoflagellates;
elsewhere, asat

m ð443Þ is low. Similar to microphyto-
plankton, nanophytoplankton absorption (asat

n ð443Þ)
contributes mainly to the eutrophic and mesotrophic
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Fig. 7. The asatðλÞ values using the three-population absorption model compared with the in situ aðλÞ values in database B at the
wavelengths of (a) 411nm, (b) 443nm, (c) 489nm, (d) 510nm, (e) 555nm, and (f) 670nm, respectively. The relationship between the
in situ chlorophyll-a concentrations (C) and Csat (OC4v4 [37]) from database B is shown in (g), (h) shows in situ að443Þ plotted against
in situ C in database B with asatð443Þ calculated using the three-population model superimposed, and (i) shows the absolute RMSE be-
tween asatð443Þ and að443Þ plotted as a function of asatð443Þ. Linear Pearson correlation coefficients (r) are provided in addition to r values
using log10 transformation.
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regions. However, when compared with asat
m ð443Þ,

their contribution extends offshore of the coastal up-
welling zones and higher asat

n ð443Þ values are found
in the South and North Atlantic convergence and in
equatorial regions.

Picophytoplankton are seen to act as a background
populationwith small variability inasat

p ð443Þ globally.
This supports the theory first proposed in Yentch and
Phinney [44] that a constant background population
of small optically active cells are always present, on
which larger-celled phytoplankton may be sporadi-
cally superimposed. In comparison with microphyto-
plankton and nanophytoplankton, asat

p ð443Þ is higher
in the subtropical oligotrophic gyres.

When comparing asat
p ð443Þ in Fig. 9 with asatð443Þ

in Fig. 8, it can be seen that picoplankton contribute
more to asatð443Þ than nanophytoplankton or micro-
phytoplankton. In fact, when the global mean frac-
tional contribution of picophytoplankton to the total
phytoplankton absorption in the surface layer for
May 2005 is computed using the model (asat

p ð443Þ=
asatð443Þ × 100), it emerges that picophytoplankton
contribute ∼65% to the total phytoplankton absorp-
tion coefficient, whereas they contribute only ∼23%
to the total chlorophyll-a concentration. As picophyto-
plankton have a higher specific absorption coefficient

than nanophytoplankton or microphytoplankton
(Fig. 2), they are more efficient in absorbing light
and, hence, have a larger influence on asatð443Þ glob-
ally than may be inferred from their chlorophyll-a
concentration alone. Considering aðλÞ is an important
property in primary production models, the three-
populationmodel canbeused to improve primary pro-
duction estimates by explicitly accounting for size
structure [16,54,55].

Figures 8 and 9 show estimates of total and size-
specific phytoplankton absorption based on the three-
population model fitted to globally representative
data (database A). However, we acknowledge that a
global parameterization may not fully capture the
wide-scale variability in phytoplankton physiology.
Devred et al. [3] highlighted regional and seasonal
variability in the parameters of their two-component
model. Future work may need to focus on such tem-
poral and spatial differences, possibly partitioning
data into biogeochemical provinces and dealing with
each province independently [56,57].

4. Summary

A model has been developed that calculates the
phytoplanktonabsorption coefficient at variouswave-
lengths based on three-component populations of

Fig. 8. (Color online) Total asatð443Þ values for May 2005, using
SeaWiFS daily composites, calculated according to the three-
population absorption model, with the estimated absolute and re-
lative errors. Dark gray pixels represent land, and light gray pixels
represent missing data due to cloud coverage, high sun zenith
angles, or chlorophyll-a concentrations >12:2mgm−3.

Fig. 9. (Color online) Microphytoplankton, nanophytoplankton,
and picophytoplankton absorption coefficients at 443nm for
May 2005, using SeaWiFS daily composites, calculated according
to the three-population absorption model. Dark gray pixels repre-
sent land, and light gray pixels representmissing data due to cloud
coverage, high sun zenith angles, or chlorophyll-a concentrations
>12:2mgm−3.
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phytoplankton which, with some caution, can be
linked to the three size classes of phytoplankton
(picophytoplankton, nanophytoplankton, and micro-
phytoplankton). When compared with the two-
population model, the new model yielded lower
errors. Furthermore, the three-population model is
an improvement on traditional power-law models in
that the parameters of the model offer direct biologi-
cal and bio-optical interpretation, and that the speci-
fic absorption coefficients are constrained between
limits set by the values of those of picophytoplankton
and microphytoplankton [2,3]. At the same time, the
three-population absorptionmodel extends themodel
of Sathyendranath et al. [2] and Devred et al. [3] by
introducing a third component population. This im-
plementation yields a better representation of both
a�ðλÞ and aðλÞ at low chlorophyll-a concentrations.

The computed size-specific a�ðλÞ values were com-
pared with those derived by Ciotti et al. [14] and Uitz
et al. [30]. Unlike the model of Ciotti et al. [14], the
three-population model can be used to predict how
a�ðλÞ would change with varying pigment concentra-
tions. Unlike the model of Uitz et al. [30], when ap-
plying the three-population model to globally derived
chlorophyll-a fields, the model can be applied to a
continuum of chlorophyll-a concentrations without
having to rely on a small number of class intervals
indicative of trophic regimes. The computed size-
specific a�ðλÞ values compare reasonably well with
laboratory and in situ measurements.

The three-population model was applied to
remotely sensed chlorophyll-a data and validated
using independent in situ data, which indicated good
agreement. It is expected this accuracy will improve
with advancements in remotely sensed chlorophyll-a
retrievals. It is envisaged that the three-population
model can be used to improve primary production
estimates by explicitly incorporating community
composition [16,54,55].

Appendix A

Definitions of the symbols used in this manuscript
are provided in the table.
Symbol Definition

aðλÞ Absorption coefficient of total phytoplankton [m−1]
amðλÞ Absorption coefficient of microphytoplankton [m−1]
anðλÞ Absorption coefficient of nanophytoplankton [m−1]
apðλÞ Absorption coefficient of picophytoplankton [m−1]
asatðλÞ Absorption coefficient of total phytoplankton

derived from Rrs [m−1]
asat
m ðλÞ Absorption coefficient of microphytoplankton

derived from Rrs [m−1]
asat
n ðλÞ Absorption coefficient of nanophytoplankton

derived from Rrs [m−1]
asat
p ðλÞ Absorption coefficient of picophytoplankton

derived from Rrs [m−1]
a�ðλÞ Specific absorption coefficient of total

phytoplankton (m2 ½mgC�−1)
a�
mðλÞ Specific absorption coefficient of microphytoplankton

(m2½mgC�−1)
a�
nðλÞ Specific absorption coefficient of nanophytoplankton

(m2 ½mgC�−1)

a�
pðλÞ Specific absorption coefficient of picophytoplankton

(m2 ½mgC�−1)
a�
p;nðλÞ Specific absorption coefficient of combined

pico-nanophytoplankton (m2 ½mgC�−1)
A Numerical constant derived using the power-law

model [Eq. (22)]
B Numerical constant derived using the power-law

model [Eq. (22)]
C Total chlorophyll-a concentration derived from high

performance liquid chromatography [mgm−3]
Csat Total chlorophyll-a concentration derived from RrsðλÞ

following O’Reilly et al. [37] [mgm−3]
Cm Chlorophyll-a concentration of

microphytoplankton [mgm−3]
Cn Chlorophyll-a concentration of

nanophytoplankton [mgm−3]
Cp Chlorophyll-a concentration of

picophytoplankton [mgm−3]
Cp;n Chlorophyll-a concentration of

combined pico-nanophytoplankton [mgm−3]
Cw Total chlorophyll-a concentration [mgm−3]

derived from P and W according to Uitz et al. [33]
Cm

p;n Maximum chlorophyll-a concentration
of combined pico-nanophytoplankton [mgm−3]

Cm
p Maximum chlorophyll-a concentration

of picophytoplankton [mgm−3]
Fm Microphytoplankton fraction of chlorophyll-a
Fn Nanophytoplankton fraction of chlorophyll-a
Fp Picophytoplankton fraction of chlorophyll-a
Fp;n Combined pico-nanophytoplankton fraction

of chlorophyll-a
P Diagnostic pigments (fucoxanthin; peridinin;

190-hexanoyloxyfucoxanthin;
190-butanoyloxyfucoxanthin; alloxanthin;
chlorophyll-b and divinyl chlorophyll-b;
zeaxanthin)

r Pearson correlation coefficient
R Size-specific slopes describing the variations

in the size-specific a�ðλÞ of the Uitz et al. [30]
model along the vertical z=Zp

RMSE
%

Relative root mean square error [%]
[Eq. (21)]

RMSE Absolute root mean square error [m−1] [Eq. (27)]
Rrs Remote-sensing reflectance [sr−1]
Sp;n Slope describing the rate of increase in the

chlorophyll-a concentration of combined pico-
nanophytoplankton as a function of the total
chlorophyll-a concentration

Sp Slope describing the rate of increase in the
chlorophyll-a concentration of picophytoplankton as a
function of the total chlorophyll-a concentration

W Chlorophyll-a to diagnostic pigment ratios derived by
Uitz et al. [33] (1.41; 1.41; 1.27; 0.35; 0.6; 1.01; 0.86)

z Geometric depth [m]
Zp Euphotic depth [m]
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