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Abstract

Owing to their important roles in biogeochemical cycles, phytoplankton functional types
(PFTs) have been the aim of an increasing number of ocean color algorithms. Yet,
none of the existing methods are based on phytoplankton carbon (C) biomass, which
is a fundamental biogeochemical and ecological variable and the “unit of account-5

ing” in Earth System models. We present a novel bio-optical algorithm to retrieve
size-partitioned phytoplankton carbon from ocean color satellite data. The algorithm
is based on existing algorithms to estimate particle volume from a power-law particle
size distribution (PSD). Volume is converted to carbon concentrations using a compi-
lation of allometric relationships. We quantify absolute and fractional biomass in three10

PFTs based on size – picophytoplankton (0.5–2 µm in diameter), nanophytoplankton
(2–20 µm) and microphytoplankton (20–50 µm). The mean spatial distributions of total
phytoplankton C biomass and individual PFTs, derived from global SeaWiFS monthly
ocean color data, are consistent with current understanding of oceanic ecosystems, i.e.
oligotrophic regions are characterized by low biomass and dominance of picoplankton,15

whereas eutrophic regions have large biomass to which nanoplankton and microplank-
ton contribute relatively larger fractions. Global spatially integrated phytoplankton car-
bon biomass standing stock estimates using our PSD-based approach yield on aver-
age ∼ 0.2–0.3 Gt of C, consistent with analogous estimates from two other ocean color
algorithms, and several state-of-the-art Earth System models. However, the range of20

phytoplankton C biomass spatial variability globally is larger than estimated by any
other models considered here, because the PSD-based algorithm is not a priori em-
pirically constrained and introduces improvement over the assumptions of the other
approaches. Satisfactory in situ closure observed between PSD and POC measure-
ments lends support to the theoretical basis of the PSD-based algorithm. Uncertainty25

budget analyses indicate that absolute carbon concentration uncertainties are driven
by the PSD parameter No which determines particle number concentration to first or-

574

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/12/573/2015/osd-12-573-2015-print.pdf
http://www.ocean-sci-discuss.net/12/573/2015/osd-12-573-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
12, 573–644, 2015

Carbon-based
phytoplankton size

classes retrieved via
the PSD

T. S. Kostadinov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

der, while uncertainties in PFTs’ fractional contributions to total C biomass are mostly
due to the allometric coefficients.

1 Introduction

Marine phytoplankton fix ∼ 50 GtCyr−1, which accounts for about half of global net pri-
mary production (Field et al., 1998; Carr et al., 2006). Sinking organic matter powers5

the oceanic biological pump and enables long-term carbon sequestration that affects
atmospheric carbon dioxide concentrations and thus climate (Eppley and Peterson,
1979; Falkowski et al., 1998; IPCC, 2013). Phytoplankton have different morphological
(size and shape) and physiological (growth and mortality rates, response to nutrient,
temperature and light conditions) characteristics that result in different biogeochemical10

roles – most importantly, sinking rates, but also silica drawdown, iron requirements,
etc. They are grouped accordingly into phytoplankton functional types (PFTs, IOCCG
2014). Definitions of the PFTs can vary depending on the research goals and the op-
erational methods used to quantify them (IOCCG, 2014). One of the primary distin-
guishing characteristics of the different PFTs is size (Vidussi et al., 2001; Le Quéré15

et al., 2005). Therefore size-based partitioning of phytoplankton can be used as a first-
order proxy for many biogeochemical roles such as sinking, and a common opera-
tional definition of the PFTs is size-based. Thus the term phytoplankton size classes
(PSCs) can be used as roughly equivalent to PFTs. Commonly, three PSCs are de-
fined (Sieburth et al., 1978) – picophytoplankton (< 2 µm in diameter), nanophytoplank-20

ton (2–20 µm), and microphytoplankton (> 20 µm), referred to as pico-, nano- and mi-
croplankton henceforth for brevity.

Global climate patterns can affect the spatio-temporal distribution of the PFTs by
influencing light, nutrient, and temperature regimes (e.g., Marinov et al., 2013; Cabré
et al., 2014), with potentially significant impacts on the oceanic food webs and C cycle.25

Phytoplankton themselves can influence climate via mechanisms such as the biolog-
ical pump (e.g. Falkowski and Oliver, 2007), oceanic heating rates (e.g., Frouin and
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Iacobellis, 2002) and DMS production (e.g. Ayers and Cainey, 2007; Vallina and Simó,
2007). Therefore, important feedback loops related to oceanic ecosystems exist in the
climate system. This necessitates the detailed characterization of oceanic ecosystems
as a crucial component of the Earth system and the biosphere, i.e. an assessment of
the spatio-temporal distribution, variability and future evolution of the PFTs (both stocks5

and production) globally and regionally. This can be accomplished using dynamic green
ocean models as components of climate models that possess a realistic representation
of the PFTs and predictive ability (e.g. Le Quéré et al., 2005; Hood et al., 2006).

Operational quantification of the PFTs on the required spatio-temporal scales can
only be achieved via remote sensing. Since the late 1990’s, ocean color remote sens-10

ing has provided a continuous global coverage of data that have greatly enhanced our
understanding of the spatio-temporal characteristics of the oceanic ecosystems (e.g.
McClain, 2009; Siegel et al., 2013). Remote-sensing reflectance as a function of wave-
length, Rrs(λ), quantifies ocean color and is the primary variable provided by ocean
color sensors. Since the inception of ocean color remote sensing and bio-optical algo-15

rithm development, the canonical derived variable has been chlorophyll concentration
(Chl) in surface waters, interpreted as a proxy for phytoplankton biomass. Chl can be
estimated with classical empirical band-ratio algorithms (O’Reilly et al., 1998, 2000), or
more sophisticated semi-analytical algorithms capable of retrieving several variables
independently (Garver and Siegel, 1997; Maritorena et al., 2002). The latter have been20

motivated by the need to improve Chl retrievals by taking into account independently
varying optically active constituents of the water column. Another important ecosystem
variable, net primary productivity, is often parameterized as a function of Chl, among
other variables (Behrenfeld and Falkowski, 1997a).

However, total Chl does not provide a full description of the state of the ecosystem,25

its history on a given time-scale, and its likely response to future forcing. Physiological
acclimation to differing light levels can cause the ratio of Chl to carbon (C) to change,
confounding interpretation of changes in Chl (Geider et al., 1987, 1998; Behrenfeld
et al., 2005). It is carbon biomass in the living phytoplankton that is the variable of more
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direct relevance to the carbon cycle, other biogeochemical cycles, and climate. It is also
the tracer variable most commonly used in biogeochemical routines of climate models
(e.g. Gregg, 2008; Dunne et al., 2013). In addition, a more complete characterization
of an oceanic ecosystem also necessitates partitioning of the carbon biomass into
the different PFTs comprising the ecosystem. The Chl : C ratio itself can be used as5

a proxy for physiological status and an independent assessments of Chl and C allow
the building of carbon-based productivity models (Behrenfeld et al., 2005; Westberry
et al., 2008). It would be ideal to have independent and PFT-partitioned assessment
of both Chl and C; this would allow partitioning of carbon-based productivity, improving
upon existing class-specific estimates (Uitz et al., 2010).10

The above considerations have led to recent developments in bio-optical modeling
in two major directions, providing relevant remote-sensing products beyond Chl. First,
multiple satellite ocean color algorithms for the estimation of various PFTs have been
developed in the last decade (IOCCG, 2014). Some algorithms retrieve multiple PFT
groups using differential absorption (Bracher et al., 2009) or second-order anomalies15

of the reflectance spectra (Alvain et al., 2008). Others (e.g. Brewin et al., 2010; Hirata
et al., 2011; Uitz et al., 2006) are based on total (Chl) abundance and the ecological
premise that smaller cells are associated with oligotrophic conditions whereas larger
cells are associated with eutrophic conditions (Chisholm, 1992). Yet another class of al-
gorithms relies on various spectral features, either absorption (Ciotti and Bricaud, 2006;20

Mouw and Yoder, 2010; Roy et al., 2013), or backscattering (Kostadinov et al., 2009,
2010) or both (Fujiwara et al., 2011). A summary of the available algorithms and their
technical basis can be found in IOCCG (2014) and Hirata (2015). Of particular impor-
tance is that none of the existing algorithms retrieve C or base their PFT/PSC retrievals
on total or fractional C content per PFT. Second, algorithms have been developed to25

retrieve particulate organic carbon (POC, e.g. Stramski et al., 2008 – henceforth, S08).
However, these are empirical band-ratio algorithms the output of which is expected to
be tightly correlated to Chl, which is derived in much the same way.
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The retrieval of just the living phytoplankton carbon concentration represents signifi-
cant progress (Behrenfeld et al., 2005 – henceforth, B05), but it is much harder to mea-
sure reliably remotely and even in-situ (Menden-Deuer and Lessard, 2000; Graff et al.,
2012). The B05 method is a first order assessment using a direct empirical scaling of
the backscattering coefficient to estimate phytoplankton C by multiplying the particulate5

backscattering at 440 nm (bbp(440)) by 13 000 mgCm−2 to convert it to phytoplankton
carbon (after a background subtraction). This constant does not change in time or
space and is picked so that reasonable Chl : C and POC : living C values are achieved.
Their approach does not take into account the effects of variable particle size distri-
butions on this scaling factor. Even if particle composition is assumed to be roughly10

constant and corresponding to predominantly living phytoplankton cells, changes in
their particle size distribution will change the backscattering per unit C biomass due
to different scattering efficiencies exhibited by particles of different size (this can be
quantified by Mie theory, e.g. Stramski and Kiefer, 1991; Kostadinov et al., 2009).

Significant advances have been made in estimating biovolume in-situ (Moberg and15

Sosik, 2012). Recent advances also allow for the quantification of an assumed power-
law particle size distribution from space and the estimation of particulate volume in any
size class from ocean color satellite data (Kostadinov et al., 2009, 2010). Henceforth,
Kostadinov et al. (2009) is referred to as KSM09, and the PSD algorithm as the KSM09
algorithm. Here, we leverage the KSM09 algorithm and an existing compilation of allo-20

metric relationships that link cellular C content to cellular volume (Menden-Deuer and
Lessard, 2000, henceforth – MDL2000), in order to (1) estimate total C biomass using
the power-law PSD parameters as input and (2) recast the volume-based PSCs of the
KSM09 algorithm in terms of C biomass. The effects of variable PSD have been taken
into account for the first time, relaxing the assumption of a constant backscattering to25

carbon relationship. Importantly, to our knowledge this is the first attempt to provide size
class partitioning of phytoplankton C biomass from space. We first present the method-
ology and apply the algorithm to SeaWiFS global monthly reflectance data, focusing on
climatological patterns and comparison with existing phytoplankton carbon estimates
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and Earth System model results. We then assess global mixed layer phytoplankton
biomass stock and compare to existing estimates. Importantly, we quantify partial un-
certainties on a per-pixel basis by propagating existing input parameter uncertainties
(when quantifiable and available) to the C-based products.

2 Data and methods5

2.1 Estimation of carbon biomass using PSD retrievals

2.1.1 Step 1: Retrieval of suspended particulate volume from ocean color
remote sensing data

We first quantify the volume concentration of suspended particulate matter from ocean
color data by applying the KSM09 algorithm to estimate the parameters of an assumed10

power-law particle size distribution. These parameters are retrieved using look-up ta-
bles (LUTs) constructed using Mie theory of scattering (Mie, 1908). The LUTs relate
the spectral shape and magnitude of the particulate backscattering coefficient at blue-
green wavelengths (bbp(λ) [m−1]) to the power-law slope ξ [unitless] of the PSD and
the differential number concentration of suspended particles at a reference diameter15

(here, 2 µm), No [m−4] (Junge, 1963; Boss et al., 2001; KSM09):

N(D) = No

(
D
Do

)−ξ
(1)

In Eq. (1), D [m] is the equivalent spherical diameter (ESD) (Jennings and Parslow,
1988).

Equation (1) can be integrated over a chosen size range in order to derive the total20

number, area or volume concentration of the particles in that range. Volume concen-
tration [m3 of particles (m3 seawater)−1] can thus be computed as (Kostadinov et al.,
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2010):

V =

Dmax∫
Dmin

(
πD3

6

)
No

(
D
Do

)−ξ
dD (2)

Even though the power-law PSD is considered a simple two-parameter model, in reality
it is a four-parameter parameterization, because in practical applications the upper
and lower limits of integrals such as Eq. (2) need to be known (Boss et al., 2001).5

Assuming biogenic origin of scattering particles, Kostadinov et al. (2010) developed
a novel method of estimating three phytoplankton size classes (PSCs), defining each
class as its fractional contribution to total biovolume.

2.1.2 Step 2: Retrieval of size-partitioned absolute and fractional
phytoplankton carbon biomass10

Estimation of carbon concentration follows the methodology first outlined in Kostadinov
(2009). The volume-to-carbon allometric relationships compiled by MDL2000 are used
to quantify POC by converting the volume estimates of Eq. (2) to C concentration. The
relationships in MDL2000 have the general form:

Ccell = aV
b

cell (3)15

where Ccell is cellular carbon content [pgCcell−1], a and b are group-specific constants
and Vcell is cell volume [µm3]. Incorporating the allometric relationship of Eq. (3) into
Eq. (2) yields an estimate of particulate carbon mass concentration (i.e. POC) in a given
size range, Dmin to Dmax. The carbon biomass of living phytoplankton only (C, [mgm−3])
can then be estimated by multiplication by 1/3:20

C =
1
3

Dmax∫
Dmin

10−9a

(
1018πD3

6

)b

No

(
D
Do

)−ξ
dD (4)
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The factor of 1/3 is used because it is approximately in the middle of the published
range for the phytoplankton C : POC ratio in ocean regions of variable trophic status
(0.14 to 0.49) (B05; DuRand et al., 2001; Eppley et al., 1992; Gundersen et al., 2001;
Oubelkheir et al., 2005). The factors 10−9 and 1018 are applied in Eq. (4) for conversion
from pg (Eq. 3) to mg of C and from m3 to µm3, respectively.5

The formulation of Eq. (4) allows phytoplankton carbon biomass to be estimated for
any size range. Here, we partition the biomass in three classical phytoplankton size
classes (PSCs, Sieburth et al., 1978): picoplankton (0.5µm ≤ D ≤ 2 µm), nanoplankton
(2µm ≤ D ≤ 20 µm) and microplankton (20µm ≤ D ≤ 50 µm). There is some variation in
the literature regarding the cut-off values that are used in definition of these categories,10

because they are rather arbitrary. The only objective cut-off value is that for the mini-
mum autotrophic picoplankton size (0.5 µm), as this is the reported ESD of the smallest
known marine photosynthesizer (Partensky et al., 1999). The maximum size threshold
for unicellular phytoplankton is not as clear and we settle on 50 µm, since larger algal
cells are seldom encountered even in eutrophic conditions (Charles Stock, personal15

communication, 2013) and are particularly rare in the open ocean (Roy et al., 2013).
The parameters a and b in Eq. (5), pertaining to the groups of phytoplankton that

are relevant for this study, are selected from MDL2000 and are presented in Table 1a.
C biomass is estimated using more than one allometric relationship in order to achieve
a global optimal solution. The biomass of picoplankton is computed by implementing20

the parameters for cells with volume below 3000 µm3 (D < 17.894 µm) in Eq. (4) for D
from 0.5 to 2 µm. Nanoplankton biomass is computed by combining all the three sets
of a and b values listed in Table 1. The first set (same as for picoplankton) is used in
Eq. (4) for D between 2 and 17.894 µm. The second (for generic non-diatomaceous
phytoplankton) and third set (for diatoms above 3000 µm3) are applied separately in25

Eq. (4) for D between 17.894 and 20 µm and the results are averaged and added to
the result of applying the first set of parameters, obtaining the overall nanoplankton
biomass. Similarly, microplankton biomass is determined as the arithmetic mean of
the respective output of Eq. (4) when the second and the third sets of a and b values
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are used for D from 20 to 50 µm. The biomass of the entire phytoplankton community
(0.5µm ≤ D ≤ 50 µm) is the sum of the respective biomass values for the three PSCs.

Analytical solution of the integral of Eq. (4) thus results in the following expression
for a given size class:

C =
p∑
i=1

wi
1
3

10−9ai

(
1018π

6

)bi

NoD
ξ
o

1
3bi − ξ+1

(
D3bi−ξ+1

maxi −D3bi−ξ+1
mini

)
(5)5

In the above equation, p represents the number of distinct sets of allometric coeffi-
cients used, i.e. p = 3 for total carbon and nanoplankton, p = 1 for picoplankton, and
p = 2 for microplankton. Table 1b lists the weights wi applied for each allometric rela-
tionship. The Dmax and Dmin values are selected as appropriate from the size ranges
of the size class or the limits of applicability of the i th allometric relationship (Table 1b).10

Equation (5) is not valid when the denominator is exactly 0. In the very few cases when
this happens operationally to within machine precision, the value of the PSD slope is
nudged by a very small value (much smaller than its uncertainty).

Finally, the three PSCs are expressed as relative fractions of total phytoplankton
C biomass, by dividing the PSC’s biomass by total biomass. This expression of the15

PSCs is a recast of the volume-fraction based PSCs of KSM09 in terms of carbon
biomass, which represents a significant improvement since carbon biomass because
C biomass is an important component of the global carbon cycle and is thus linked to
climate. These C-based PSCs are also more directly comparable to variables in Earth
System models. As such they are of direct interest to the modeling community, which20

is intended as a primary user of the novel PSC products.

2.2 Input ocean color satellite data

Global mapped monthly composites of remote sensing reflectance Rrs(λ) [sr−1] nom-
inally at 412, 443, 490, 510, and 555 nm, measured by the Sea-viewing Wide Field-
of-view Sensor (SeaWiFS) (reprocessing R2010.0) were downloaded from the NASA25
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Ocean Biology Processing Group (OBPG) archive at (http://oceandata.sci.gsfc.nasa.
gov/SeaWiFS/Mapped/Monthly/9km/Rrs/). The data have a nominal resolution of ∼
9 km and are mapped to an equidistant cylindrical projection. Measurements were
available for the period September 1997 to December 2010, with the exception of
a few months after 2007, when technical problems occurred (namely, February, March5

of 2008 and May of 2009 are missing data months, while January and July 2008 and
September and October 2009 exhibit very sparse data).

The monthly Rrs(λ) maps were used to retrieve the spectral particulate backscatter-
ing coefficient (bbp(λ), [m−1], λ same as for the input reflectances), using the algorithm
of Loisel and Stramski (2000) and Loisel et al. (2006) (henceforth – the LAS2006 al-10

gorithm), with a solar zenith angle (SZA) of 0◦ because the input Rrs(λ) are fully nor-
malized. The spectral slope of bbp(λ), η, was calculated using a linear regression on
the log-transformed data at the 490, 510 and 555 nm bands. The KSM09 algorithm
(Sect. 2.1.1) was then applied to η and bbp at 443 nm in order to obtain the PSD pa-
rameters ξ and No, which were subsequently used in Eq. (5) to obtain monthly 9 km15

maps of total and PSC-partitioned absolute and fractional C biomass.

2.3 Phytoplankton carbon estimates from Earth System Models

Phytoplankton carbon was also derived from the output of a group of Earth System sim-
ulations from the recent Coupled Model Intercomparison Project CMIP5 (Taylor et al.,
2012). CMIP5 model output was downloaded from http://pcmdi9.llnl.gov/esgf-web-fe/.20

The models and their basic characteristics are summarized in Table 2. The marine bio-
geochemical routine for models CanESM2 and MRI-ESM1 is based on the basic NPZD
(Nutrient Phytoplankton Zooplankton Detritus) structure with only one phytoplankton
type and one nutrient (nitrate). The complexity increases with MPI-ESM, NorESM1,
HadGEM2, and GISS-E2 via inclusion of more nutrients (nitrate, silicate, iron) and ad-25

ditional types of phytoplankton for HadGEM2 and GISS-E2. Finally, IPSL-CM5, GFDL-
ESM2, and CESM1-BGC are the most ecologically complex models, with at least 2
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types of phytoplankton, zooplankton types, more than 20 biogeochemical tracers, and
inclusion of ballast in the last two models.

We derive the ensemble mean phytoplankton C from 21 years of “present” historical
output (1990 to 2010) of the variable “phyc” (“total phytoplankton carbon concentra-
tion”). Molar concentration provided by the models (molCm−3) was converted to mass5

concentration (mgCm−3) using the atomic weight of carbon (12.011 g mol−1, Wieser
et al., 2013). The “present” output is mostly based on the historical scenario (years
1850 to 2005) forced by observed atmospheric changes (both anthropogenic and natu-
ral). The last five years (2006 to 2010) of the “present” output are based on the RCP8.5
scenario. We selected 14 models with different resolutions (ocean grid varies from 0.510

to 2◦) and complexities in their biogeochemical and ecological modules, as described
in Table 2. All model output was resampled to a 1◦ grid before calculating first the tem-
poral average of each model individually, and then averaging each model’s climatology
to obtain the ensemble mean model climatology. Because of significant similarities be-
tween model pairs (Cabré et al., 2014), when computing ensemble averages we used15

weights as in Table 2. Before computing averages, biomass values below 0 were set
to missing data, and in the case of the MRI-ESM1 model values below 0.01 mgm−3

C were also set to missing values. Those occur primarily along the coasts and are
considered a numerical artifact (most are ∼ 10−18 mgm−3 C in areas where biomass is
expected to be high).20

2.4 In-situ POC-PSD closure analysis

In-situ closure (i.e. agreement) between POC and PSD data was investigated as a val-
idation of the allometric methodology presented here. Nearly coincident observations
of both PSD (Coulter Counter measurements) and POC (analytical chemical deter-
minations) from Atlantic Meridional Transect (AMT) cruises 2, 3 and 4, conducted in25

1996 and 1997, were obtained from the British Oceanographic Data Centre (BODC,
http://www.bodc.ac.uk/). The 2–20 µm diameter range of the PSD data was used to
fit a regression line on the log10-transformed, bin-width normalized data, yielding es-
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timates of the PSD parameters, ξ and No. These were used as inputs to Eq. (5) to
estimate allometric phytoplankton C from the PSD data. Chemical POC data were
provided in units of µmolL−1, which were converted to mgm−3 using carbon’s atomic
weight of 12.011 gmol−1 (Wieser et al., 2013). Phytoplankton C was then estimated
from POC by multiplication by 1/3. Match-ups were then constructed between the two5

methods of estimating phytoplankton carbon concentration, considering two data points
a valid match-up only if they were closer than 4.24 km from each other (diagonal of
a 3 km×3 km box), samples were taken within 3 h of each other, and within 15 m verti-
cal separation. Using these criteria 44 match-ups were obtained.

2.5 Propagation of uncertainty to carbon products and composite imagery10

The proximal input parameters of the absolute and fractional C-based PSC algorithm
are the PSD slope ξ, the No parameter, and up to six allometric coefficients (Table 1a
and b). Uncertainties (in terms of standard deviation) in these input parameters are
propagated to the algorithm products on a per-pixel basis. The uncertainty of absolute
or fractional carbon concentration, C, in any size class is estimated as15

σC =

√√√√(∂C
∂ξ

)2

σ2
ξ +
(
∂C
∂No

)2

σ2
No

+
p∑
i=1

(
∂C
∂ai

)2

σ2
ai
+

p∑
i=1

(
∂C
∂bi

)2

σ2
bi

(6)

This is the standard analytical approximation of error propagation formulation (e.g. Ku,
1966). The partial derivatives of C with respect to the input parameters are calculated
analytically from Eq. (5), where p = 1, 2 or 3 depending on the size class (Table 1a
and b, Sect. 2.1.2). The KSM09 algorithm provides standard deviations of the output20

PSD parameters as a quantification of partial uncertainty. The MDL2000 allometric
coefficients are derived from linear regressions and their 95 % confidence intervals are
provided. These were converted to standard deviations by dividing by the respective
cumulative t distribution value for each case (Table 1 and MDL2000, their Table 4).
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The estimate in Eq. (6) represents only a part of the uncertainty in C, because only
parts of the PSD parameters’ uncertainties are quantifiable and provided by KSM09.
Unquantified sources of error are discussed qualitatively in Sect. 3.7.3.

Monthly and overall mission composite imagery was computed from the respective
monthly maps of Chl and the carbon-based products as the arithmetic mean (in linear5

space) of all available data for a given pixel. Uncertainties of the composite imagery
data were determined as

σcomposite =

√
N∑
k=1

σ2
k

N
(7)

where σk is the standard deviation of the kth term of the composite average, out of a to-
tal of N terms. It is evident from Eq. (7) that when N increases, random, zero-centered10

uncertainties will generally decrease unless a data point of very large uncertainty par-
ticipates in the sum. Note that systematic bias (e.g. a consistent underestimate) cannot
be quantified or reduced in this way.

2.6 Algorithm output analyses and ancillary data

In order to investigate relationships of the novel C-based products with Chl concen-15

tration, monthly mapped SeaWiFS 9 km OC4v6 Chl [mgm−3] (O’Reilly et al., 2000),
was obtained from NASA OBPG (reprocessing R2010.0) The mission composite was
also obtained in order to study climatological relationships. The mission composite Chl
image was downsampled to 1◦ resolution using 2-D convolution and the 0.08 mgm−3

isoline of Chl was extracted in order to delineate the subtropical gyres on maps. For20

comparison purposes, phytoplankton C biomass was also estimated using the B05
method with the same LAS2006-derived bbp(443) as used in the PSD-based algo-
rithm. POC was retrieved using the S08 algorithms (using the Rrs(490)/Rrs(555) band
ratio parameterized with all data, see their Table 2). The same R2010.0 SeaWiFS re-
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flectances were used as for our algorithm. The POC retrievals were multiplied by 1/3
to approximate the living fraction.

The assumptions of the C biomass algorithm are more likely to be violated in shallow
coastal regions, where non-biogenic particles may contribute to backscattering signif-
icantly (e.g. Toole et al., 2001; Otero and Siegel., 2004). We thus excluded the conti-5

nental shelves from some analyses as indicated. The shelves were identified as areas
shallower than 200 m and determined using the bathymetry data from the NOAA/NGDC
ETOPO1 data set (Amante and Eakins, 2009), downsampled to 9 km or 1◦ resolutions
as needed. In order to display the coastline on maps, the L1 layer of the GSHHG v2.2.3
(Wessel and Smith, 1996) coastline data set was extracted with the NOAA/NGDC10

GEODAS-NG software.
In order to estimate global phytoplankton C biomass standing stock within the mixed

layer, monthly mixed layer depth (MLD) for the 1997–2010 SeaWiFS mission pe-
riod was computed from the UK Met Office Hadley Centre’s monthly global objective
analyses fields of seawater potential temperature and salinity (version EN3_v2a) (In-15

gleby and Huddleston, 2007). The fields were provided on a regular grid of 1◦ longi-
tude/latitude resolution and 42 unequally spaced depth levels. For each grid cell and
depth, seawater density was computed using the equation of state of seawater (UN-
ESCO et al., 1980). Linear interpolation was then applied to every respective vertical
profile of temperature and density to compute MLD, using the threshold approach of20

de Boyer Montégut et al. (2004) (±0.2 ◦C or 0.03 kgm−3). Following their recommen-
dation, the shallower of the temperature- and density-based values was chosen as the
best estimate of MLD. Monthly and overall SeaWiFS-era global MLD composites were
computed from the resulting MLD maps using the median of all available MLD values in
a particular grid cell. We selected the median because it is a more representative mea-25

sure of central tendency for MLD than the mean, as was shown by de Boyer Montégut
et al. (2004).

Global phytoplankton C biomass stock was computed from the monthly and overall
mission composites that were first downsampled from 9 km to 1◦ resolution in log10
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space using a 2-D convolution kernel of size 12×12. Using composites and downsam-
pling them is a spatio-temporal gap filling technique as it reduces or eliminates data
gaps that would bias the global estimate. Since ocean color data are not vertically re-
solved, we assume that the vertical profile of phytoplankton C biomass is uniform down
to the mixed layer depth (MLD). Thus biomass stock was computed by multiplying sur-5

face satellite estimates of C biomass by the corresponding MLD value, and all valid
pixels were summed after also multiplying by the pixel area. Pixel area was approxi-
mated using the area integral on a spherical Earth. Biomass stock was computed for
the entire ocean as well the open ocean, excluding the shelves.

3 Results and discussion10

3.1 Global phytoplankton carbon biomass from SeaWiFS observations and
CMIP5 models

The mission climatology of total phytoplankton carbon (C) biomass (Fig. 2a) indicates
that algal biomass is lowest in the oligotrophic subtropical gyres, while higher biomass
values occur in more eutrophic regions, such as the equatorial and eastern-boundary15

currents, other upwelling regions, as well as the high-latitude oceans. This general
pattern corresponds to first order to the climatological Chl spatial patterns (Fig. A1) and
is consistent with current oceanic ecosystem understanding (e.g. Longhurst, 2007).
Comparison of the PSD-based approach to quantifying C biomass (Fig. 2a) with two
existing methods (the B05 values, Fig. 2b, and the S08 POC retrievals divided by 3,20

Fig. 2c) reveal that the PSD-based approach results in a significantly wider range of
spatial variability, as confirmed by the histograms in Fig. 3. The method of B05 resulted
in the least spatial variability.

Among the three methods, the PSD-based biomass estimates are the lowest in the
subtropical oligotrophic gyres (by about an order of magnitude) and highest (generally25

by less than an order of magnitude) almost everywhere north of ∼ 40◦ N and along
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much of the west coasts of the Americas and Africa, in the north-western Arabian Sea
and some portions of the Southern Ocean (most of the Atlantic sector, the northern and
central parts of the Indian Ocean sector and in two zonal bands – one poleward and
one equatorward – in the western Pacific sector). The three methods are in relatively
good agreement in the Pacific equatorial upwelling region. A considerable difference5

also exists between the B05 and the S08-based values – the former vary the least
spatially, mostly due to relatively high biomass estimates in the subtropical oligotrophic
gyres.

While it is plausible that the PSD-based values in the oligotrophic gyres are underes-
timated and values in some eutrophic areas are overestimated, a global validation with10

concurrent field measurements of phytoplankton C biomass is not feasible at present
since in-situ analytical measurements of phytoplankton carbon are difficult and made
possible only recently by emerging techniques (Graff et al., 2012). The S08 method is
developed with in-situ POC and reflectance data, and the constant conversion factor
in B05 is picked empirically, so these algorithms are designed a priori to match in-15

situ measurements. The method presented here is derived mostly from theory (apart
from the allometric relationships themselves) and is not subject to such constraints
(Sect. 3.7.3). Importantly, even if the absolute carbon concentration values are inaccu-
rate, the PSCs expressed as percent contribution to C biomass should still be reliable
and subject to much less uncertainty (Sects. 3.3 and 3.7). This carbon-based absolute20

and fractional partitioning is provided here for the first time and the fractions can be
used with other absolute carbon estimates.

The exaggeration of the global range of values of the PSD-based mean algal
biomass field (Fig. 2a) as compared to the approach of B05 (Fig. 2b) is expected
because the latter uses a single scaling constant to estimate carbon from backscat-25

tering, whereas the allometric method explicitly takes into account the variability in
backscattering efficiency of particles with varying particle size. Qualitatively, the PSD
method relaxes the assumption of a constant in B05 by taking into account the varying
backscattering per unit cell volume (via the PSD estimate) and per unit carbon in the
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cells (via the allometric relationships). This is a major improvement, although it carries
with it a series of assumptions that lead to added uncertainty, especially with the pur-
poseful lack of empirical tuning. Quantitatively, according to Mie theory calculations,
bbp(λ) normalized to volume of particles in the 0.5 to 50 µm range is three orders of
magnitude higher when the PSD slope ξ = 6, as compared to when ξ = 3 (not shown).5

Thus, the same backscattering coefficient will be attributed to less particle total volume
(and thus carbon) if the particles are relatively smaller in size (higher ξ), unless the
allometric relationship dominates the result. Since PSD slopes are highest in the olig-
otrophic gyres (KSM09), the PSD-based approach is expected to exhibit smaller total
volume of particles and thus smaller carbon concentrations as compared to the direct10

scaling with bbp (443) in B05.
The CMIP5 models ensemble mean of phytoplankton C biomass (Fig. 2d) resembles

the S08 POC-based estimate the most in spatial patterns and values, with somewhat
lower values in the subtropical gyres, but not quite as low as the PSD-based method
(Fig. 2a). Notably, the models yield higher values in the Pacific Equatorial Upwelling15

zone than any of the satellite data sets. Overall, the model data exhibit a similar range
of spatial variability to the method of S08, higher than B05, and lower spatial variability
than the PSD-based approach, which is not empirically tuned. CMIP5 model estimates
of phytoplankton C biomass are independent of these satellite data sets because they
are based on theoretical principles and calibrations with in-situ data (refs. in Table 2).20

3.2 Global phytoplankton biomass stock

The three satellite methods (Fig. 3) and the CMIP5 models (Fig. 2d) can be fur-
ther compared quantitatively by estimating total global phytoplankton biomass stock
(Sect. 2.6). Since ocean color data are not vertically resolved, we assume that the
vertical profile of phytoplankton biomass is uniform down to the mixed layer depth25

(MLD). Estimates from the SeaWiFS mission climatological fields are remarkably con-
sistent (Fig. 4a), yielding between 0.2 and ∼ 0.3 Gt C standing biomass stock (1 giga-
ton (Gt)= 1012 kg= 1 petagram (Pg)). The B05 method yields the highest estimate,
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whereas the models and the other two satellite methods are quite similar to each other.
Biomass in open ocean areas (with the continental shelves excluded) accounts for most
global biomass according to all estimates, but the models attribute very little biomass to
the shelves as compared to the satellite methods, especially the PSD-based method.
Since the satellite methods are based on different assumptions, our results suggest5

that future CMIP5 model improvements should focus on estimates of biomass in con-
tinental shelves. However, this model-data discrepancy could be due to the lower un-
derlying spatial resolution of the models; in addition, the satellite estimates originate
from the same sensor and satellite algorithms are often subject to larger uncertainties
in coastal zones (especially the PSD-based approach). It is best to develop technology10

to measure C biomass in-situ (Graff et al., 2012) and inform both satellite algorithms
and biogeochemical models.

The total phytoplankton biomass estimate based on mission composites can be con-
sidered globally representative since 99–100 % of the total ocean area (or area exclud-
ing the shelves) participates in the estimate (Fig. 4a). However, some bias remains15

because high latitudes are observable only in summer months (Fig. A2). As a result,
monthly climatological estimates of biomass from the three satellite methods (Fig. 4b)
represent less area (between ∼ 85 % and ∼ 95 % of the total) which varies with the
seasons. The seasonal variation observed can thus be confounded by variation in the
observed area. In order to alleviate the problem with varying observable area by SeaW-20

iFS and estimate a more representative global seasonal cycle, areas not observed by
SeaWiFS were gap-filled with the corresponding CMIP5 model ensemble data and the
monthly global time series were recomputed (Fig. 4c). The main difference between
Fig. 4b and c, is that the seasonal amplitudes of all four data sets are decreased. As
a measure of seasonality, we consider the difference between the maximum and mini-25

mum values from Fig. 4b, as a percentage of the mean annual signal. From the satel-
lite data sets, the B05 and S08 estimates exhibit stronger global seasonality (∼ 39 %)
than our PSD-based approach (∼ 23 %). The PSD-based approach exhibits the high-
est percentage of biomass in the continental shelf areas of all data sets. The CMIP5
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models exhibit significantly stronger seasonality (∼ 93 %) that the satellite data sets.
Importantly, the models exhibit a single annual peak in the austral summer, whereas
the satellite data sets indicate highest global biomass in the transitional months near
the equinoxes. These differences in global seasonality of biomass stock between the
satellite data and the models suggest that model representation may need improve-5

ment in areas that contribute substantially to the global biomass stock in certain parts
of the year, such as the Southern Ocean and/or the North Atlantic. However, satellite
data also have issues such as underestimation of Chl in the Southern Ocean (Dierssen
and Smith, 2000; Garcia et al., 2005; Kahru and Mitchell, 2010), indicating that ocean
color products in general may be suspect in this undersampled part of the ocean. The10

special bio-optical character of the Southern Ocean is evidenced elsewhere (Uitz et al.,
2006), indicating that regionally tuned satellite algorithms may be required. The area is
also hard to observe due to high latitudes and cloudiness. This stresses the need for
high quality in-situ observations of this region that contributes significantly to the global
biological pump (Marinov et al., 2008).15

It is remarkable that the three satellite methods yield estimates that are very consis-
tent with each other and with the CMIP5 model ensemble values, especially since the
models are independent of the satellite data (refs. in Table 2). Furthermore, the novel
PSD-based method is not empirically restricted or tuned a-priori and yields reasonable
estimates. Admittedly, this globally spatially integrated result may be fortuitous due to20

cancellation of uncertainties with opposite signs in the oligotrophic vs. eutrophic areas,
so it is not claimed that this result necessarily constitutes algorithm verification.

Globally integrated mixed-layer algal C biomass values have been previously ob-
tained by integrating remotely sensed Chl vertically and converting it to C using an
assumed Chl : C ratio. Such estimates range from 0.30 to 0.86 Gt C (Antoine et al.,25

1996; Behrenfeld and Falkowski, 1997b; Le Quéré et al., 2005). Antoine et al. (1996)
provide the highest estimate. They integrated Chl profiles vertically from the surface to
whichever was larger between MLD provided by Levitus (1982) and the depth where
sunlight intensity diminishes to 0.1 % of its sea-surface value (Z0.1 %). The MLD val-
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ues of Levitus (1982) are likely deeper than those of de Boyer Montégut et al. (2004)
applied here, because the former are based on considerably larger threshold criteria
(0.5 ◦C for temperature and 0.125 kgm−3 for density) than the latter (Sect. 2.6). Also,
Z0.1 % can exceed MLD in warm oligotrophic waters, which cover a large proportion of
the total ocean area. This was the case over ∼ 60 % of the global ocean area in the5

study of Antoine et al. (1996); in these cases they employed non-uniform vertical pro-
files of Chl (Morel and Berthon, 1989). For these reasons, it is expected that the global
ocean algal biomass estimate by Antoine et al. (1996) will be higher than the values
we determined here. Similar reasoning holds for the respective estimates by Le Quéré
et al. (2005) and Behrenfeld and Falkowski (1997b).10

3.3 Size-partitioned biomass

A pivotal advantage of the novel PSD-based biomass algorithm, as compared to exist-
ing approaches, is the ability to partition carbon among any size classes. The absolute
C biomass concentrations of picoplankton (Fig. 5a), nanoplankton (Fig. 5b) and mi-
croplankton (Fig. 5c) reveal a general global spatial pattern for all three size classes15

similar to the global total distribution (Fig. 2a), namely the lowest biomass values are
encountered in the oligotrophic gyres, whereas higher latitudes, coastal and upwelling
areas exhibit higher biomass. These are mission composites and do not reveal sea-
sonality, and high latitude averages are overestimated due to many months of missing
wintertime data (Fig. A2).20

According to contemporary understanding of oceanic ecosystems (e.g., Uitz
et al., 2010) we expect large cells (such as diatoms) to be opportunistic, responding via
strong localized blooms to changes in nutrient inputs or grazing. This opportunistic re-
sponse, which contrasts the smaller picoplankton adaptation to constant environmental
conditions, explains the widely different spatial and temporal variability of these groups.25

Accordingly, we find that the range of spatial variability of carbon for picoplankton (< 3
orders of magnitude) is a lot smaller than the range of variability for nanoplankton (∼ 4)
and especially microplankton (∼ 5 orders of magnitude) (Fig. 6). Negligible biomass is
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found in microplankton for most of the ocean area, except for eutrophic areas charac-
terized by seasonal blooms and/or higher overall productivity such as the Equatorial
Upwelling, whereas picoplankton are more globally ubiquitous.

The fractional contribution of each PSC to total C biomass reveals the climatological
dominance of each group in the various oceanic regions (Fig. 7). The C-based frac-5

tional PSCs’ spatial patterns are broadly consistent with contemporary understanding
of phytoplankton biogeography. Thus, picoplankton emerge as the dominant size group
in oligotrophic areas (Fig. 7a), because their large cellular surface-area-to-volume ratio
enables them to acquire scarce nutrients very efficiently (Agawin et al., 2000; Falkowski
and Oliver, 2007). By contrast, larger phytoplankton contribute relatively more biomass10

in the regions where nutrients are generally more abundant, because they can take
up nutrients at a faster rate and store them inside vacuoles as a reserve for less fa-
vorable spells (e.g., Eppley and Peterson, 1979; Falkowski et al., 1998; Falkowski and
Oliver, 2007). Together, nano- and microplankton achieve dominance (between 50 and
90 %) along the Antarctic coastline, in much of the zone between ∼ 40 and ∼ 50◦ S (in15

the South Atlantic, the south-western Indian Ocean, southeast of Australia and east
of New Zealand), along the eastern boundaries of the Pacific and Atlantic Oceans, in
the north-western Arabian Sea and almost everywhere north of ∼ 40◦ N. The relative
dominance of larger algal cells in high nutrient regions occurs even though C biomass
of all PSCs, including picoplankton, increases in high-nutrient regions (Fig. 5), since20

rising nutrient concentrations cause a disproportionately greater growth in the biomass
of larger phytoplankton cells (Raven, 1998).

The total biomass patterns in the Southern Ocean (Fig. 2a) are characterized by
more or less continuous bands of high biomass (a) along the frontal structures around
40–45◦ S, a transitional region from the iron limited upwelling regime in the South to25

the nitrate limited downwelling subtropical gyres in the North and (b) in the marginal
sea ice regions next to the Antarctic continent, where continental iron (Fe) inputs likely
result in biomass and production spikes during the spring and summer. Both these
large-biomass bands tend to be dominated by the larger opportunistic groups of nano
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and microplankton (Fig. 7b and c). In between these two bands of high production
we find a relatively lower biomass band from roughly 50–60◦ S, where picoplankton
thrive (Fig. 7a). The lower total biomass here is due to a combination of iron limita-
tion and deep summertime mixed layers, resulting in strong light limitation during the
growing season. Large areas in the Southern Hemisphere are characterized by lower5

total (Fig. 2a) and group-specific C biomass (Fig. 5a–c), as compared to the North-
ern Hemisphere. This interhemispheric disproportionality is dominated by high-latitude
summer values (not shown) and is in agreement with findings that the Southern Ocean
sustains relatively low phytoplankton biomass, in spite of high ambient macronutrient
concentrations (e.g., Dugdale and Wilkerson, 1991).10

We emphasize that even though other approaches for quantifying total phytoplankton
carbon (C) biomass from space have been published (B05; S08 (as adapted for use
in our study), Sathyendranath et al., 2009), our methodology is unique in its ability to
partition biomass defined in terms of carbon in any desired size classes. Given the first
order correspondence between PSCs and PFTs (however, note that they are not the15

same – e.g. Brewin et al., 2011; Hirata et al., 2012; Nair et al., 2008), various existing
algorithms that retrieve PFTs (IOCCG, 2014) can be qualitatively compared to the PSD
algorithm. Among those algorithms, the PSD-based method is again unique in defining
the PFTs as fractions of carbon biomass, the most biogeochemically relevant quantity.
Notably, Roy et al. (2013) also retrieve the PSD power-law slope (like KSM09), but20

from absorption, and define their PFTs as Chl fractions. Direct quantitative comparison
among the various PFT/PSC algorithms is not always trivial because PFTs/PSCs are
defined differently and, are based on different variables and different parameterization
data sets and assumptions. Kostadinov et al. (2010) briefly compare the PSD-based
volume fractions from the KSM09 algorithm with the PFT retrievals of Uitz et al. (2006)25

and Alvain et al. (2008). Brewin et al. (2011) describe the first round of PFT algorithm
intercomparisons. The International PFT Intercomparison Project (Hirata et al., 2012,
2015) is currently in progress and is tasked with an extensive quantitative algorithm
comparison, which is outside the scope of this work.

595

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/12/573/2015/osd-12-573-2015-print.pdf
http://www.ocean-sci-discuss.net/12/573/2015/osd-12-573-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
12, 573–644, 2015

Carbon-based
phytoplankton size

classes retrieved via
the PSD

T. S. Kostadinov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.4 In-situ POC-PSD closure

While a direct validation of the PSD-based phytoplankton carbon retrieval is not fea-
sible on a global scale due to the lack of in-situ data and established measurement
protocols (Graff et al., 2012), it is instructive to test the closure between in-situ deter-
minations of POC and the PSD. Such analysis would serve as a form of validation, i.e.5

proof of concept, for the satellite algorithms and it also has the advantage of not being
subject to the usual issue of remote sensing validation, importantly the mismatch of
the scales of measurement and the uncertainty in the radiometric quantities and the
bio-optical algorithm assumptions and uncertainties. Unfortunately, even concurrent
in situ POC and PSD measurements are rare, especially in the open ocean. Here we10

test closure between two different ways to compute phytoplankton carbon from AMT
cruise 2, 3, and 4 measurements: (1) a chemical POC determination, divided by 1/3,
and (2) Coulter Counter PSD measurements, which are used to calculate allometric
carbon concentrations in the same way that satellite PSD’s are (Sect. 2.1). Two differ-
ent sets of integration limits (Eq. 4) for the power-law PSD are tested: 0.5 to 50 µm15

(Fig. 8a) and 0.7 to 200 µm (Fig. 8b). The first set of limits was chosen to match the
operational satellite carbon algorithm. The second set of limits was chosen to match
the operational in-situ POC measurement: the nominal pore size of GF/F filters used in
field measurements of POC and optical properties (e.g. S08; Kostadinov et al., 2012)
is 0.7 µm, and the water was also pre-filtered with a pore size of 200 µm, so only the20

0.7 to 200 µm fraction is measured as POC.
The R2 of the regression (in log10-space) for the first set of limits (Fig. 8a) is better,

but the slope, bias, and RMS are better for the latter limits (Fig. 8b). In both cases
the regressions are highly significant (p < 0.01), indicating that the volume and carbon
content of particles measured in natural seawater via the total PSD can reasonably25

predict the chemical determination of carbon content. The PSD method is sensitive to
the chosen limits of integration, and the satellite operational limits underestimate the
POC-based values. This underestimation is reduced, but not fully eliminated when the
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0.7 to 200 µm limits are used; the data are visually much closer to the one to one line
(cf. Fig. 8a and b). This indicates that correspondence is better when the limits match
the nominal pore size of the filter used. This is encouraging, since it indicates that with
entirely in-situ data, reasonable closure, i.e. internal consistency, exists between two
very different methods of in-situ assessment of living carbon. A relatively good in-situ5

POC-PSD agreement was also confirmed by Kostadinov et al. (2012) for most data
points collected a semi-arid coastal site – the Santa Barbara Channel (SBC) off of Cal-
ifornia. Their result lends further support to the formulation of the algorithm presented
here – in spite of the SBC being an optically complex coastal site where terrigenous
materials can influence optical properties (Toole et al., 2001; Otero and Siegel, 2004;10

Kostadinov et al., 2007), a good POC-PSD closure exists.
Clearly, the estimation of phytoplankton carbon from the total PSD or from POC

in-situ is subject to some of the same uncertainties and limitations as the satellite al-
gorithm (allometric equations, applying living cell relationships to all particles, factor of
1/3 variability, power-law assumption, limits of the Coulter Counter measurement, etc.).15

This introduces errors, so a more perfect correspondence is not realistic. Section 3.7
discusses such assumptions and uncertainties in detail.

3.5 Carbon-based vs. volume-based PSCs

The carbon-based PSCs constitute a recast of the volume fraction PSCs of Kostadinov
et al. (2010). As such, both are PSD-based and are only functions of the PSD slope ξ20

(the No parameter cancels when taking the ratio of Eq. 5 for different size classes), for
a given set of allometric coefficients and size limits of integration. This recast to carbon
via the allometric relationships leads to a modification of the functions but a preserva-
tion of their general shape and tendencies as a function of ξ (Fig. 9). The values of the
allometric coefficients are a reflection of the fact that smaller phytoplankton cells are25

more carbon dense than larger cells (MDL2000; Moal et al., 1987; Verity et al., 1992).
According to the relationships in MDL2000, the tiniest phytoplankton (ESD= 0.5 µm)
contain close to 5.5 times more carbon per unit cell volume than the largest phyto-
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plankton cell considered in this study (ESD= 50 µm) (Fig. 1). This results in higher
C-based picoplankton fractions when they are based on C as compared to volume-
based ones, for all PSD slopes, and the opposite is true of microplankton (Fig. 9). The
sign of this difference depends on the PSD slope for nanoplankton, but for most of the
ocean (ξ >∼ 3.5) C-based nanoplankton fractions are lower than volume-based values,5

with the exception of some limited areas with very low PSD values, such as the north-
ern North Atlantic, the confluence zone of the Brazil and Falkland/Malvinas Currents
and the thin coastal bands of the Weddell and Ross Seas (not shown).

3.6 Relationship between phytoplankton carbon biomass and chlorophyll
concentration10

Qualitative assessment of spatial distributions of Chl (Fig. A1) suggest positive corre-
lations with the spatial patterns of C biomass (Fig. 2a), as well as nano- and micro-
plankton fractions (Fig. 7b and c), whereas there is a negative correlation with pi-
coplankton fraction (Fig. 7a). The bivariate histogram of Chl vs. total C biomass
(Fig. 10a) confirms this strong correlation. However, for a given Chl value, total biomass15

can vary considerably (over an order of magnitude for some less frequent values). For
example, for the common Chl value of ∼ 0.25 mgm−3, biomass frequently varies be-
tween 10 and 30 mgm−3, a three-fold difference, and for some less frequent values it
can be as low as ∼ 1 mgm−3 or as high as ∼ 100 mgm−3. Although some of this spread
may stem from underlying uncertainties in C biomass (Sect. 3.7) and Chl (Gregg et al.,20

2009; Sathyendranath, 2000), much of it is likely attributable to ecological variability that
is captured by taking into account the particle-size-distribution (PSD), particularly be-
cause the areas associated with the highest expected uncertainties in the PSD method
(i.e. continental shelves (KSM09)) were excluded from this analysis. This confirms that
the PSD-based biomass retrieval method brings valuable new information, and is not25

merely a deterministic function of Chl alone.
Clearly, Fig. 10a confirms that to first order, Chl can serve as an indicator of photo-

synthetic biomass (e.g., Behrenfeld and Falkowski, 1997a). However, there are at least
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two separate processes that can drive this relationship, namely physiological changes
in Chl without accompanying biomass changes (e.g. photoacclimation), and/or actual
biomass growth with increasing Chl. That is, Chl can also fluctuate independently of C
biomass, in response to variability in the ambient levels of light, nutrients and tempera-
ture (e.g. Geider et al., 1998). The extent of such physiological fluctuations depends not5

only on the degree of environmental variations, but can also be influenced by the size
and taxonomic association of phytoplankton cells (Geider, 1987; Landry et al., 2000;
Pérez et al., 2006). It is therefore also expected that a broad range of biomass values
can correspond to a single Chl estimate from our method, and vice versa (Fig. 10a).

The histogram of Fig. 10a exhibits a pronounced sigmoidal shape in logarithmic10

space. The part of the curve corresponding to low and medium Chl values is con-
sistent with the conjecture that physiology, rather than biomass growth and loss, is the
main driver of Chl variability in oligotrophic, lower latitude region, whereas Chl changes
in eutriphic, higher latitude areas are accompanied by biomass changes (B05; Behren-
feld et al., 2006; Siegel et al., 2013). B05 observe that for low Chl, “background” low15

values of bbp(440) do not covary strongly with Chl; then for higher Chl values there is
a positive linear correlation which tends to level off a bit for high Chl values (see their
Fig. 1). Thus our observed Chl to C biomass global relationship is broadly consistent
with the B05 Chl to backscattering relationship, confirming their (and our) choice to use
backscattering as a first order proxy of biomass. The PSD-based method here builds20

on this concept further by relaxing the assumed constant relationship of backscattering
to particle volume/mass by taking into account the underlying PSD that produced the
backscattering. This constitutes the key contribution of the novel PSD-based algorithm.

Bivariate histograms between Chl and the fractional PSC’s (Fig. 10b–d) indicate
that the picoplankton fraction (Fig. 10b) decreases with increasing Chl, whereas25

nanoplankton (Fig. 10c) and microplankton (Fig. 10d) fractions increase. The pico- and
nanoplankton relationships also exhibit the sigmoidal shape, and the picoplankton is
basically roughly equivalent to the sigmoid of Fig. 10a with an inverted y axis, because
there is a strong negative correlation between absolute total biomass and the fraction

599

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/12/573/2015/osd-12-573-2015-print.pdf
http://www.ocean-sci-discuss.net/12/573/2015/osd-12-573-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
12, 573–644, 2015

Carbon-based
phytoplankton size

classes retrieved via
the PSD

T. S. Kostadinov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

due to picoplankton. All of the above observations are consistent with the premise that
oligotrophic areas (low Chl) are dominated by smaller cells and eutrophic areas (high
Chl) – by larger cells (e.g. Chisholm, 1992; Falkowski et al., 1998; Kostadinov et al.,
2010). The considerable noise in these relationships is most likely due to the natural
ecosystem variability that occurs for a given Chl value – i.e. ecosystem structure and5

species composition can vary globally even for a given Chl value, illustrating that (1) the
PSD-based algorithm adds new, independent and valuable information to ecosystem
characterization and (2) PFT algorithms based on Chl abundance (IOCCG, 2014, e.g.
Brewin et al., 2010; Hirata et al., 2011; Uitz et al., 2006) may miss this variability. The
variability in Fig. 10b–d for a given Chl value is less likely to be due to uncertainties, be-10

cause the uncertainties in the fractions are considerably smaller than for the absolute
carbon values, especially for the climatological imagery (Sect. 3.7.1).

The relationships between C-based PSCs and Chl are broadly consistent with the
observations of Hirata et al. (2011). They derive the same relationships using global in-
situ HPLC measurements, and their PSC are based on fractional contributions to Chl,15

not C biomass. For picoplankton, they also observe a sigmoid curve, but it is inflected
the opposite way from our Fig. 10b. This could be due to the fact that physiological
adaptations may lead to changes in pigment composition without changes in size struc-
ture or carbon biomass. A fruitful approach for further investigation would be to focus on
blending these two approaches to derive more information about oceanic ecosystems.20

Both approaches agree remarkably well on the general shape of nanoplankton contri-
bution as a function of eutrophic state (cf. our Figs. 9 and 10c with their Fig. 2b), indicat-
ing maximum nanoplankton fraction at transitional, intermediate eutrophic states, with
nanoplankton never exceeding about 50 %. This is encouraging because this limit of
the PSD-based model is a result of the mathematical formulation, whereas the Hirata25

et al. (2011) result is based on empirical diagnostic pigment observations. However, the
shape of this curve is not well observed for high Chl values on the bivariate histogram
(Fig. 10c) and Hirata et al. (2011) observe a higher maximum than the PSD method.
Finally, for microplankton the curve shapes agree well, but Hirata et al. (2011) fractions

600

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/12/573/2015/osd-12-573-2015-print.pdf
http://www.ocean-sci-discuss.net/12/573/2015/osd-12-573-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
12, 573–644, 2015

Carbon-based
phytoplankton size

classes retrieved via
the PSD

T. S. Kostadinov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

reach values up to 80 % for high Chl, whereas our PSD-based algorithm rarely exceeds
50 % (cf our Figs. 9 and 10d with their Fig. 2c).

3.7 Uncertainty propagation and budget

There are multiple steps involved in the retrieval of the carbon-based biomass products
presented here. Namely, starting with top of the atmosphere radiance observed by the5

sensor, normalized remote-sensing reflectance are obtained after atmospheric correc-
tion, then spectral backscattering coefficients are retrieved via the LAS2006 algorithm,
after which the LUTs of the KSM09 algorithm are applied to obtain the power-law PSD
parameters, which in turn are used to estimate particle volume, which is converted to
phytoplankton carbon using the MDL2000 allometric relationships. Each of the above10

steps is associated with a set of assumptions and uncertainties, some of which are
not quantifiable at present. The uncertainties at each step combine with those of the
previous steps and propagate to the final products. Below, we (1) make a quantita-
tive assessment of propagated quantifiable uncertainties of the retrieved carbon-based
products, (2) assess the sensitivity of the products to the PSD parameters, and (3) offer15

a general discussion of algorithms assumptions and other unquantified uncertainties.

3.7.1 Propagated quantifiable uncertainties

KSM09 provide a Monte Carlo assessment of endogenous uncertainties of the PSD
algorithm products, i.e. uncertainties that are due to natural variability of the input pa-
rameters to Mie theory – the complex index of refraction and the maximum diameter of20

the particles considered. The allometric parameters of MDL2000 are another source
of uncertainty which is quantified as the statistics of the regressions used to derive
them. These partial uncertainties of the input parameters to the carbon algorithm were
propagated to the final algorithm products discussed here (Sect. 2.5, Eq. 6). Note that
covariances among the input parameters are ignored in Eq. (6), which can lead to25

under- or overestimation depending on the signs of the covariance and the deriva-
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tives. Importantly, the process of averaging when producing composite imagery further
reduces random errors (Eq. 7), but not consistent bias (e.g. Milutinović and Bertino,
2011). Therefore, uncertainties in a single image produced from the input parameters
are qualitatively different from uncertainties in a composite image produced by averag-
ing multiple carbon product images with individually propagated errors. In this work we5

produce PSD-based products from monthly SeaWiFS imagery and propagate errors
to each monthly image. The errors in any composite imagery are then calculated from
the errors of the individual images participating in the averaging. Absolute uncertain-
ties are discussed here in terms of one standard deviation, in the same units as the
variable.10

Averaging was not weighted by the inverse of the variance (σ−2) in composite im-
agery as it was done by Maritorena et al. (2010) (their Eq. 2) so as to not bias the
data to lower values. This is because this weighting is only appropriate when the
measurements from the same underlying random value distribution are made (i.e. on
a spatio-temporal scale on which the ocean is not expected to change intrinsically, S.15

Maritorena, personal communication, 2015), and further because our error structure is
such that error values are proportional to the value of the retrieved parameter (the latter
is especially true for the absolute carbon retrievals, and much less so for the fractional
PSCs).

Uncertainty in the total phytoplankton C biomass mission composite (Fig. 11a) is20

higher in eutrophic regions than in oligotrophic ones and does not exceed ∼ 1 mgCm−3

over most of the ocean, except in high latitude areas and some eutrophic areas. At high
latitudes the individual monthly errors are larger and there are less monthly data avail-
able for averaging (Fig. A2). Examination of relative uncertainty for the global composite
image indicates that it rarely exceeds 20 %, except for the very high latitudes (promi-25

nently south of 60◦ S and in the Arctic Ocean), and in the oligotrophic gyres, where
some pixels exceed ∼ 50 % relative uncertainty (not shown). The gyres are charac-
terized by noisy uncertainty patterns (large variability on the pixel scale, not shown).
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The relative uncertainty of a typical individual monthly image is between 85 and 115 %
globally, illustrating the significant uncertainty reduction of the composite image (Eq. 7).

The uncertainty of the mission composite fractional picoplankton contribution to car-
bon biomass is very low (Fig. 11b), less than ∼ 1 % over most of the ocean, and not
exceeding ∼ 7 % anywhere. The uncertainties for the other PSC’s are similar (some-5

what higher for microplankton, but only at the very high latitudes, not shown). Individual
imagery uncertainty for the fractional picoplankton vary between ∼ 3 % to ∼ 8 % (1–7 %
for nanoplankton fractions, and ∼ 0–2 % for microplankton, higher in eutrophic areas),
illustrating that even for individual images fractional PSC uncertainties are quite low.
This result is expected because the No parameter, which is a large source of error10

(see below), cancels in computation of fractional PSC’s (Eq. 5). This result is similar
to the findings of KSM09 for the volume-based fractional PSC’s. The carbon-based
PSC’s are likely to be a reliable product even if absolute carbon concentrations are not
accurate. For this reason the carbon-based fractional PSC’s are considered the more
reliable and important product presented here. In fact, these PSC’s can readily be used15

to partition other, independent estimates of phytoplankton carbon, such as those from
the algorithms of B05 and S08, or even climate model data. Further discussion of this
can be found in Sect. 3.7.3.

Analytical error propagation (Eq. 7) permits tracing the relative contribution of the
various input variables to the uncertainty of the dependent variable. Uncertainties are20

additive in quadrature, i.e. total variance is the sum of the variance due to its various
sources (Eq. 7). Thus, contribution to total uncertainty is easily expressed as percent
contribution to the total variance. Fractional contributions to uncertainty were analyzed
for an example month, namely May of 2004. The sources of error for total C quantified
here are errors in the PSD parameters, ξ and No, and errors in the allometric coeffi-25

cients. Almost the entire variance (> 95 % nearly everywhere) in total carbon is driven
by uncertainties in No (Fig. 12a). The remainder is mostly due to the allometric coef-
ficients in oligotrophic areas (Fig. 12b), and only in some limited eutrophic areas the
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PSD slope ξ has a non-negligible contribution to total C variance (the three contribu-
tions sum to 100 % of the error, so the map for ξ is not shown).

The fractional PSCs total uncertainty depends on uncertainties in the PSD slope
and the allometric coefficients. For the oligotrophic gyres and some transitional areas
around them, most of the uncertainty in picoplankton fraction is due to the allometric5

coefficients (Fig. 12c), whereas for the higher latitudes and productive areas ∼ 80 %
of the variance is due to the PSD slope. For the nanoplankton fraction, almost every-
where the uncertainty is mostly due to the allometric coefficients, since the derivative
of nanoplankton fraction with respect to ξ is small over most of the ocean (Fig. 9). For
microplankton in oligotrophic areas, the error is due almost exclusively to the allomet-10

ric coefficients, but in eutrophic areas it is usually about equally due to the allometric
coefficients and the PSD slope.

3.7.2 Sensitivity to PSD parameters and the limits of integration

We next investigate the sensitivity of the carbon-based products to the input parame-
ters, i.e. the PSD parameters and the limits of integration of Eq. (4). Only the upper15

limit, Dmax, is analyzed because there are firm biological reasons to set the lower limit
at Dmin = 0.5 µm (Sect. 2.1.2), while the upper limit is ambiguous (e.g. Sieburth et al.,
1978; Brewin et al., 2010; Uitz et al., 2006; Aiken et al., 2008). Note, however, that
Hirata et al. (2011) and Roy et al. (2013) use different picoplankton limits. This sen-
sitivity analysis is important because total uncertainties are a function not only of the20

uncertainties of the inputs, but also of the derivatives of the outputs with respect to the
inputs (Eq. 6).

The effect of varying Dmax from the operational value of 50 to 200 µm is largest for low
PSD slopes (Fig. 13a) and does not exceed ∼ 25 % for fractional C-based nanoplank-
ton, somewhat less for microplankton, and much less for picoplankton. The effect di-25

minished quickly for larger PSD slopes and is quite small for ξ > 4 (covering most of
the ocean, see histogram in Fig. 13a). Using the operational limit globally may cause
an underestimation of microplankton contributions and instead may attribute this car-
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bon mostly to nanoplankton, in the eutrophic productive areas of the ocean, during
episodes when cells substantially larger than ∼ 50 µm ESD are present in the bloom.
The present algorithm is a proof-of-concept approach that is optimized for global ap-
plications, and there are reasons to believe the operational Dmax choice is the best
(Sect. 2.1.2).5

Total phytoplankton carbon concentration is a relatively weak function of the PSD
slope (Fig. 13b), especially around ξ = 4, where the derivative changes sign. There is
less than an order of magnitude variability in carbon over the entire range of PSD slope
values. In contrast, total carbon is a very strong (linear in log space) function of the No
parameter (Fig. 13c), leading to ∼ 4 order of magnitude variability with the realistic val-10

ues for No. This is a very critical finding, illustrating than total carbon concentrations
are driven mostly by No; in addition, the uncertainties in No are relatively higher and
spatially uniform themselves (KSM09), accounting for most of the uncertainty in total
carbon (Fig. 12a). To first order, efforts to improve carbon retrievals thus need to focus
on No rather than other sources of error. No has a similar effect (linear in log space) on15

the carbon concentration in the different PSCs (Fig. 13c). The effect of varying Dmax is
also shown, indicating that microplankton carbon is the only value affected more sig-
nificantly, but only within much less than an order of magnitude. In contrast, carbon
in the different PSCs is a different function of ξ for each PSC (Fig. 13b), illustrating
large variability for microplankton and smaller variability for pico- and nanoplankton.20

As expected, increasing the PSD slope allocates more carbon to the smaller PSCs (at
a fixed No). Dmax variability only affects microplankton and total carbon concentrations
at low PSD slopes (Fig. 13b), and this variability is generally smaller than the quantifi-
able uncertainties (cf. Figs. 11a and 13b), unlike the effect of Dmax on fractional PSCs,
which can be larger than the quantifiable uncertainties for low PSD values (cf. Fig. 11b25

and 13a).
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3.7.3 Model assumptions and additional sources of uncertainty

The propagated quantified uncertainties (Sect. 3.7.1) are only partial estimates of the
total uncertainty budget, as there are additional sources of uncertainties that can affect
the operational carbon products. Here we briefly discuss the model assumptions and
some of these additional not necessarily quantifiable uncertainty sources.5

The radiometric ocean color products (i.e. SeaWiFS Rrs(λ) in this case), which are
the initial input for the biomass algorithm, are associated with their own uncertain-
ties, as is the output of the LAS2006 algorithm. These uncertainties are not easy to
quantify on a per-pixel basis and are not provided directly by the algorithm developers.
Loisel et al. (2006) provide a detailed analysis of error sources for the spectral slope10

of backscattering. These uncertainties are not included in the error budget presented
here. However, efforts are currently underway to provide a reasonable quantification
of the effect of those uncertainties on the estimated spectral backscattering and its
slope, and thus on the PSD and all downstream products. Note specifically that re-
flectance uncertainties would propagate in complex, non-linear ways to the spectral15

slope of backscattering, as it is a secondary parameter, sensitive to errors across all
used wavelengths.

The PSD parameters are retrieved from the products of the LAS2006 algorithm via
LUTs, which incorporate certain assumptions and uncertainties as well. A detailed
analysis of exogenous sources of uncertainties in the PSD parameters is provided20

in KSM09. Here, a brief summary of the important points is provided. The KSM09
algorithm assumes a power-law PSD as does the calculation of particle volume it-
self (Eq. 4). While there are some indications that deviations from the power-law can
be significant, especially in coastal waters (Reynolds et al., 2010), it remains a good
first-order approximation especially in global applications (KSM09 and refs. therein).25

Furthermore, the applicability of the power-law is assumed to hold over the entire di-
ameter range of optically significant particles, including submicron particles, for which
measurements are very scarce. Mie scattering theory (Mie, 1908) assumes spherical
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and homogeneous particles, even though it is clear that these assumptions do not of-
ten hold for living phytoplankton cells. Violations of these Mie theory assumptions are
likely to be more severe in coastal and eutrophic areas where larger cells increase
in importance (KSM09). To date, the backscattering budget is not satisfactorily closed
(e.g. Stramski et al., 2004), i.e. there is considerable uncertainty in the sources of5

backscattering and their relative importance. The difficulty lies in the complexity and
variability of the suspended particle assemblages in natural waters, and the limited
theoretical abilities to model scattering (Quirantes and Bernard, 2004; Clavano et al.,
2007). Recent studies indicate that large phytoplankton may be responsible for more
backscattering than Mie theory predicts (Dall’Olmo et al., 2009), and that significant10

fraction of backscattering variance is explained by nanoeukaryotes (Martinez-Vicente
et al., 2013).

The retrieval of phytoplankton C biomass from PSD relies upon several further key
assumptions. For absolute C retrievals, we assume that all particles belong to the POC
pool (i.e. that they are biogenic in origin) and that that the proportion of phytoplankton15

in POC is constant (i.e. equal to 1/3 of POC by mass), as well as that the allometric
coefficients apply to the heterotrophic and non-living (detrital) pools as well. Some of
these assumptions are inherited from the interpretation of the PSD-determined volume
as biogenic (Kostadinov et al., 2010). For the calculation of the fractional PSCs, the
factor of 1/3 cancels, which is equivalent to assuming a less stringent variable factor,20

as long as it is constant for a single observation (pixel) across all the size classes.
A contribution from non-biogenic particles and non-autotrophic POC would also cancel
as long as it is in constant proportion (as converted to C) across the size classes, but
is nonetheless less stringent than the ones for absolute C. This assumption is akin to
the one made for volume-based PSCs by Kostadinov et al. (2010); both assumptions25

are more stringent than the classical Case I bio-optical assumption (Smith and Baker,
1978; Siegel et al., 2005). The assumption of biogenic nature of the particle assem-
blage is most likely to be violated in shallow coastal waters where processes such as
river discharge, wind-driven dust deposition and tidal mixing can introduce large and
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variable amounts of inorganic particles into the water column (e.g. Otero and Siegel,
2004). As many of the other uncertainties are likely to be largest in the coastal ocean,
the continental shelves were excluded from some of our analyses.

Some of the above assumptions are necessary artifacts of the model formulation
and clearly have no theoretical basis, such as the application of allometric conver-5

sion to non-phytoplankton particles. Others can be improved upon by more detailed
knowledge of the ecosystems being studied, e.g. the 1/3 factor and the shape of the
PSD. Addressing these assumptions will require more observations and theoretical de-
velopments. The algorithm presented here is a first order, proof-of-concept approach
meant for global applications. Additional knowledge of the ecosystems being studied10

can be used to improve the estimates, for example if diatoms are known to be dominat-
ing a bloom based on an additional source of information, the allometric relationships
specific to diatoms can be applied preferentially instead. Taking a more integrated ap-
proach to PFT assessment has been studied (Raitsos et al., 2008), and future efforts
should explore the possibility to leverage knowledge specific to biomes that are allowed15

to vary in time and space (Fay and McKinley, 2014) to tune the algorithm for them, in-
cluding the underlying PSD LUTs (see below). Furthermore, dynamic assessment of
the POC : living C ratio should become more operationally feasible as more concurrent
data become available from the field (Graff et al., 2012).

As emphasized already, the expression of the PSCs in relative terms as fractions of20

C biomass has the distinct advantage of being only a function of the PSD slope ξ (for
a given set of the allometric coefficients and limits of integration), since No cancels out.
Since No is subject to larger uncertainties (KSM09) and it drives total carbon values
to first order (Fig. 13c), it is expected that the fractional PSCs are a more reliable and
robust product. In contrast, caution should be exercised when interpreting and using25

absolute carbon values. The main source of uncertainty in No is the real part of the
index of refraction of the particles, np, which is allowed to vary over a wide range in the
KSM09 algorithm development. According to Mie theory, fewer particles with a higher
real refractive index will cause the same amount of backscattering as would more par-
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ticles of smaller refractive index and otherwise the same characteristics (e.g. Wozniak
and Stramski, 2004). This is confirmed in observational data sets (Neukermans et al.,
2012). Therefore, the wide range of np used in the KSM09 LUT construction (1.025 to
1.2) results in large uncertainty in No retrievals, which is a measure of particle number
concentration. A single LUT is applied globally in the KSM09 algorithm. In the open5

ocean, for example the oligotrophic gyres, mineral particle influences are expected to
be minimal and thus np would be closer to 1.05, characteristics of organic particles,
rather than closer to 1.2, which is characteristic of mineral particles (e.g. Wozniak and
Stramski, 2004). Therefore, by assuming larger overall values for np the LUT in KSM09
is likely to underestimate No over the open ocean (by attributing the backscattering to10

fewer particles of higher np than reality), and conversely, to possibly overestimate it
in coastal areas where mineral particle influence could be more substantial. This may
explain the spatial range exaggeration seen in the PSD algorithm’s retrieval, as com-
pared to the other satellite approaches or the models (Fig. 2). The KSM09 algorithm
was designed for global operational applications (as is the carbon algorithm presented15

here), but it is expected that regionalizing the LUT based on a priori knowledge of the
specific particle assemblages will improve performance. Importantly, this is the primary
direction for improvement of our retrievals of absolute carbon concentrations, as No
contributes to most of the uncertainty (Fig. 11a). Future research should also explore
the feasibility of applying the relationship of the real index of refraction to intracellular20

carbon concentration (Stramski, 1999) in conceptually different scattering modelling
that uses this relationship to model np, rather than treating it as a source of random
error as in KSM09. The feasibility of such an approach may improve with the advent of
global space-borne hyperspectral ocean color sensors such as PACE.

In contrast to the absolute concentrations, fractional PSC uncertainty is driven pre-25

dominantly by uncertainties in the allometric coefficients over much of the ocean, and
sometimes the PSD slope. Thus, improvements in the fractional PSCs should focus
mostly on the allometric coefficients, which come with their own set of assumptions
and sources of error, only some of which are quantified as the regression coefficients’
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confidence intervals in MDL2000, i.e. the dispersion of the data around the statis-
tical fit. Sources of such errors could be, for example, combining the data coming
from fixed and living cells, autotrophs and heterotrophs, and different morphology (the-
cate vs. athecate dinoflagellates). Other factors that contributed to the variance of the
MDL2000 data set were (details in MDL2000): errors in cell dimension and C content5

measurements, deviations of cell shapes from the geometric approximations used to
compute volume and considerable inter- and intra-specific variability in Ccell : Vcell ratios.
This variability necessitates the use of different allometric relationship for diatoms and
other non-diatom large cells (Fig. 1). This choice is based on the recommendation of
MDL2000 that the biomass of mixed plankton be determined by using one equation for10

diatoms and another for the remainder of unicellular plankton, treating cells above and
below Vcell = 3000 µm3 differently. The assumption of equal contributions of diatoms
and non-diatoms to the total carbon pool for cells larger than this threshold volume is
not expected to hold globally everywhere, and should be relaxed in the future by com-
bining with other PFT methods capable of detecting diatoms (e.g. Hirata et al., 2011)15

and/or integrated ecosystem approaches based on regional knowledge (Raitsos et al.,
2008; Fay and McKinley, 2014).

Additional uncertainties exist that are external to the MDL2000 data set and therefore
not included in their variance estimates. For instance, it is not clear how representa-
tive these data are of natural phytoplankton assemblages. The MDL2000 allometric20

relationships are based mostly on eukaryotes, with only two data points contributed by
cyanophytes (prokaryotic). The bacteria are thus underrepresented in the derivation
of the allometric relationships, and they are likely to be important, especially in olig-
otrophic waters. In addition, the diameter range over which the MDL2000 relationships
were derived was ∼ 1.4–200 µm, indicating that we are extrapolating these relation-25

ships a bit on the lower end, for submicron particles. Clearly, more laboratory work is
required to determine reliably the carbon content of small cells, especially since Stram-
ski (1999) observe large uncertainties comparing allometric estimates to their carbon
estimates (Stramski et al., 1995) for Synechococcus.
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Growth conditions and growth phase could also significantly affect Ccell : Vcell ratios
(Davidson et al., 2002). For example, the dinoflagellate cells that MDL2000 used to
derive Ccell : Vcell relationships were grown in nutrient-replete cultures at a fixed tem-
perature and light-dark cycle, and were harvested during exponential growth phase.
However, natural habitats often do not provide ideal conditions that can support contin-5

ued exponential growth. Mesocosm experiments conducted on a natural plankton com-
munity suggest that both nutrient limitation and the proportions of macronutrients may
have considerable impacts on cellular C concentrations (Davidson et al., 2002). Moal
et al. (1987) observed a drop in cellular C concentration by between ∼ 10 and ∼ 60 %
after undergoing a shift from exponential to stationary growth. Stramski et al. (1995) ob-10

served diel variations in cellular carbon content and intracellular carbon concentration
for Synechococcus grown under natural light-dark cycles.

4 Summary and conclusions

We presented a novel method to retrieve phytoplankton carbon biomass from ocean
color satellite data, based on combining volume determinations using backscattering-15

based PSD retrievals of Kostadinov et al. (2009) with carbon-to-volume allometric rela-
tionships compiled by Menden-Deuer and Lessard (2000). We use monthly SeaWiFS
data to estimate total and size-partitioned absolute and fractional C biomass in three
PSCs – pico-, nano- and microplankton. These PSCs can be treated as PFTs to first
order. The climatological spatial patterns of the C-based PSCs broadly agree with cur-20

rent knowledge of phytoplankton biogeography and ecology. While the many steps and
assumptions involved in arriving at the final algorithm products create considerable
uncertainties, it is encouraging that without any a priori empirical restrictions, our esti-
mates of global carbon biomass stock are consistent with other satellite algorithms and
the CMIP5 Earth System models ensemble mean.25

While there are other remote sensing methods capable of producing algal biomass
or PFT estimates, our methodology is unique and novel in the following key ways: (1)
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ability to partition algal community biomass into any number of desired size classes in
terms of absolute or fractional carbon concentration, which is the most relevant variable
of interest in terms of biogeochemistry and is the unit of quantification of phytoplank-
ton in Earth system models, (2) building on the concept of constant backscattering to
carbon relationship of Behrenfeld et al. (2005) by explicitly taking into account the un-5

derlying PSD that produced the backscattering and thus relaxing the assumed constant
relationship. We demonstrate that satisfactory in-situ closure is observed between PSD
and POC measurements, which supports the PSD/allometric approach we take here.

Detailed uncertainty analysis indicates that total carbon concentration retrievals are
sensitive to assumptions about the underlying bulk particle index of refraction, which10

may lead to exaggeration of the spatial range of concentration, calling for caution when
interpreting absolute concentrations. Fractional PSCs, which are more reliable than
the absolute carbon values, are subject to much smaller uncertainties due mostly to
uncertainties in the allometric coefficients. The bio-optical algorithm presented here is
a first-order, global, proof-of-concept approach that can be improved in multiple ways15

by addressing its assumptions and sources of uncertainty and incorporating new ad-
vancements in laboratory and satellite techniques (e.g. in-situ phytoplankton carbon
measurements and space borne hyperspectral ocean color sensors).

5 Data availability and archival

Monthly and mission SeaWiSF composites of the PSD-based carbon biomass products20

will be archived in the PANGAEA data repository and will be publically available at [link
or citation/instructions to be provided when available]. The following variables are pro-
vided: total carbon biomass (mgCm−3), carbon biomass in the three PSCs (mgCm−3),
and the fractional contribution of the three PSCs to the total biomass (unitless). The
PSCs are picoplankton (0.5–2 µm ESD), nanoplankton (2–20 µm) and microplankton25

(20–50 µm). The uncertainties associated with each variable are provided as one stan-
dard deviation in the same units as the variable. Note that these are partial uncertainty
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estimates of the corresponding composite (average) image, calculated from the partial
uncertainties of the individual monthly imagery that participated in the average.
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Table 1a. The values of parameters a and b in the allometric Eq. (3), as used in Eq. (5) in
this study to convert volume to carbon. Coefficient values are from Menden-Deuer and Lessard
(2000), their Table 4. Standard deviation of the regression coefficients are given in parentheses.
The applicable diameter range for each allometric relationship and the weights applied to it
(Eq. 5) are also given. Vcell stands for cellular volume.

Coefficient Phytoplankton group log10(a) (σ) b (σ) Diameter range Weight wi
set # (i ) applied to [µm] (Eq. 5)

1 V ∗
cell < 3000 µm3 −0.583 (0.080) 0.860 (0.030) 0.5–17.894 1

2 All except diatoms −0.665 (0.066) 0.939 (0.021) 17.894–50 0.5
3 Diatoms with Vcell > 3000 µm3 −0.933 (0.226) 0.881 (0.045) 17.894–50 0.5
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Table 1b. Size limits of integration (cellular diameter in µm) applied to the three allometric
relationships in Table 1a for the computation of carbon biomass in each size class. These are
the Dmin and Dmax values used in Eq. (5), with the corresponding weights wi (Table 1a). The
allometric coefficients sets correspond to index i in Eqs. (5) and (6). The resulting net volume
to carbon relationship used in this study is plotted in Fig. 1.

Size Class/Allometric i = 1 i = 2 i = 3
Coefficient Set Index i

Picoplankton 0.5–2 – –
Nanoplankton 2–17.894 17.894–20 17.894–20
Microplankton – 20–50 20–50
Total C biomass 0.5–17.894 17.894–50 17.894–50
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Table 2. Summary of the CMIP5 models that include phytoplankton biomass and primary pro-
duction. The table includes: spatial resolution in the atmosphere and ocean, list of nutrient
tracers, ecology subroutine, phytoplankton functional groups modelled, references, and weight
we applied in the inter-model averages.

Model Nutrients Ecology Phytoplankton References Weight
module variables

CanESM2 N, (but also NPZD based Generic phytoplankton Zahariev et al. 1
accounts for on Denman and (2008)
Fe limitation) Peña (1999).

CESM1-BGC P, N, Fe, Si MET Diatoms, Moore et al. (2004, 2006) 1
small phytoplankton,
diazotrophs

GFDL-ESM2G P, N, Fe, Si TOPAZ2 Large phytoplankton (diatoms, Dunne et al. (2013) 1 (1)
(M) greens, and other large

eukaryotes), small phytoplankton
(prokaryotic picoplankton and
nanoplankton), and diazotrophs

HadGEM2-ES N, Fe, Si Diat- Diatoms, Palmer and 0.5 (0.5)
(CC) HadOCC (NPZD) non-diatoms Totterdell (2001)

IPSL-CM5A- P, N, Fe, Si PISCES (from Diatoms, nanophytoplankton Aumont and Bopp 0.5 (0.5)
MR (LR) HAMOCC5) (non-diatom). Diatoms differ (2006), Séférian

from nanophytoplankton because et al. (2013)
they need silicon and more
iron and because they have
higher half-saturation constants
due to their larger mean size.

MPI-ESM-MR P, N, Fe, Si HAMOCC5.2 Generic phytoplankton Ilyina et al. (2013) 0.5 (0.5)
(LR) (NPZD) (Plankton concentration is then

subdivided into opal – and
calcium carbonate-producing
fractions as basis for shell
production)

MRI-ESM1 P, N NPZD Generic phytoplankton Yukimoto 1
(Oschiles, 2001) et al. (2011)

NorESM1-ME P, N, Fe, Si HAMOCC5.1 Generic phytoplankton Assmann et al. (2010) 1
(NPZD) (Plankton concentration is then

subdivided into opal – and
calcium carbonate-producing
fractions as basis for shell
production)

GISS-E2-H-CC N, Fe, Si NOBM Diatoms, chlorophytes, Gregg (2008) 1 (1)
(GISS-E2-R-CC) cyanobacteria, coccolitophores
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Figure 1. The allometric relationships of Menden-Deuer and Lessard (2000) (MDL2000) (their
Table 4) as applied for the carbon biomass algorithm (Sect. 2.1 and Table 1a and b). Carbon
content per unit cellular volume is given as a function of cellular diameter. The vertical dotted
lines indicate the size ranges of the three phytoplankton size classes (PSCs). The curve exhibits
a discontinuity at a diameter of 17.894 µm (V = 3000 µm3), because different relationships were
reported for phytoplankton below and above that size, respectively. For cells larger than this
cutoff diameter, two separate allometric relationships are used (diatoms (blue) and all the rest
(red)) and averaged (magenta) for use in the operational algorithm.
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Figure 2. SeaWiFS mission composite mean (September 1997–December 2010) of total phy-
toplankton carbon biomass (mgm−3 in log10 space), derived from monthly data using (a) the
allometric PSD method presented here, (b) the method of Behrenfeld et al. (2005) and (c)
the Stramski et al. (2008) POC retrieval, multiplied by 1/3. (d) Ensemble mean of the CMIP5
models’ (Table 1a) climatologies (1990–2010) of the surface phytoplankton carbon biomass
(mgm−3). The white contours are the 0.08 mgm−3 isoline of Chl. Both model and satellite com-
posite means are computed from monthly data in linear space.
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Figure 3. Normalized frequency distributions (probability density functions) of the mission mean
phytoplankton carbon biomass images of as in Fig. 2a–d, namely the allometric PSD carbon
estimate (light blue), the Stramksi et al. (2008) POC retrieval, multiplied by 1/3 (beige), the
Behrenfeld et al. (2005) method (light green), and the ensemble mean of the CMIP5 models
(dark red). The x axis is in log10-space.
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Figure 4. (a) Global spatially integrated mixed layer phytoplankton carbon biomass stock (Gt C),
as estimated with three different satellite algorithms (as in Figs. 2a–c and 3) from the SeaWiFS
mission composite, and from the CMIP5 model ensemble mean (Fig. 2d), using the same clima-
tological MLD estimate for all estimates. These values were derived using only those pixels (at
1◦ resolution) where none of the datasets (MLD, satellite-derived, or CMIP5-based) was miss-
ing data. (b) Same as in (a), but for the monthly composite means for the three satellite data
sets and the CMIP5 model ensemble mean. (c) Same as in (b), but with missing SeaWiFS pix-
els gap filled with CMIP5 model data in order to represent the entire ocean in the calculation.
Horizontal black lines within each bar on all panels represent the estimate when continental
shelves (< 200 m depth) are excluded. The sum of the areas of valid pixels used in the es-
timates is given as a percentage of total ocean area (3.608×108 km2), and area excluding
the shelves (∼ 3.4×108 km2), respectively. Areas were estimated from the 1◦ ETOPO1-based
bathymetry; total ocean area is in close agreement with the 3.619×108 km2 estimate of Eakins
and Sharman (2010). The carbon biomass and area calculations exclude the Caspian Sea and
other major lake bodies.
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Figure 5. SeaWiFS mission composite (September 1997–December 2010) of size-partitioned
phytoplankton carbon biomass, C (mgm−3 in log10 space) for (a) picoplankton, (b) nanoplank-
ton and (c) microplankton. Carbon biomass in each fraction was estimated using the KSM09
algorithm PSD retrievals to estimate biovolume, which was converted to carbon using the
MDL2000 allometric relationships. The white contours are the 0.08 mgm−3 isoline of Chl. Note
that the color scale is different from that of Fig. 2.
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Figure 6. Normalized frequency distributions (probability density functions) computed from the
mapped global mission composites of phytoplankton carbon biomass (in log-10 space) in the
three PSCs (Fig. 5a–c) – picoplankton (red), nanoplankton (green) and microplankton (blue).
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Figure 7. SeaWiFS mission composite (September 1997–December 2010) of percentage
contributions of three PSCs to total phytoplankton carbon biomass: (a) picoplankton, (b)
nanoplankton and (c) microplankton. This mission composite is computed by averaging the
fractional contributions to C biomass for each available month (Fig. A2). The white contours
are the 0.08 mgm−3 isoline of Chl.
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Figure 8. Match-ups between phytoplankton carbon estimated by applying allometric relation-
ships to in-situ measurements of the PSD (x axis) and by multiplying chemical POC determina-
tions by 1/3 (y axis). Measurements are coincident in time and space and were conducted on
AMT cruises 2, 3, and 4. Two different limits of integration are used for the allometric estimate:
(a) 0.5–50 µm, as in the operational satellite algorithm presented here, and (b) 0.7–200 µm,
matching the GF/F filter pore size used in POC measurements.
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Figure 9. Fractional contribution of the three PSCs, picoplankton (red), nanoplankton (green)
and microplankton (blue), to total phytoplankton carbon biomass (solid lines) and to total bio-
volume concentration (dashed lines), as functions of the PSD slope ξ. Limits of integration
are the operational limits as indicated in Figs. 5 and 7 and Sect. 2.1.2. Also shown is the his-
togram of PSD slopes ξ from the mapped image of SeaWiFS mission climatology (September
1997–December 2010), normalized to the highest count bin.
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Figure 10. Smoothed bivariate histograms of chlorophyll concentration and (a) total phyto-
plankton C biomass, (b) picoplankton, (c) nanoplankton and (d) microplankton fractional con-
tributions to the total algal C biomass. The histograms were computed from the global mission
composite of standard mapped SeaWiFS observations (September 1997–December 2010).
The colors indicate the number of pixels that fall into each bivariate bin. The counts are shown
in linear space, whereas the bins themselves are in logarithmic space. Data from continental
shelf regions (< 200 m) are excluded.
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Figure 11. (a) Propagated uncertainty in the mission mean of total phytoplankton carbon con-
centration (one standard deviation in mgCm−3, shown in log10 space). This is a partial un-
certainty estimate due to the quantifiable PSD parameter uncertainties and the uncertainties
of the allometric coefficients. Uncertainties are propagated to the individual monthly images
using Eq. (6) and composite imagery uncertainty (which is reduced due to averaging) is esti-
mated using Eq. (7). (Sect. 2.5). (b) As in (a), but for the mission mean of percent picoplankton
contribution to carbon biomass (one standard deviation in percent).
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Figure 12. Fraction of uncertainty of total phytoplankton carbon biomass due to (a) the No PSD
parameter, and (b) the allometric coefficients. The percent of total variance is shown. The third
quantified source of uncertainty, the PSD slope ξ, contributes negligible amounts of variance
(< 5 % for most pixels) and is not shown (the three sources add up to a total of 100 % at each
pixel). May of 2004 is shown as an example. (c) The fraction of propagated variance of percent
C-based picoplankton due to the allometric coefficients; the remainder to 100 % is due to the
PSD slope ξ.
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Figure 13. Sensitivity analyses of total and partitioned phytoplankton C biomass to the maxi-
mum limit of integration, Dmax (Eq. 4), and the PSD parameters ξ and No: (a) the three PSCs
defined as percent contributing to total C biomass, as a function of PSD slope ξ, for three dif-
ferent values of Dmax, as indicated. The histogram of the mission composite PSD slope image
is included (normalized to the highest count bin); (b) Total and partitioned absolute phytoplank-
ton carbon concentration as a function of the PSD slope ξ, when No is fixed at 15.5 m−4; (c)
Total and partitioned absolute phytoplankton carbon concentration as a function of No, when
the PSD slope is fixed at ξ = 4. In panels (b) and (c), the effect of varying Dmax on total and
microplankton C is also shown, as indicated. The cases corresponding to the operational value
(Dmax = 50 µm) are plotted in bold solid lines in all three panels.
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Figure A1. SeaWiFS mission composite (September 1997–December 2010) of chlorophyll
(Chl) concentration [mgm−3], using the standard SeaWiFS algorithm OC4v6.
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Figure A2. The number of data values contributing to the SeaWiFS mission composite means
of the carbon-based products. The number of available monthly data files for the SeaWiFS
mission is 157, but the maximum of available data points at any pixel as indicated here is
N = 155, reflecting several months with very sparse data in the latest few SeaWIFS years, due
to data outages.
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