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with vertically resolved photoacclimation

T. Wes‘[berry,1 M. J. Behrenfeld,' D. A. Siegel,2 and E. Boss®
Received 3 August 2007; revised 8 January 2008; accepted 8 February 2008; published 13 June 2008.

[1] Net primary production (NPP) is commonly modeled as a function of chlorophyll
concentration (Chl), even though it has been long recognized that variability in
intracellular chlorophyll content from light acclimation and nutrient stress confounds the
relationship between Chl and phytoplankton biomass. It was suggested previously that
satellite estimates of backscattering can be related to phytoplankton carbon biomass (C)
under conditions of a conserved particle size distribution or a relatively stable relationship
between C and total particulate organic carbon. Together, C and Chl can be used to
describe physiological state (through variations in Chl:C ratios) and NPP. Here, we fully
develop the carbon-based productivity model (CbPM) to include information on the
subsurface light field and nitracline depths to parameterize photoacclimation and nutrient
stress throughout the water column. This depth-resolved approach produces profiles of
biological properties (Chl, C, NPP) that are broadly consistent with observations. The

CbPM is validated using regional in situ data sets of irradiance-derived products,

phytoplankton chlorophyll:carbon ratios, and measured NPP rates. CbPM-based

distributions of global NPP are significantly different in both space and time from

previous Chl-based estimates because of the distinction between biomass and

physiological influences on global Chl fields. The new model yields annual, areally

integrated water column production of ~52 Pg C a' for the global oceans.

Citation: Westberry, T., M. J. Behrenfeld, D. A. Siegel, and E. Boss (2008), Carbon-based primary productivity modeling with
vertically resolved photoacclimation, Global Biogeochem. Cycles, 22, GB2024, doi:10.1029/2007GB003078.

1. Introduction

[2] An understanding of phytoplankton photosynthetic
production in the ocean and its role in carbon cycling is
fundamental to contemporary climate science and has been
broadened tremendously by the advent of ocean color
remote sensing. Our understanding of the underwater light
field has similarly increased under the umbrella of inter-
preting ocean color related data [Gordon and Morel, 1983;
McClain et al., 1998]. Realizing the benefits of these
developments on net primary production (NPP) estimates,
however, has been hampered by the inadequate treatment of
physiological variability [Behrenfeld and Falkowski, 1997,
Siegel et al., 2001; Behrenfeld et al., 2002]. This inadequacy
does not so much reflect a lack of understanding of phyto-
plankton physiology, as sophisticated models of algal photo-
physiology, nutrient uptake, and growth exist for a variety of
conditions [e.g., Geider et al., 1996, 1998; Flynn, 2001], but
rather, in parameterizing these processes at regional to global
scales in terms of easily accessible quantities.

"Department of Botany and Plant Pathology, Oregon State University,
Corvallis, Oregon, USA.

’Institute for Computational Earth System Science, University of
California, Santa Barbara, California, USA.

3School of Marine Sciences, University of Maine, Orono, Maine, USA.

Copyright 2008 by the American Geophysical Union.
0886-6236/08/2007GB003078$12.00

GB2024

[3] It has long been known that phytoplankton cellular
chlorophyll (Chl) concentrations are extremely plastic,
responding to changes in growth irradiance (photoaccli-
mation), nutrient status, taxonomy, and other environmen-
tal stressors [Laws and Bannister, 1980; Geider, 1987;
Falkowski and La Roche, 1991]. Because of this plasticity,
Chl is often a poor proxy for phytoplankton biomass, but
remains the primary field metric of biomass in lieu of a
simple alternative. It is the phytoplankton carbon biomass
(C) that more appropriately describes algal standing stocks,
especially as it relates to NPP which is a rate of carbon
turnover (and not Chl). Further, the two quantities are linked
through the Chl:C ratio, a quantity that has a wide range of
variability and is often mistreated in ecosystem models
[Geider, 1987; Maclntyre et al., 2002].

[4] Remote sensing of C standing stocks for different
components of marine ecosystems is a recent development.
Estimates of total particulate organic carbon (POC) have
been made from remote sensing measurements by relating
the amount of scattered light in the water column to the particle
load [Loisel et al., 2001; Stramski et al., 1999]. Similarly,
particle scattering has been related to phytoplankton-specific
quantities as well. Behrenfeld and Boss [2003] evidenced a
relationship between Chl and the particulate beam attenuation
coefficient, c,, which is most sensitive to particles with
diameters of ~0.5-20 pm in size [Stramski and Kiefer,
1991] and generally overlaps the size distribution of phyto-
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plankton in the ocean. When combined with measurements of
Chl, the Chl:c, ratio can closely track changes in photosynthetic
competency [Behrenfeld and Boss, 2003, 2006]. Unfortunately,
¢, is not currently estimated from satellite ocean color, but an
alternative may exist in the particulate backscatter coefficient,
by, [Behrenfeld et al., 2005].

[5] The simultaneous satellite retrieval of by, and Chl
provides a means for investigating fundamental differences
in the behavior of phytoplankton Chl and C in both space
and time. It is not unexpected that the two will often be out
of phase with one another, and many examples exist
demonstrating this decoupling. In the vertical dimension,
a common feature throughout much of the global ocean is a
subsurface Chl maximum [Cullen, 1982; Kitchen and
Zaneveld, 1990]. Although this feature can result from an
accumulation of biomass at depth [e.g., Winn et al., 1995], it
most often reflects the increase in intracellular Chl concen-
tration from photoacclimation [e.g., Cullen, 1982]. Similarly,
seasonality in surface Chl of tropical stratified oceans is not
matched by concurrent changes in C, and in temperate,
seasonal ocean basins (e.g., the North Atlantic) the increase
and peak of both Chl and C biomass can be offset as well [ Winn
etal., 1995; Behrenfeld et al.,2005]. In each of these cases, the
mismatches in time and space between Chl and phytoplankton
C proxies are due to the combined effects of phytoplankton
growth and physiological adjustment, and thus, the ability to
distinguish between the two processes is critical.

[6] Behrenfeld et al. [2005] recently introduced a novel
approach to modeling NPP that addressed many of the
above-mentioned issues. Information contained in ocean
color reflectance spectra on particulate backscattering was
transformed to direct estimates of C. The Chl:C ratio
reflects photoacclimation and nutrient stress and has been
shown to track phytoplankton physiology both in the
laboratory and in the field [Behrenfeld and Boss, 2003;
Behrenfeld et al., 2005]. Consequently, Chl:C was related to
the phytoplankton community growth rate, p, and NPP.
Here, we build upon these ideas by more accurately
characterizing the ambient light field with respect to wave-
length, allowing direct calculation of photoacclimation
throughout the water column and relieving the fixed vertical
structure of production originally imposed [Behrenfeld and
Falkowski, 1997]. An additional term is included which
represents the phytoplankton physiological state under no-
growth conditions (= 0) [Geider, 1987]. Last, inclusion of
a climatological nitracline allows for relaxation of nutrient
stress with depth when applicable. The result is the ability to
calculate fully resolved vertical profiles of phytoplankton
Chl, C, growth rate, and NPP which are broadly consistent
with field data. Direct comparisons to regionally represen-
tative field measurements are made providing model vali-
dation, and the resulting global patterns are described.

2. Methods
2.1. Data Sources

[7] Global, gridded monthly fields of photosynthetically
available radiation (PAR) and diffuse attenuation at 490 nm,
K4(490), were provided by the OceanColor Web (http://
oceancolor.gsfc.nasa.gov) and are calculated from Sea-
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Viewing Wide Field-of-View Sensor (SeaWiFS) measure-
ments for the period January 1998 to December 2004. All of
the products are standard level 3 monthly composites
(Reprocessing 5.1) with a spatial resolution of ~9 km at
the equator. SeaWiFS normalized water leaving radiances,
nL,, (), were also inverted to estimate Chl and the particulate
backscatter coefficient at 443 nm, by,,(443) [Maritorena et
al., 2002]. Mixed layer depth (MLD) was provided by Fleet
Numerical Meteorology and Oceanography Center daily data
assimilated model output at a resolution of 1° x 1° [Clancy
and Sadler, 1992]. MLD was defined as the depth at which
temperature change was 0.5°C cooler than the surface tem-
perature and binned to monthly averages. Nitracline depths
(zno3) were calculated from monthly climatological nutrient
fields reported in the World Ocean Atlas [Conkright et al.,
2002] and defined as the depth where nitrate + nitrite
exceeded 0.5 uM. All global input fields were interpolated
to a 1° grid to match the most coarsely estimated and least
well-constrained variables, MLD and zno3. (See Table S1 for
a summary of all input data fields used in our analysis and
their original spatial and temporal resolutions.")

[8] In situ measurements used for validation were from
time series programs in the Pacific (Hawaii Ocean Time-
series (HOT)) and Atlantic (Bermuda Atlantic Time-series
Study (BATS)). Both programs are ongoing, and data
collection protocols and broad overviews are available
[Karl and Lukas, 1996; Karl et al., 2001; Steinberg et al.,
2001]. NPP data from the HOT and BATS program were
based on dawn-to-dusk in situ '*C incubations from the
surface to 175 m (140 m for BATS). Chromatographic Chl
concentrations in the upper 200 m of the water column from
the BATS site and radiometric data collected in conjunction
with the BATS were also used for model comparison [Siegel
et al., 2001]. Spectral diffuse attenuation, K4()), is calcu-
lated as the slope of the log-transformed downwelling
irradiance profiles as described by Mueller et al. [2002].
Additional data sets from the HOT and BATS sites of
Prochlorococcus cellular fluorescence determined by flow
cytometry were reproduced with permission as by Winn et
al. [1995] and Durand et al. [2001].

2.2. Chlorophyll, Particulate Backscatter, and
Phytoplankton Carbon

[o] SeaWiFS ocean color reflectance spectra were
inverted using the method of Maritorena et al. [2002].
The inversion method is a nonlinear minimization that
solves for three unknown quantities (Chl, by(443), and the
absorption by colored dissolved and detrital matter at
443nm, acgnm(443)) which together best reproduce the
satellite-measured spectral reflectance.

[10] Measurements of scattering (by, and c,) have been
related to total particulate organic carbon (POC) for some
time [Bishop, 1999; Stramski et al., 1999; Babin et al.,
2003]. The relationship with phytoplankton carbon (C),
however, is a bit more tenuous, as C is difficult to measure,
and therefore, no direct relationships can be derived. A
number of independent constraints and assumptions can be

'Auxiliary materials are available in the HTML. doi:10.1029/
2007GB003078.
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Figure 1. Relationship between Chl:C and irradiance (Ein m > h™"). Dotted curve represents 99th
percentile of Chl:C distribution at discrete lognormally distributed bins in associated monthly median
mixed layer irradiances. Heavy dashed curve is relationship used by Behrenfeld et al. [2005] and in this

. . . Chl
work. Also shown is invariant Chl:C when p = 0 (designated as <

photons.

used to link light-scattering indices and C. In the ocean, the
particulate beam attenuation coefficient, c, is most sensitive
to particles in the size range of ~0.5—20 pym which overlaps
the size range of most phytoplankton, so it is reasonable to
expect a relationship with phytoplankton C, perhaps even
more so than with POC [Behrenfeld and Boss, 2003, 2006].
According to Mie theory, particulate backscattering, by, is
more sensitive than ¢, to the presence of small nonalgal
particles [Stramski and Kiefer, 1991]. However, there are
many indications that Mie theory may be inappropriate for
modeling backscattering of diverse particle assemblages
including phytoplankton [Vaillancourt et al., 2004;
G. Dall’Olmo et al., Direct contribution of phytoplankton-
sized particles to optical backscattering in the open ocean,
submitted to Limnology and Oceanography, 2008, in re-
view]. And perhaps more importantly, the highly conserved
nature of the particle size spectrum in the ocean and the fact
that most particle assemblages in the open ocean covary
with phytoplankton abundance can allow by, to track C to
first approximation.

[11] Following Behrenfeld et al. [2005], by,,(443) can first
be corrected for contributions due to a background of
nonalgal backscattering particles (byp(443)nap), Which does
not covary with phytoplankton. The remaining portion of
by(443) is then directly related to phytoplankton C by a
scaling factor,

C = (byp(443) — byy(443)sp) X SF (1)
Here, we estimate by,(443)nap at 0.00035 m~ ! by type II
regression of monthly mean satellite-retrieved values of

in text). Note: 1 Ein = 1 mole
1=0

by,(443) and Chl [see Behrenfeld et al., 2005]. The scaling
factor (SF = 13000 mg C m?) is derived such that the
resulting C are ~25-40% of total POC as estimated using
the same backscatter values [Loisel et al., 2001; Stramski et
al., 1999] and average Chl:C values are within the range
observed in laboratory studies [Behrenfeld et al., 2005].
Resulting NPP values are surprisingly insensitive to the
choice of a specific value for SF. For example, given a range
of SF from 10,000 mg C m * to 20,000 mg C m™? (which
causes C/POC ratios to vary from 19% to 60%), annual,
global water column NPP varies by <5 Pg C a~'. Thus, at
the scale of this analysis, our choice of SF is a second-order
problem, though a more detailed error budget is required to
determine the largest sources of error in this formulation.

[12] Last, the subsurface C biomass profile below the
mixed layer is estimated by evaluating the growth rate at
each depth (see section 2.3.2) compared to a constant
background rate representing losses, R, assumed to be very
small (R =0.1 d™"). Thus, the C profile is uniform until this
threshold is reached, whereupon the C concentration
decreases,

C(z) = C,—0 if R < u(z) (2a)

C(2) = Coo x ((2)/R)  if u(z) <R (2b)
This specification gives a smooth decrease in C at depth and
presents C as the net result of growth and loss [Fennel and
Boss, 2003]. In many ocean regions, profiles of ¢, do not

show much vertical structure within the euphotic zone, but
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Figure 2. Example profiles from carbon-based productivity model (CbPM) at a single location and
time. Data shown are monthly mean values for August in a 1° box in the tropical Pacific (20°N, 110°W).
(a) Chl a (mg Chl m ) and carbon biomass (mg C m); also shown are mixed layer depth, nitracline
depth, and euphotic depth. (b) Diffuse, spectral attenuation K4(\, z) (m~') and photosynthetically
available radiation (PAR) (Ein m 2 d™'). (c) Phytoplankton growth rate, 4 (d~') and net primary

production (NPP) (mg C m > d ™).

on occasion deep particle maxima can form and will not be
captured by our model because this description does not
allow for a subsurface maximum (see also section 4).
Fortuitously, the exact specification of the C profile does not
significantly alter the resulting growth rates or depth-
integrated NPP because the changes generally take place
deeper in the water column at low-light levels (in fact, using
a uniform C profile with depth results in a change of annual
global NPP of ~0.5 Pg C a~', not shown). Thus, given the
lack of knowledge about subsurface biomass profiles at the
global scale, the description used here is adequate.

2.3. Net Primary Production Model

[13] The NPP model developed here is referred to as the
carbon-based production model (CbPM) to reflect the use of
by, data to estimate C as the metric of algal biomass. The
CbPM is a depth-resolved, spectral NPP model that iterates
through the water column at each global grid point in a manner
consistent with the local mixed layer and nitracline depths.
Within the mixed layer, properties are constant and equal to the
satellite-retrieved values, while below the mixed layer, bio-
logical properties are described from a reconstruction of the
underwater light field, climatological subsurface nutrient fields
and the physiological response to these changes.

2.3.1. Underwater Light Field

[14] Incident, cloud-corrected PAR (Ein m > d™') was
decomposed spectrally using constant fractions estimated
from an atmospheric radiative transfer model [Ricchiazzi et
al., 1998]. These fractions are stable within 1-6% depend-
ing on wavelength under extremely variable illumination
conditions and allow the estimation of spectral irradiance at
the surface, Eq(0", )\). Diffuse attenuation at 490 nm,
K4(490), within the mixed layer was derived from SeaWiFS
measurements [O Reilly et al., 2000], and spectral diffuse
attenuation across the visible spectrum, K4(\), was subse-
quently calculated using the model of Austin and Petzold
[1986]. This approach works well on a globally represen-
tative data set (NOMAD [Werdell and Bailey, 2005]) and
was restricted to wavelengths available for validation in the
NOMAD data set (412, 443, 490, 510, 555, 665, and
683 nm). On average, 95% of the variability in Ky(\)
(range = 84—99%) is accounted for at discrete wavelengths
throughout the visible spectrum. Spectral treatment of the
light field (both irradiance and attenuation) allows for differ-
ential propagation of light with depth to provide an accurate
characterization of the underwater light environment.

[15] K4q(A) is assumed to be constant within the mixed
layer and then varies below this depth as a function of Chl
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Figure 3. Mean annual profiles in the Northern Hemisphere of Chl, y, and NPP. Shown for each panel
are five curves corresponding to Chl a variance levels LO—L4 (see section 3 for description and also
Figure S2). (a) Chl a (mg m—>). (b) Phytoplankton growth rate, 1 (d™'). (¢) NPP (mg C m—> d™").

following Morel and Maritorena [2001]. As Chl changes
with depth (see section 2.3.2), so does the attenuation such
that PAR at depth is dependent on the integrated attenuation
above it,

00 [ Ka(N-dz
/ Ea(0,3) - 1

400

PAR (z) = dA (3)

In this way, calculation of the light field proceeds iteratively
with depth. We calculate the contribution to attenuation due
to components other than Chl (i.e., colored dissolved organic
matter (CDOM)) as the difference between the spectrally
expanded SeaWiFS estimates and modeled estimates based
on surface Chl. This difference is carried through the water
column and is equivalent to introducing a uniform profile of
CDOM and other attenuating components.
2.3.2. Photoacclimation and Phytoplankton Growth
Rates, p

[16] The primary processes which drive vertical changes
in Chl concentration in the CbPM are those associated with
physiological, intracellular adjustments to ambient light and
nutrient conditions. Photoacclimation, the physiological
response to light, was characterized by a decreasing expo-
nential function of light (Figure 1). Specifically, a nonlinear
least squares fit to the 99th percentile of the satellite-derived
Chl:C distribution as a function of monthly median mixed
layer light intensities gives

cnl
C N—Tmax

- [0.022 +(0.045 — o.ozz)e*f’“(z)} (4)

[17] This expression represents Chl:C in nutrient-replete,

. .. Ch
optimal growth conditions, —
C N-Tmax

(i.e., the maximum

potential Chl:C for a given irradiance), and the endpoints in
equation (4) reflect a low-light maximum in Chl:C and a
high-light asymptotic value. In the mixed layer, the accli-
mation irradiance is taken to be the median PAR in the
mixed layer, while below this depth phytoplankton accli-
mate to the ambient light level. Also shown in Figure 1 is
the minimum Chl:C when p = 0 and is equal to 0.0003 mg
Chl (mg C)~". This concept stems from the observation that
phytoplankton consistently exhibit positive chlorophyll con-
centrations when growth has been arrested (u = 0) [Geider,
1987; Cloern et al., 1995]. This no-growth condition was
determined by matching the minimum observed satellite
Chl:C (~0.003 mg Chl (mg C) ') with a minimum popu-
lation growth rate found in the open ocean, ~0.1 d~' [Jones
et al., 1996; Goericke and Welschmeyer, 1998; Mararion,
2005] and extrapolating to g = 0. It is difficult to compare
this value with those reported in literature as the value
derived here is for a mixed natural population, whereas
laboratory studies represent single species [i.e., Laws and
Bannister, 1980].

[18] Phytoplankton growth rates, s (d™'), are calculated
in the CbPM from the growth irradiance and Chl:C. In the
mixed layer, we assume that Chl:C is vertically uniform and
equal to the value estimated from satellite inversion prod-
ucts, Chl and by,. The corresponding growth irradiance is
the median PAR for the mixed layer and represents a well-
mixed, photoacclimated community,

%hl_
[%}N—Tmaxi[

[%] 1=0
Chl

C

H = Hmax {1 - 6’(75PAR(Z)):| (5)

}/1:0
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