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Abstract

We assembled a dataset of '“C-based productivity measurements to understand the critical variables required for
accurate assessment of daily depth-integrated phytoplankton carbon fixation (PP,,) from measurements of sea surface
pigment concentrations (C,,). From this dataset, we developed a light- dependent depth-resolved model for carbon
fixation (VGPM) that partitions environmental factors affecting primary production into those that influence the
relative vertical distribution of primary production (P,) and those that control the optimal assimilation efficiency of
the productivity profile (P?,,). The VGPM accounted for 79% of the observed variability in P, and 86% of the
variability in PP,, by using measured values of P?,,. Our results indicate that the accuracy of productivity algorithms
in estimating PP,, is dependent primarily upon the ability to accurately represent variability in P?,,. We developed
a temperature-dependent P?,, model that was used in conjunction with monthly climatological images of C,,, sea
surface temperature, and cloud-corrected estimates of surface irradiance to calculate a global annual phytoplankton
carbon fixation (PP,,,,) rate of 43.5 Pg C yr~'. The geographical distribution of PP,,,, was distinctly different than

results from previous models. Our results illustrate the importance of focusing P?,, model development on temporal

and spatial, rather than the vertical, variability.

Thousands of measurements of marine phytoplankton pro-
ductivity have been made at discrete locations throughout
the world’s oceans since the introduction of the radiolabelled
carbon uptake method (i.e. *C method) in 1952 (Steemann
Nielsen 1952). Although numerous, these discrete primary
productivity measurements only provide information for in-
finitesimally small points over the oceans’ surfaces. Scaling
these discrete measurements to global projections by means
of satellite-based estimates of chlorophyll concentration
(C,,) requires mathematical models that quantitatively relate
primary productivity to chlorophyll (Bidigare et al. 1992).
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The simplest productivity models estimate time- and
depth-integrated primary production as a function of sea sur-
face chlorophyll (e.g. Smith et al. 1982; Eppley et al. 1985).
The next step in algorithm complexity introduces surface
irradiance as a second factor controlling productivity, where
depth-integrated production is the product of depth-integrat-
ed chlorophyll, daily surface irradiance, and a constant, wa-
ter-column averaged quantum yield (¥) for photosynthesis
(Morel 1978; Falkowski 1981; Platt 1986; Morel 1991). Di-
verse empirical relationships also exist that relate depth-in-
tegrated production to C,,, euphotic depth, and a photoad-
aptive parameter (see Balch et al. 1992). A more mechanistic
approach to productivity modeling has been attempted by
use of complex bio-optical models (Platt and Sathyendranath
1988; Morel and Berthon 1989; Morel 1991; Platt et al.
1991). Bio-optical models attempt to improve productivity
estimates over the depth-integrated empirical relationships
by including model variables that account for the spectrally
dependent attenuation of photosynthetically active radiation
(PAR, 400-700 nm) through the water column, as well as
vertical and spatial variability in phytoplankton optical ab-
sorption cross sections (a*) and photosynthesis vs. irradiance
(P vs. E) parameters («, P% ., B).

An advantage of bio-optical models is that they account
for the variable fraction of the euphotic zone that is light-
saturated. However, it is not clear how much of the added
complexity in bio-optical models reflects the level of under-
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standing about a particular variable rather than the impor-
tance of the exact representation of the variable on the pre-
dictive capacity of the model. At all levels of complexity,
productivity models often perform well in predicting inte-
grated productivity when comparisons are limited to the da-
tasets from which they were derived. However, when these
models are used to predict column productivity from differ-
ent datasets, model performance is often dramatically re-
duced (Campbell and O’Reilly 1988; Balch et al. 1992).
Clearly, some of the disagreement between modeled and
measured production is due to methodological differences in
14C measurements and errors in the “C data, but much of
the discrepancy must also result from limitations of the mod-
els.

To better understand the level of complexity and the crit-
ical factors required for making reliable estimates of daily
integrated phytoplankton production based on C,,, we in-
vestigated the variability observed in phytoplankton primary
production by assembling a dataset of 11,283 “C-based mea-
surements of daily carbon fixation collected at 1,698 ocean-
ographic stations in both open ocean and coastal waters. The
dataset includes measurements that have previously been
used for testing productivity models, as well as previously
unutilized data.

By removing the influences of euphotic depth, photope-
riod, and chlorophyll concentration, we discovered a consis-
tent trend in the vertical distribution of primary production.
We therefore developed an irradiance-dependent, depth-re-
solved productivity model that accounted for the observed
vertical trends in normalized productivity. Parameters of the
model were established with data from a single research pro-
gram and model performance was tested with the full “C
dataset. We then simplified the model by removing the ver-
tical resolution, thereby allowing rapid assessment of depth-
integrated estimates of euphotic zone productivity. We iden-
tified a key parameter, P? ,, required for modeling phyto-
plankton primary production and developed a preliminary
model for estimating P5,,. By knowing P%,, alone, our ver-
tically generalized production model (VGPM) accounts for
86% of the observed variability in measured values of daily
integral production. When P?_, is estimated by means of the
relationship developed from the dataset, the VGPM accounts
for 58% of the observed variability. We applied the VGPM
to monthly coastal zone color scanner C,, images to estimate
annual global primary production and to compare results us-
ing our P?, model, in terms of the distribution and total
primary production, to similar calculations from other pri-
mary production models. These results have implications for
future development of satellite-based models of global oce-
anic primary production.

Methods

Table 1 summarizes the source, location, and number of
stations for all productivity measurements used for model
development and testing. We extracted 272 productivity pro-
files from the oceanographic database at Brookhaven Na-
tional Laboratory, 141 profiles from the JGOFS database,
243 profiles from the algorithm testing database of André

Morel at Laboratoire de Physique et Chimie Marines
(LPCM, Université Paris 6) and 1,042 profiles from the
NOAA MARMAP database (O’Reilly and Busch 1984;
O’Reilly et al. 1987). The complete dataset includes pro-
ductivity measurements from both case 1 and case 2 waters
(Morel and Prieur 1977), from oligotrophic gyre regions to
highly productive upwelling regions, from 80°N to 70°S, and
from all major ocean basins. “C measurements included
both in situ and simulated in situ incubations, with incuba-
tion durations ranging from 2 to 24 h (<3% of the '“C data
was derived from incubations <6 h). In addition to '*C up-
take data, the dataset includes vertical profiles of chlorophyll
concentration (mg Chl m~3)—mostly measured with fluo-
rometric techniques (Holm-Hansen et al. 1965) or HPLC
methods—daily integrated molar photon flux of surface
PAR, euphotic depth (Z,,), incubation irradiance as percent-
age of surface irradiance, latitude, longitude, date, and, when
available, sea surface temperature (°C).

The dataset includes productivity measurements collected
between 1971 and 1994. The preferred “C method for mea-
suring primary production has varied during this period and
between investigators. Thus, to avoid investigator-dependent
variability between productivity values, we developed the
productivity model from the largest available methodologi-
cally consistent database, that of the MARMAP program.
Restricting model development to MARMAP data alone also
allowed us to test algorithm performance with an indepen-
dent dataset. Because the MARMARP data contribute to more
than half of the productivity profiles included in the full
dataset, we report separate statistics for the full dataset,
MARMAP data alone, and all other data for comparisons
between measured and modeled daily integrated productivity
values, except when sea surface temperature is required for
calculations, as these data are limited. Radiometric measure-
ments or Secchi depth estimates of Z,, were used in all cal-
culations of depth-integrated primary production.

Results

Depth-integrated primary production (PP,,) and chloro-
phyll concentration for the full dataset ranged from 30 to
8,543 mg C m~2 d ' and from 3 to 437 mg Chl m~2 (a list
of notations is provided). For the full dataset, 38% of the
observed variability in PP,, was accounted for by the prod-
uct of surface chlorophyll (C,,) and euphotic depth (Z,). The
correlation between PP, and the product of C,, and Z,, was
reduced to 29% by means of logarithmic transformation of
the data, indicating an even poorer relationship at low chlo-
rophyll concentrations. Including surface irradiance (E,) in
the calculation (ie. C,, X Z, X E,) only marginally im-
proved the correlation between measured and modeled pro-
duction to 42%. Thus, for our dataset, less than half of the
observed variability in primary production would be ac-
counted for by depth-integrated chlorophyll alone or a V-
type model with constant proportionality (e.g. Falkowski
1981).

Vertical distributions of daily primary production (P,, mg
C m= d') were investigated to identify sources of vari-
ability in FP,. Although P, varied greatly between stations
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Table 1. Sources for all “C measurements included in the dataset for model development and

testing.
No. of
Source*  Program/ship Month Year Location Sta.
BNL Atlantis Mar-Apr 1975, 78 NW Atlantic 20
Eastward Apr 1976 NW Atlantic 15
Keltz Mar 1976, 77 NW Atlantic 8
Henlopen Nov 1977 NW Atlantic 2
Knorr Aug 1977, 80 NW Atlantic 49
Argus Mar 1978 NW Atlantic 17
Delaware IT Jun 1978 NW Atlantic 5
Albatros Mar 1979 NW Atlantic 8
MESEX I May 1979 NW Atlantic 5
SEEP 11 Feb-Nov 1988, 89 NW Atlantic 32
NEWP o Jul 1992 Greenland shelf 37
GYRE May 1993 Sargasso Sea 5
Iselin Mar 1994 NW Atlantic 8
Other 61
JGOFS BATS Jan—-Dec 1988-91 Sargasso Sea 34
HOTS Jan-Dec 1989-93 Central North Pacific 38
EQPAC Feb—Oct 1992 Equatorial Pacific 56
EUMELI Jun 1992 Mauritanian upwelling/Sargasso 13
Sea
LPCM Mediprod 1 Apr 1969 NW Mediterranean 13
Discoverer May 1970 Sargasso Sea, Gulf of Mexico,
tropical eastern Pacific 24
Cineca 2 Mar 1971 Mauritanian upwelling 16
Mediprod 3 Jun 1972 NW Mediterranean 13
Cineca 5 Mar-Apr 1974 Mauritanian upwelling 12
Joint 1 Mar 1974 Mauritanian upwelling 22
Guidome Sep 1976 Guinea Dome Zone 6
Joint 2 Mar 1976 Peruvian upwelling 85
Antiprod 1 Mar 1977 South Indian/Antarctic zone 26
Paciprod Sep 1986 Peruvian upwelling/Galapagos 11
Chlomax Sep 1987 Sargasso Sea 7
Mediprod 6 Jun 1990 SW Mediterranean 8
NOAA  MARMAP Jan-Dec 1977-82 NW Atlantic 1,042

* Sources of productivity: BNL—Brookhaven National Laboratory; JGOFS—Joint Global Ocean Flux Study;
LPCM—Laboratoire de Physique ct Chimie Marines (André Morel); NOAA—National Oceanic and Atmo-

spheric Administration.

(Fig. 1A), much of this variability could be attributed to
three basic factors: chlorophyll concentration at each depth
(C,), photoperiod (D,.), and optical depth ({) corresponding
to the incubation irradiance [note that  is the absolute value
for the product of physical depth (z) and the mean attenua-
tion coefficients for PAR (K,,)]. Accounting for these three
factors resulted in consistent patterns in the normalized P,
(Fig. 1B) that emphasize the importance of irradiance—ex-
hibiting regions of light limitation, light saturation, and, at
high light intensities, photoinhibition. Based on these ob-
served patterns (Fig. 1B), we developed a model for esti-
mating PP,, by constructing an irradiance-dependent func-
tion describing the relative vertical distribution of production
(P?). We then converted P?, into P, by using a second scal-
ing function for estimating the maximum P, (P%,,) for each
profile.

Relative vertical distribution model—Observed patterns in
P?, (dimensionless) were modeled as a function of daily so-
lar irradiance as

PB{ = [] - exp(_E{/Emax)]exp(_Bd X E{)’ (1)

where E, is irradiance at a given {; E,,, is irradiance at the
inflection point between light limitation and light saturation
in the absence of photoinhibition and is calculated from E_,
the irradiance corresponding to PZ,, (see below); and B, is
the variable slope for photoinhibition at daily irradiances
>E,,. PP, is thus calculated from Eq. 1 by scaling P?, to
P?,, and C,, converting { to absolute depths, and multiplying
by D,..

The P?, model (Eq. 1), when scaled to P%,,, is nearly
identical in form to the P vs. E equation (Platt et al. 1980;
McBride 1992):

P = [>max[1 - exp(_E/Ek)]exp(_B E/Pmax)' (2)

However, variable names differ between Eq. 1 and 2 because
P vs. E variables (P,,,, B, E,) are measured under conditions
of constant irradiance and have strict physiological interpre-
tations, whereas P”, variables and P? , are measured under
irradiance conditions that can vary from light-limiting to
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Notation
Environmental variables

C, Measured Chl concn at depth nearest the surface, mg
Chl m™

C Surface Chl concn derived by satellite, mg Chl m~3

C, Chl concn at depth z, mg Chl m—3

D,, Photoperiod, decimal hours

E, Sea surface daily PAR, mol quanta m~2

K. Mean optical attenuation coefficient for PAR, m™!

4 Optical depth; calculated as the product of K, and
depth z

Z,, Physical depth receiving 1% of E,, m

Physiological variables

T Minimal electron turnover time of photosynthesis

n Number of functional photosynthetic units

o Initial slope of a P vs. E curve describing light-lim-
ited photosynthesis

B P vs. E variable describing rate of PS2 damage as a
function of irradiance

Pt Chl-normalized maximum rate of C fixation, mg C
(mg Chl)~! h™!

E, Unique point on P vs. E curve where o X irradiance

= P .. lmol quanta m~2 h-')
Model variables

P5, Maximum C fixation rate within a water column, mg
C (mg Chl)~! h™!

Lopt Optical depth of P%

Con Chl concn at P%,

E,, Daily PAR at {,,, mol quanta m~2

E... Daily PAR at the inflection point between light limi-
tation and light saturation in the absence of photo-
inhibition, mol quanta m~2

E, Daily PAR at {, mol quanta m~2

P58, Relative vertical distribution of C fixation as a func-
tion of {, dimensionless

P, C fixation at depth z, mg C (mg Chl)~! h~!

P Percentage decrease between P%, and P*

B, Photoinhibition slope resulting in the observed rela-
tionship between £, and P,

PP, Daily C fixation integrated from the surface to Z,,,
mg C m=2

PP, Annual phytoplankton C fixation in the oceans, Pg
yr!

PP Phytoplankton C fixation in the oceans (Pg C) dur-

ing winter (December—February), spring (March—
May), summer (June—August), and autumn (Sep-
tember—November)

photoinhibiting over the course of an incubation. E, (Eq. 2)
is equal to P, /o and is independent of measurement irra-
diances (E). In contrast, E_,, is a linear function of E,, owing
to the effects of photoinhibition on E_,. B, differs from, and
is always less than, the photoinhibition slope (8) of the P
vs. E curve (McBride 1992; Henley 1993) when determined
for the same phytoplankton assemblage because field mea-
surements of B, include periods of light limitation during the
incubation. Finally, P, is defined as the maximum rate of
photosynthesis at saturating irradiance, which is controlled
by the capacity of the Calvin cycle reactions and is propor-
tional to the number of functional photosynthetic reaction
centers (n) and their turnover rates (Falkowski 1980; Suke-

nik et al. 1987; Orellana and Perry 1992). In contrast, P2,
is the biomass-specific daily photosynthetic rate at the op-
timal { where the loss of potential carbon fixation due to
photoinhitition is balanced by the loss due to increased time
at subsaturating light intensities at greater depths. This bal-
ance between light limitation and photoinhibition at P%,,
causes E,, to increase with increasing £,. In the absence of
photoinhibition, P# , would always occur at the surface,
where the maximum fraction of the photoperiod is spent at
P? .. Differences between P?  and P? , were also recog-
nized by Rodhe et al. (1958) and Wright (1959) (they used
the variables R, and a,,,, respectively).

P?, model parameters—The three light-dependent P2,
variables—FE,_,, E..,. and B, (Eq. 1)—were parameterized
with MARMAP productivity profiles normalized to C, £, and
D,,. The relationship between observed median surface pho-
toinhibition (P,,,) and E; was (Fig. 2A)

P, = —0.0204E? + 2:515E, — 6.675
when E;, > 3 mol quanta m=2 d~'. 3)

P,,, is the percentage decrease in chlorophyll-normalized car-
bon fixaticn at the surface relative to P?,, (P,,, = 0 when
E, = 3 mol quanta m~2 d~'). Likewise, the median optical
depth of P%,, () increased with increasing E, owing to
photoinhibition (Fig. 2B):

bop = —T.56X107°Es* + 1.84X1075E,?
— 0.00171E2 + 0.075E, — 0.00137. @)

E,, is calculated from Eq. 4 following the relationship be-
tween E, and light attenuation with depth (Fig. 2C):

Eopl = E() X exp(_gop:)- (5)

Equation 5 results in a positive slope for E,, because pho-
tosynthetic quantum yields decrease with increasing E, ow-
ing to light saturation and photoinhibition. Finally, Eq. 3-5
were used in conjunction with Eq. 1 to solve for the irra-
diance-dependence of E,,,, and B, resulting in the observed
relationship between E, and P,,, . and E,, (Fig. 2C):

B, = —0.0203 X In(E,) + 0.124
when E, > 3 mol quanta m~2 d~'

B, = 0.1 when E, = 3 mol quanta m~2 d~! 6)

and
E,, = 0.3195E, N

where E, ., > E,, at E, >30 mol quanta m~2 d~! due to the
normalization of P?, to 1 at P?,,. Variability in PP, resulting
from irradiance-dependent changes in the vertical distribu-
tion of production is thus accounted for by means of the P2,
model (Eq. 1) given parameters in terms of E, by Eq. 4-7.
The resultant P?, profiles (Fig. 3A) closely approximate mea-
sured P, profiles normalized to C,, {, D, and P2, (Fig. 3B).

Conversion of P?, to P, for calculating PP, requires an
estimate of C,, which we modeled from measurements of C,,
using the Gaussian distributions described by Morel and
Berthon (1989). The vertically resolved model for calculat-

ing PP, (mg C m~2 d"") is thus



Production from chlorophyll 5

P,(mgCm*d")
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Fig. 1.

Normalized Production (mg C mg Chi™ h)

Optical Depth

Profiles of phytoplankton carbon fixation for 500 randomly chosen stations from the

MARMAP dataset. A. A large degree of variability was observed in the vertical distributions of
daily primary production (P, mg C m~ d~'). B. Normalizing P, in panel A to chlorophyll concen-
tration at each depth, photoperiod, and optical depth resulted in a consistent pattern in the vertical
structure of productivity, which was modeled as a function of surface irradiance by the structural

components of the VGPM (Eq. 8).

PPcu=PB ><Dirr

opt

x J * [~ exp(=E/Ep)lexp(B, X E)
=0 [1 - exp(_Ecpt/Emax)]exp(Bd X Eopt)

X C, X dz, ®

where E, = E; X exp[—1n(0.01)/Z,, X z]. The two principal
components of Eq. 8 are the structural elements composing
the integral and the scaling factor, PZ,,. To test the structural
portion of the model, we compared observed values of P, to
modeled values calculated from Eq. 8 by using measured
values of P2, and E,. For this comparison, D,, was calcu-
lated by using the date and location of each station and C,
was estimated from C,, (Morel and Berthon 1989). In this
manner, the model (Eq. 8) accounted for 79% (» = 10,857)
of the observed vertical and spatial variability in P, (r* =
0.78 for log,,-transformed data) (Fig. 4).

The VGPM described by Eq. 8 permits calculation of E,-
dependent changes in P, by means of a simple formulation
that requires estimation of far fewer input variables than do
the bio-optical models. However, it would be computation-
ally beneficial to remove the vertical resolution of the
VGPM for applications that simply require estimates of PP,,
and not P, (e.g. global-scale calculations using remote sens-
ing data). The P?, model can be simplified into a single
equation describing the irradiance-dependent changes in
depth-integrated, biomass-specific production if the scaling
of P?, by the Gaussian distributions of C, can be replaced
by a simple scaling to the chlorophyll concentration at P,
(i.e. C,,). Comparisons between modeled and measured PP,,
with and without C, distributions indicated that including the
vertical structure of chlorophyll did not statistically improve
the predictive capacity of the model (P > 0.1). Thus, C, can
be removed from Eq. 8 and replaced by C,, outside of the
integral without loss of model performance when estimating
PP,,. Without the C, requirement, the P?, model can be re-
duced to

J PP, = [EJ(E, + 4.1)], ®)

which describes the relative change in the quantum efficien-
cy of depth-integrated primary productivity (f.P?,) as a
function of E,. The significance of Eq. 9 is that it describes
the relative change in the light-saturated fraction of the eu-
photic zone as a function of E, and illustrates one reason
why the water-column-averaged quantum yield, ¥, is not
constant.

Simplifying the VGPM (Eq. 8) by using Eq. 9, replacing
C, by C,,, and combining scaling factors for C, and [P?,
results in the reduced VGPM for PP,, (mg C m~> d~'):

PP,, = 0.66125 X P2, X [EJ(E, + 4.1)]
X Z, X C,, X D,. (10)

opt

By removing the vertical resolution, the VGPM now resem-
bles a suite of empirical relationships previously described
for estimating PP, (e.g. Ryther and Yentsch 1957; Talling
1957; Bannister 1974; Smith and Baker 1978; Lewis et al.
1987; Banse and Yong 1990; Balch and Byrne 1994), with
the addition of the irradiance-dependent term described by
Eq. 9. The most recent of these studies (i.e. Balch and Byrne
1994) relates PP,, to the function P, /K,,,, where P, can
be equated to the product of P% ,, C,,, and D,, in Eq. 10
and K, is related to Z, [i.e. K,,, = In(0.01)/Z,]. For our
dataset, the P, /K, function of Balch and Byrne (1994)
explained 72% of the observed variability in PP, (n =
1,698) when calculations were made with measured values
of P, and K, [this correlation is nearly identical to the
of 0.73 reported by Balch and Byrne (1994) for their inde-
pendent dataset of 2,118 measurements] (Fig. 5A). The sim-
plified VGPM (Eq. 10) improves the correlation between
modeled and measured PP, to 86% for the entire dataset (n
= 1,698) by using measured values of P? , and Z, [89%
for the MARMAP data (n = 1,042), 85% for all other data
(n = 656)] (Fig. 5B). Logarithmic transformation increases
this correlation to 87% (89% for the MARMAP data, 86%
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Fig. 2. A,B. Observed relationships between daily surface PAR
(E,) and median surface photoinhibition (P,,) and median optical
depth of P2, ({,.). P Was calculated as the percentage decrease
in carbon fixation between the surface sample and P?,,. Polynomial
fits ( ) to the observational data in panels A and B are de-
scribed by Eq. 3 and 4, respectively. C. Three light-dependent vari-
ables (E,,,, E.,. B,) used in Eq. 1 to described the relative vertical
distribution of primary production (P%,). , daily PAR at P%
(i.e. E,,) as calculated from {,, with Eq. 5. ———, irradiance-de-
pendent photoinhibition (B,) derived from panel A and described
by Eq. 6. — ——, inflection point between light-limitation and light-
saturation in the absence of photoinhibition (E,,,,) as described by
Eq. 7.

for all other data) and indicates that model performance is
maintained throughout the range of chlorophyll concentra-
tions (Fig. 5C).

Computational advantages of reducing the vertically re-
solved VGPM (Eq. 8) to the simplified model (Eq. 10) would
be limited if C, profiles were still necessary for estimating
C,, from C,. However, C,, is highly correlated with C, (r*
= 0.96; 0.94 for log,,-transformed data) (Fig. 6) owing to
the near-surface location of P%,, ([, <1.3) for the entire
range of E, (Fig. 2B). Thus, C,, in Eq. 10 can be replaced
by C,, or remotely sensed surface chlorophyll (C,,) for pur-
poses of scaling P% .

Modeling P®,,—Modeling PP, with the VGPM requires
measurement data or estimates for five input variables,
namely P? ,, E,, Z,, C,, and D,,. For remote-sensing ap-
plications, the latter four variables can be directly related to
C,, or calculated using radiative transfer models and mea-
surements of cloud cover (errors in these calculations are
discussed below). However, no method is currently available
for directly measuring the photoadaptive parameter, P%,,
and thus relationships are required to relate P%,, to other
environmental parameters that can be detected remotely,
such as sea surface temperature (SST).

Relating P# , to SST is justified from the physiological
perspective that P%  varies primarily as a function of P*_,,
(Sukenik et al. 1987; Orellana and Perry 1992), which is
regulated by Calvin cycle enzymatic activity (Falkowski
1980; Sukenik et al. 1987) and hence is temperature-depen-
dent. P%,, is also influenced by light-limited (@) and pho-
toinhibited (B) carbon fixation rates, but these effects are of
secondary importance to P? . The near-surface location of
P75, ensures that SST measurements provide acceptable es-
timates of the temperature at {,. Thus, the median value of
P was calculated for each 1°C temperature increment from
—1 to 29°C for the 1,041 stations in our dataset that included
SST information. Median P, was lowest at temperatures
<1°C and increased rapidly between 1 and 20°C, with a
slight shoulder between 4 and 9°C (Fig. 7). Above 20°C,
however, a sharp decrease in P? , was observed (Fig. 7).
This decrease in P?,, above 20°C was unexpected, based on
the adaptive capacity of algae to increasing growth temper-
atures (Li 1980), and may be related to the association of
high SST with regions of strong vertical stratification and
nutrient-limiting conditions for phytoplankton growth (Zen-
tara and Kamykowski 1977; Kamykowski and Zentara 1986;
Balch and Byrne 1994).

A preliminary empirical model for estimating P2, was
parameterized from the observed relationship between me-
dian P%,, and temperature (7) as (Fig. 7)

P5 = —3.27X107T7 + 3.4132X10-T*
— 1.348X10°4T5 + 2.462X10-3T* — 0.02057T>
+ 0.0617T2 + 0.2749T + 1.2956. <))

This high-order polynomial is well behaved for SST ranging
from —1 to 29°C, but should not be generalized to temper-
atures outside this range. Equation 11 thus provides a single-
factor model for estimating P?,, that can be used in con-
junction with the VGPM for estimating PP,, from SST, C,,,

and E,. For the reduced dataset where SST was available (n

eu
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Fig. 3. Modeled and measured relative vertical distributions of primary production (P%,) (di-
mensionless) as a function of optical depth for a surface PAR (E,) ranging from 2 to 60 mol quanta
m~2 d~'. P¥, was modeled in panel A with Eq. 1 and parameters of E, from Eq. 4-7. P?, was
calculated in pancl B from measurcd productivity profiles by dividing by chlorophyll concentration

at each depth, photoperiod, and the photoadaptive parameter, P”
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Fig. 4. Comparison of depth-resolved modeled primary produc-
tion with measurement values for each sample depth (P,, mg C m™
d=") (» = 0.78, n = 10,857). Not included in this comparison are
measurement data from productivity profiles with P% , >20 mg C
(mg Chl)~' h! (see discussion), which represented 4.6% of the
MARMAP data (i.e. 48 profiles) and 0.9% of all other data (i.e. 6
profiles).

opt*

= 1,041), the VGPM accounted for 58% of the observed
variability in PP,, when P? , was estimated with Eq. 11
(53% for log,-transformed data) (Fig. 8), which is a consid-
erable improvement over a C,, X Z,-type model or a W-type
(i.e. C, X Z,, X E,) model (see above). However, for the
same reduced dataset, the VGPM explains 80% of the vari-
ability in PP,, using measured values of P?_, (87% for log,,-
transformed data), illustrating that enhanced model perfor-
mance remains dependent upon improvements in the P%
model.

Discussion

Our purpose was to evaluate the importance of highly re-
solved vertical characterization of euphotic zone productivity
and to identify the predominant factor(s) responsible for ob-
served variability in depth-integrated primary production
(PP,,). We found that once euphotic depth (Z,,), chlorophyll
concentration (C,), and photoperiod (D,,) were accounted for,
variability in the relative vertical distribution of primary pro-
duction could be adequately modeled with a simple formu-
lation consisting of a highly constrained, light-limited slope
and a variable, light-dependent photoinhibition term. The ge-
neric vertical profiles generated by this simple formulation
accounted for 86% of the observed variability in PP,, when
scaled to measured optimal assimilation efficiencies (PZ,,).
Our VGPM accounts for the relative light-saturated fraction
of the euphotic zone as a function of surface PAR (E,), but
requires estimates of far fewer input variables than do the
bio-optical models. Additionally, we found that inclusion of
estimated C, profiles did not improve model performance,
thereby permitting reduction of the VGPM to a single equa-
tion relating PP, to C,, Z,, D,, P%,, and E, Thus, our



e}

o A-
T 3000 - .
¥ . . .
£ i
o .
D 2000 - .
E e .o
g T AFdslis
e IR
—~ 1000 :
g A ¥ =0.72
o Balch & Byrne 1994
0 T I T [ T |
0 2000 4000 6000 8000
8000 — B
. i o )
¢ 6000 R
($ - ‘ . :
g 4000
2000
O
> r* = 0.86
0 T
0 2000 4000 6000 8000
10000
'.'_c :
N 4
£
¢ 1000 A
o) 1
E :
E il
O 100 7
> 1o = 0.87
l.lllll] T 1 lllll1|' T T T TTTTT
100 1000 10000
Measured Production (mg C m? d™)
Fig. 5. Comparison of measured and modeled daily depth-in-

tegrated primary production (PP,) from measured values for the
photoadaptive parameters, P, or P?,,, and (A)the P, /K, model
of Balch and Byrne (1994) (2 = 0.72) and (B,C) the simplified
VGPM (Eq. 10) where panel B is the normal axis (2 = 0.86) and
panel C is the logarithmic transformation (2 = 0.87). Improved

performance of the VGPM over the P, /K., model results primar-
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Fig. 6. Relationship between chlorophyll concentration at P5
(i.e. C,) and surface chlorophyll (C,) for all 1,698 observations
(r* = 0.94). Solid line indicates 1:1 correlation.

results illustrate that productivity algorithm performance in
estimating PP,, is critically dependent on the ability to ac-
curately represent spatial (i.e. horizontal) and temporal vari-
ability in PE_ . not vertical variability in P,.

The predominant influence of P2,, on model performance
implies that, given identical fields of chlorophyll, irradiance,
and euphotic depth, differences between productivity algo-
rithms in reproducing measured values of PP,, can be at-
tributed primarily to differences in P, estimates. Diverse
methods exist for estimating P?,, ranging from direct (e.g.
Eq. 11) and indirect (e.g. as a byproduct of establishing pa-
rameters for o, P%__., B; Morel 1991) formulations to cate-
gorization of oceanic biogeographical provinces (Longhurst
et al. 199%). In the following sections, we discuss different
methods for estimating P?,, or P2, estimate seasonal and
annual global primary production using the VGPM and C,,
images from the CZCS to illustrate the effect of our Ps,
model (Eq. 11) on geographical distributions of production,
compare cur estimates of global primary production with
previously published estimates for oceanic and terrestrial
systems, and discuss approaches for improving algorithm
performance.

Estimates of P®,, and P*,  —Spatial variability in PP is
influenced predominantly by variability in P2 . Platt and
coworkers (Platt and Sathyendranath 1988; Platt et al. 1991,
1992; Sathyendranath and Platt 1993; Longhurst et al. 1995)

—

ily from the irradiance-dependent VGPM function described by Eq.
9. n = 1,693 for all comparisons.
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have established parameters for spatial variability in P2 ,, by
defining biogeographical provinces with consistent photo-
synthesis—irradiance (P vs. E) characteristics. Such an ap-
proach is hindered by the lack of sufficient data to fully
characterize variability within each of the >50 provinces
identified by Longhurst et al. (1995). Predictive capacity of
provincially based models is also limited when boundaries
are defined geographically because natural environmental
variability ensures that these boundaries will not be static
over time, particularly if predicted changes in global climate
alter the frequency of wind-forced mixing events or ocean
circulation patterns (Manabe and Wetherald 1974). Thus, ef-
forts have been made to relate provincial boundaries to re-
motely sensed environmental variables, such as sea surface
temperature (Platt et al. 1992; Sathyendranath and Platt
1993).

An alternative approach to provincial mapping of P vs. E
variables is to identify principal environmental factors gov-
erning spatial variability in P?,, and then develop a series
of equations and parameters for these relationships. SST has
been a primary environmental variable used for developing
such relationships because enzymatically controlled rate pro-
cesses, such as PP, or P, should exhibit temperature-
dependence and because SST can be detected remotely. Un-
fortunately, research investigating relationships between
temperature and algal metabolism in the adapted state has

previously focused more on specific growth rates (u) than
on photosynthesis (Jorgensen 1968; Eppley 1972; Li 1980).
By consolidating independent results from numerous such
studies, Eppley (1972) described a positive exponential re-
lationship (Q,, = 1.88) between maximum attainable u and
temperature (Fig. 7). The model described by Eppley (1972)
has subsequently been incorporated into primary productiv-
ity algorithms, such as the bio-optical model developed at
the LPCM (Morel 1991; Antoine et al. 1996) that varies
Pz . as a function of the temperature-dependent variable
KPUR (1 = P8, = 6 for 1°C = T = 29°C).

The VGPM uses Eq. 11 to describe the observed increase
in P%,, between —1 and 20°C and subsequent decrease at
temperatures >20°C. Three fundamental differences exist
between the temperature-dependent relationship described
by Eppley (1972) and our P, model. First, the Eppley re-
lationship was developed for u and the P?,, model for pho-
tosynthesis, with different responses between u and P?_ be-
ing related to direct and indirect effects of temperature on
C: Chl ratios (Davison 1991; Maxwell et al. 1995; Geider et
al. 1996). Second, the curve described by Eppley increases
exponentially from —1 to 29°C, whereas the model for P
decreases above 20°C (Fig. 7). Finally, Eppley’s curve de-
scribes a maximum envelope for u, whereas the P?,, model
describes a median.

The P%,, model also differs from the relationship used by
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Fig. 8. Relationship between measured and modeled daily
depth-integrated primary production (PP,,), where VGPM estimates
are based on P%,, values calculated by means of sea surface tem-
peratures and Eq. 11 (> = 0.58; n = 1,013). Measured productivity
profiles with P%, >20-mg C (mg Chl)~' h™' were excluded from
this comparison (see discussion). Solid line indicates 1:1 correla-
tion.,

Balch et al. (1992) for comparisons between empirical pro-
ductivity models and the bio-optical model of Platt and Sat-
hyendranath (1988), where P” (their correlative to P%,, X
J.C,) was described as a negative exponential function of
temperature. In a subsequent report, Balch and Byrne (1994)
described P% ,, as a function of SST and a Michaelis-Menten
relationship between u and NO-; concentration, but again
this two-factor model for P# ,, describes a maximum enve-
lope and the P%,, model describes a median. Finally, al-
though common features exist between our P#, model and
the shape of Arrhenius curves for algal photosynthesis, these
functions differ because SSTs used in the P, model rep-
resent growth temperatures (Sakshaug et al. 1989; Cullen
1990), whereas Arrhenius curves describe tolerances over a
range of assay temperatures for phytoplankton from a single
growth temperature (Li 1980). In fact, within the relevant
range of SST, algal photosynthesis in the adapted state
should not be directly inhibited by increasing growth tem-
peratures (Li 1980). Observed decreases in P%,, above 20°C
must therefore be attributed to other factors associated with
regions of elevated SST.

Unexplained variance in P?, and disparity between tem-
perature-dependent functions used in productivity models in-
dicate that much work remains before PZ,, is properly char-
acterized. Although temperature alone will not be sufficient
to adequately model P? , it is clear that temperature is an
important factor regulating spatial variability in P, which
has the following implications regarding global oceanic pri-
mary production:

® Variability in SST occurs at spatial and temporal scales
far smaller than the limit imposed on the characterization
of biogeographic provinces by the availability of '*C-up-
take measurements and thus compromises such an ap-

proach for establishing parameters for P4, models.

® Large-scale oceanic primary production is critically linked
to SST and thus is acutely susceptible to alterations due
to current changes in radiatively important atmospheric
gas concentrations.

® Although chlorophyll concentration (an indicator of bio-
mass) alone may prove a sufficient indicator of change in
global productivity, it will not provide an accurate esti-
mate in the absolute change in carbon fixation (a measure
of biolcgical rate) because the ratio of chlorophyll per
unit carbon fixed is nonlinearly temperature-dependent.

VGPM estimates of oceanic carbon fixation—We calcu-
lated global annual phytoplankton carbon fixation (PP,,,,) to
illustrate the importance of temperature-dependent variabil-
ity in P%, on the geographical distribution of PP, and to
compare VGPM results with PP, calculations from other
models. VGPM estimates of PP,,, were made with monthly
climatological averages (1978-1983) of global C,,, as mea-
sured by the CZCS on the Nimbus-7 satellite. P?,, was mod-
eled with Eq. 11 and monthly climatological average SST
was derived from shipboard measurements and archived in
the U.S. Navy Marine Climatic Atlas. Climatological month-
ly average E, during the CZCS period, corrected for cloud-
iness, was provided by the NCAR data archives (Bishop and
Rossow 1991). Euphotic depths were calculated according
to Morel and Berthon (1989). Seasonal and annual global
production was calculated by integrating the VGPM monthly
estimates of PP,,. We assume that the contribution of pheo-
pigments to C, is negligible (Claustre and Marty 1995) and
equate C,, to total active chlorophyll. For comparative pur-
poses, we: also calculated PP, ,, by using a constant value
for P%, of 4.54 mg C (mg Chl)~' d"! (the median value of
P?, . from our productivity dataset) and an exponential model
for P4, following Eppley (1972) and normalized to 4.6 mg
C (mg Chl)~! d-* at 20°C to permit direct comparison with
LPCM results (Antoine et al. 1996).

The VGPM estimate of PP, with Eq. 11 for P?  was
43.5 Pg C yr' (i.e. petagrams C yr' = Gt C yr') (Fig.
9A). A constant value for P?, increased PP,,, by 7% to
46.5 Pg C yr~'. Replacing Eq. 11 in the VGPM by the nor-
malized exponential function of Eppley (1972) resulted in
an estimate for PP, of 42.9 Pg C yr~! (Fig. 9B), which is
not only close to the LPCM estimate of 45.6 Pg C yr~' but
is also similar in its geographical distribution (cf. our Fig.
9B with figure 3 of Antoine et al. 1996). All three models
for P2, resulted in distinctly different relative distributions
of PP,,,. From the perspective of modeling biogeochemical
carbon cycles, these geographical differences are at least as
important as the total carbon fixed because differences in the

opt

‘physical and biological characteristics of water masses influ-

ence the fractionation of biologically fixed carbon into that
which is rapidly respired within the euphotic zone and that
which is ultimately removed from the surface layer to rep-
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Fig. 9. Global estimates of annual (PP,,,) and seasonal (PP,,,) phytoplankton primary production using the VGPM, climatological
monthly mean CZCS C,,, sea surface temperature, and cloudiness-corrected surface irradiance. A. PP, calculated with the temperature-
dependent model for P? , described by Eq. 11. B. PP, calculated as in panel A but with the exponential temperature-dependent model
of Eppley (1972) normalized to 4.6 mg C (mg Chl)' h~' at 20°C, as by Antoine et al. (1996).
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Fig. 9 (contd). C-E PP, calculated with the P model described by Eq. 11 for March-May (C), June—August (D), September—
November (E), and December—February (F).
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resent a net loss of carbon from the atmosphere (Walsh 1984;
Bakun 1990; Wirick 1994).

The distribution of PP,,,, calculated with a constant P”

differed from results with the temperature-dependent func-
tions because of geophysical phenomena controlling global
SST distributions. For example, a constant value for P,
resulted in a relatively uniform distribution of productivity
across the northern North Atlantic. In contrast, productivity
calculated with Eq. 11 was considerably lower along the
western margin of the northern North Atlantic than in the
central and eastern regions because of a tongue of cooler
waters descending from the north along the northeastern
boundary of North America (Thurman 1985). Along the Ga-
bon coast of western Africa, Eq. 11 resulted in enhanced
estimates of production compared to results for a constant
P?,, and lower values compared to the exponential model
(cf. Fig. 9A and B) owing to the warmer, more stratified
water mass in the offshore reaches of this region.
Results for the three P2, models were particularly diver-
gent in regard to production within the central ocean gyres
‘and the Southern Ocean. Compared to the exponential mod-
el, Eq. 11 resulted in a more pronounced gradient in primary
production within the central ocean gyres, particularly in the
western boundary of the tropical Pacific where wind-driven
net transport of warm surface waters during non-ENSO years
results in unusually deep thermoclines, extreme nutrient de-
pletion in the euphotic zone, and high mixed-layer water
temperatures (a region commonly referred to as the Western
Pacific Warm Pool) (Thurman 1985; Lindstrom et al. 1987).
Use of Eq. 11 also resulted in lower production values along
the equatorial upwelling belts (Fig. 9A,B). Finally, estimates
of annual Southern Ocean productivity were greatest for the
constant P? , model and lowest for the exponential model
(Fig. 9B), whereas use of Eq. 11 resulted in a moderate
estimate for production in this region that was restricted pri-
marily to the Antarctic Convergence (Fig. 9A).

Seasonal global primary production (PP,,,,,) was remark-
ably consistent throughout the year, ranging from 10.4 Pg C
in winter (December—February) to 11.5 Pg C in summer
(June—August). The distribution of PP, however, varied
greatly (Fig. 9C-F). Extensive phytoplankton blooms in the
North Atlantic and continental shelf regions of the North
Pacific caused global PP, to be greatest in spring (March—
May) (Fig. 9C) and summer (Fig. 9D), despite considerable
blooms in the region of the Antarctic Convergence during
autumn (September—November) (Fig. 9E) and winter (Fig.
9F). As anticipated, irradiance (E;) had a prominent influ-
ence on PP, distributions, which is best illustrated during
summer (Fig. 9D) and winter (Fig. 9F) months. A result that
was not anticipated, however, was that removing the influ-
ence of cloudiness on E, (i.e. running the VGPM for clear
sky conditions) increased PP, by only 3.4% (i.e. to 45.0
Pg C yr'). This nominal effect of cloudiness is attributed
to the opposing effects of surface photoinhibition and light-
limitation at depth. Explicitly, estimates of PP,, become rel-
atively irradiance-insensitive as E, exceeds ~20 mol quanta
m~2 d-! because potential increases in PP,, resulting from a
deepening of the light-saturated region of the euphotic zone
as E, increases are offset by the simultaneous increases in

surface photoinhibition (however, see modeling photoinhi-
bition below).

Intermodel comparisons of oceanic production—We have
discussed a few of the many differences between productiv-
ity models. To see how these differences affect estimates of
PP,.., we compared the VGPM calculations with published
results from the LPCM (Antoine et al. 1996), the Bedford
Institute of Oceanography (BPM) (Longhurst et al. 1995)
bio-optical models, and a compilation by Eppley and Peter-
son (1979) (E&P) based on calculations by Platt and Subba
Rao (1975). The VGPM estimate of 43.5 Pg C yr~!' for PP,,,,
is only slightly lower than the LPCM (46.9 Pg C yr~') and
BPM (50.2 Pg C yr~!) estimates and is considerably higher
than the E&P estimate of 27.1 Pg C yr~!, which was based
on rough estimates of global chlorophyll concentration and
is generally considered an underestimate of PP,,,,.

Similarities and discrepancies between model estimates of
PP, are better illustrated by comparing geographical dis-
tributions of PP, . We used the five geographical divisions
(Pacific, Atlantic, Indian, Arctic, Antarctic) defined by An-
toine et al. (1996) to compare basin-scale distributions of
PP, .. for the VGPM, LPCM, and BPM models (Table 2).
For this comparison, BPM production estimates for each ba-
sin were recalculated from Longhurst et al. (1995) by sum-
ming provincial production values located within the geo-
graphical boundaries defined by Antoine et al. (1996). Thus,
BPM values in Table 2 for each ocean basin differ slightly
from values reported by Longhurst et al. (1995). Basin-scale
production: values for the E&P model are exactly as pub-
lished by Eppley and Peterson (1979) and are included for
first-order comparisons only, since these boundaries differ
from Antoine et al. (1996). Distributions of PP, were com-
pared further for the VGPM and LPCM models by using the
three trophic categories defined by Antoine et al. (1996)
based on annual average C,,, namely oligotrophic (C,, =
0.1 mg Chl m™?), mesotrophic (0.1 < C, = 1.0 mg Chl
m™?), and eutrophic (C,, > 1.0 mg Chl m™3).

Although methods for estimating critical photoadaptive
parameters differed most between the VGPM and BPM,
these two models exhibited the greatest similarity when rel-
ative basin scale distributions of PP,,,, were compared (Ta-
ble 2). The VGPM and BPM were particularly similar in the
percentages of PP, assigned to the Pacific, Atlantic, and
Indian Ocean basins and differed primarily in their estimates
of polar production. In contrast, the LPCM assigned a sig-
nificantly larger fraction of PP, to the Pacific and Indian
Ocean basins and lower fraction to the Antarctic basin than
did the VGPM or BPM. The relative contribution of the
Atlantic basin to PP,,,,, however, was remarkably consistent
for all three models and was even similar for the E&P es-
timate. Comparison of the VGPM and LPCM on a trophic
basis also revealed significant differences between modeled
distributions of PP,,,,. The LPCM assigned a relatively large
contribution of PP, to oligotrophic regions, whereas the
VGPM results indicated much lower oligotrophic than me-
sotrophic production. This discrepancy between trophic pro-
duction estimates can be traced directly to the different tem-
perature-dependent functions used in the two models for P?

opt
and P’ .. The positive exponential temperature function
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Table 2. Global annual phytoplankton primary production (Pg C yr~') calculated with the ver-
tically generalized production model (VGPM), Laboratoire de Physique ¢t Chimie Marines (LPCM)
model (Antoine et al. 1996), Bedford production model (BPM) (Longhurst et al. 1995), and the
Eppley and Peterson (1979) compilation (E&P).!Annual production is also shown for the five major
ocean basins defined by Antoine et al. (1996) (percentages of total production indicated in paren-
theses), as well as three trophic categories for the VGPM and LPCM models (subpolar plus global
in brackets).

VGPM LPCM* BPMt E&Pi
Global total 435 46.9 50.243 27.1
Pacific 16.7(38.3) 20.0(42.7) 19.4{%1(38.6) 9.1(33.7)
Atlantic§ 11.9(27.5) 11.3(24.0) 13.7\$3(27.3) 8.6(31.6)
Indian 6.2(14.2) 8.1(17.3) 6.5¢%(13.0) 6.0(22.0)
Arctic 0.4(0.9) 0.6(1.3) 1.4(2.8) 0.1(0.5)
Antarctic 8.3(19.1) 6.9(14.7) 9.2(18.3) 3.3(12.2)
Oligotrophic 10.3[10.51 16.2
Mesotrophic 22.0[26.4]|| 22.5
Eutrophic 3.6[6.6]|| 2.5

* All LPCM production values are for model results when the contribution of pheopigments to C,, is negligiblc.
LPCM production values were recalculated by D. Antoine with the identical CZCS pigment data used for the
VGPM calculations and thus differ slightly from results reported by Antoine et al. (1996).

T Annual production values for the BPM calculated with standard valucs for model variables are indicated by
the larger numbers. The superscript and subscript values are annual production estimates when nonalgal par-
ticles in turbid coastal waters reduce the active chlorophyll component of water-leaving radiance by 50% and
75%, respectively.

1 Division of annual production into the primary ocean basins is taken directly from Eppley and Peterson (1979)
and may not correspond cxactly to divisions described by Antoine ct al. (1996).

§ Annual production for the Mediterranean Sea is included in Atlantic ocean production.

[ The three trophic categories were defined using annual average C,, as oligotrophic—C,, = 0.1 mg m %
mesotrophic—0.1 < C;, = | mg m~% and ecutrophic—C,, > | mg m ? (Antoine et al. 1996). Trophic
productivity was reported by Antoinc et al. (1996) for latitudes between 50°N and 50°S. For comparison,
trophic production values for the VGPM arc shown for the same latitudinal band, but global values (90°N—
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90°S) are included in brackets.

used in the LPCM results in higher relative carbon fixation
per unit chlorophyll in warmer oligotrophic regions than in
cooler mesotrophic regions, whereas the VGPM associates
warmer regions with higher nutrient stress and suppressed
P? . These differences in PP,,,, distributions are particularly
critical if models of oceanic carbon fixation are used in glob-
al climate models for estimating the ocean-atmosphere CO,
exchange because the fraction of total fixed carbon repre-
senting new production differs between oligotrophic, meso-
trophic, and eutrophic regions (Eppley and Peterson 1979).

Functioning of the oceans in the biosphere—Model esti-
mates of global PP, (e.g. Table 2) can be used to examine
the efficiency of the photoautotrophic biomass in the oceans
relative to the available energy impinging upon the system
or in comparison to efficiencies for terrestrial systems. For
comparative purposes, we elaborate here on calculations of
ecosystem functioning previously reported by Antoine et al.
(1996). From a purely energetic viewpoint, the efficiency of
the oceans’ plant biomass can be evaluated from the ratio
of photosynthetically stored radiation (PSR) to photosyn-
thetically available radiation (PAR) (Morel 1978). The glob-
al PP,,, of 43.5 Pg C yr' calculated with the VGPM is
roughly equivalent to 1.7X10'® kJ yr~' PSR [assuming an
average conversion of 39 kJ gC-!' as described by Morel
(1991)]. PAR over the oceans, including the correction for
cloudiness, averaged 4.49X 10'® mol quanta yr~' during the
CZCS period, which is equivalent to 9.76X10% kJ yr—' PAR

[using the factor 2.77X10* quanta s~' kW' for the solar
PAR spectrum from Morel and Smith (1974)]. Thus, the ra-
tio of PSR:PAR gives a global average efficiency of 0.17%
for the conversion of PAR into photosynthetically fixed or-
ganic carbon, which is slightly higher than the value of
0.13% calculated by Morel (1991).

From a biophysical viewpoint, it is often more useful to
assess the photon requirement or yield of the oceans’ bio-
mass, as opposed to the energetic efficiency, because exci-
tons arriving at photosynthetic reaction centers are equally
effective in causing primary charge separation, regardless of
the energy (i.e. wavelength) of the absorbed photon. Photon
yield is easily calculated as the ratio of annually available
moles of photosynthetically active photons to annually fixed
moles of carbon, which gives an average of 1,250 photons
incident on the sea surface per fixed carbon atom.

A similar calculation can be made for the terrestrial plant
biomass using a net global annual carbon fixation rate of
between 50 and 65 Pg C yr~' (Lurin et al. 1994). The global
annual photon flux over land is ~2X10'®* mol quanta yr~!,
giving a terrestrial photon efficiency of ~375-500 photons
per atom of carbon fixed. Thus, the terrestrial component of
the biosphere is ~2.9 times more effective at harvesting the
available solar radiation than is the oceanic component, as
would be expected because the marine biomass must com-
pete with its strongly absorbing medium for light.

The global annual average C,, of 0.28 mg Chl m—3 can
be used to compare biomass-specific rates between oceanic
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and terrestrial systems. From Morel and Berthon (1989), a
C,, of 0.28 mg Chl m~3 would correspond to an average Z,,
of 56 m and a depth-integrated chlorophyll concentration
(C,,) of 22 mg Chl m~2 Combining C,, and the photon ef-
ficiency [i.e. (mol C/mol photons) X (1/C,)] results in a
global average estimate of 0.44 for the biomass-specific ef-
ficiency (W) of the oceans, nearly identical to the original
estimate of 0.43 for ¥ (Falkowski 1981). Assuming a C:
Chl ratio ranging from 40 to 100 g C (g Chl) ', the carbon
biomass of the oceans (area = 3.39X10'* m?) is between
0.30 and 0.75 Pg. With an annual budget of 43.5 Pg C yr !,
the average turnover time of the oceans’ biomass is 2—6 d.
In a similar manner, turnover time of the terrestrial plant
biomass was calculated as 13—16 yr (total biomass = 800
Pg C; total area = 1.43X10'* m?). Thus, compared to the
terrestrial system, the greatly reduced biomass and rapid
turnover time in the oceans implies a much lower capacity
for long-term carbon storage, unless a rapid mechanism for
sequestering fixed carbon and replenishing utilized nutrients
can be identified (Sarmiento et al. 1992; Sarmiento and Sie-
genthaler 1992; Falkowski 1994).

Improving the VGPM—Uncertainties in our global esti-
mates of PP,, can be subdivided into errors associated with
each of the five variables required by the VGPM, namely
P Ep Zy» C,y and Dy Photoperiod (D,,) is calculated
exactly and thus does not contribute errors to PP, estimates.
Daily surface PAR (E,) calculated for clear sky conditions
and corrected for cloudiness has an estimated error of <5%
and, when considered in conjunction with the insensitivity
of VGPM estimates to E, changes above ~20 mol quanta
m~2 d-', indicates that model errors in E, will have a neg-
ligible effect on global estimates of PP,,. Calculations of Z,,
based on C,, are less precise than E; estimates and have
associated errors of <15% in case 1 waters (Morel and
Prieur 1977; Morel 1988; Morel and Berthon 1989). In case
2 waters (Morel and Prieur 1977), errors in C,-based cal-
culations of Z_, are considerably larger (Kirk 1994), although
improvements in remote sensing algorithms for these regions
are progressing. Nevertheless, errors in PP, resulting from
Z,, estimates are of secondary importance compared to errors
associated with C,, and P% .

The predominant source of error in C,, does not result
from equating C,, to C,, (estimated error of <5%), but rath-
er from extracting C,, from remotely sensed measurements
of water-leaving radiance. CZCS satellite-pigment algo-
rithms (Clarke et al. 1970; Gordon and Clark 1980q,b, 1981;
Gordon et al. 1983) gave overall accuracies in phytoplankton
pigment (Chl a + pheopigment) of ~=*0.3 log units (Gordon
et al. 1983; Balch et al. 1992). Improvements in satellite
ocean color sensor optics and calibration, along with an in-
crease in the number of wavebands available for pigment
detection, will decrease the error in future C,, estimates. C,,,
errors are common to all productivity models and thus do
not contribute to model difference in the derivation of bio-
logical rates (i.e. PP,,) from measurements of biomass (i.e.
Co)-

The largest errors in VGPM estimates of PP,, are asso-
ciated with calculations of P“,,. Less than half of the ob-
served variability in P%,, is explained by our temperature-

dependent model (Eq. 11). Although we attempted to assem-
ble a methodologically consistent dataset, a portion of the
unexplained vatiance in P?, can still be attributed to factors
such as differences in incubation durations, chlorophyll mea-
surement techniques, and trace metal contamination (Fitz-
water et al. 1982). Uncertain data quality also contributes to
observed variability in P? ,, an issue that is difficult to eval-
uate objectively but cannot be ignored. An advantage of a
dataset with ~2,000 stations is that we were able to visually
inspect all 11,283 values for C, and P,. It soon became ap-
parent from these inspections that the most influential data
quality issue for our dataset, yet the most easily remedied in
the field, was errors associated with measurements of chlo-
rophyll. For example, Falkowski (1981) calculated that max-
imum light-saturated assimilation efficiencies should not
greatly exceed 25 mg C (mg Chl)~! h~' based on physiolog-
ical constraints for oxygenic photosynthesis. Maximum val-
ues for P?,, should therefore be slightly lower due to pho-
toinhibitior. at high E; and light-limitation near sunrise and
sunset. Indeed, virtually all P“  values >20 mg C (mg
Chl)~! h™! and many values >15 mg C (mg Chl) ' h~' could
be traced to anomalously low C, values [note that P% , ex-
ceeded 40 mg C (mg Chl)~' h~' at 11 stations, one of which
exceeded 100 mg C (mg Chl) ' h "!]. The anomalous C,
values were easily identified by the consistent values of C,
immediately above and below the anomalous sample and by
the uniform P, for all three depths. For example, in one of
the profiles from our dataset, C, and P, measured at 3, 6,
and 10 m had values of 0.22, 0.06, and 0.21 mg Chl m™3
and 12, 13. and 14 mg C m~* d-'. The anomalous C, value
(i.e. 0.06) resulted in a P” , for the profile of 22 mg C (mg
Chl)~! h~', which clearly was not representative for the pro-
file as a whole. C, errors are more common than P, errors
because most investigators include at least three replicate
bottles for measuring P,, but typically only one sample is
collected for C,. This problem could be easily remedied by
analyzing duplicate chlorophyll samples at each depth.

Although methodological inconsistencies and data quality
issues contribute to variability in P%,,, much of the unex-
plained variance is due to physiological adjustments by phy-
toplankton to variable growth conditions that cannot be ad-
equately accounted for by a single-factor P%,, model (e.g.
Eq. 11). Because P# , is the main variable controlling model
performance and the variable with the greatest uncertainties,
significant improvements in estimating oceanic primary pro-
duction will not be forthcoming without considerable ad-
vances in our ability to predict temporal and spatial vari-
ability in P%, . These improvements will require establishing
parameters for multiple relationships between P%,, and var-
ious environmental factors and should focus on mechanistic,
rather than statistical, relationships in order to foster en-
hanced predictive capacities of productivity algorithms.

As an initial approach, it may be advantageous to separate
factors influencing P* , into those affecting the normaliza-
tion of P,, to P% , and those related to physiological pro-
cesses regulating P,,. Included in the former category are
adaptive strategies related to changes in light quantity and
spectral quality (Falkowski 1981, 1984; Falkowski and Ow-
ens 1980; Falkowski et al. 1981). Light spectra at E,, vary
as a function of suspended particulate (including phytoplank-
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ton) and dissolved organic concentrations, whereas light
quantity varies primarily as a function of solar angle and
vertical mixing. Physiological adjustments to changes in
light quality affect Chl:accessory pigment ratios and alter
optical absorption cross sections (a*) (Kirk 1994; Babin et
al. 1996). Quantifying a relationship between a* and P” ,
could be particularly useful because upcoming ocean color
sensors (e.g. SeaWiFS) will incorporate additional wave-
bands for evaluating accessory pigment concentrations.
Light-shade adaptations to light quantity (Sakshaug and An-
dresen 1986; Berner et al. 1989; Sakshaug et al. 1989; Fal-
kowski and LaRoche 1991) likely have greater effects on
P2, than does light quality, but establishing parameters for
these responses in terms of remotely sensed variables will
be more challenging than assessing spatial differences in a*.
One approach may be to couple mixed layer depth and wind
stress estimates as an index of mean light exposure, since
light-shade adaptations are affected by both the depth and
rate of mixing (Cullen and Lewis 1988; Lande and Lewis
1989).

Mechanistic approaches will be particularly important for
developing parameters for relationships between remotely
sensed variables and factors regulating P,_,. Variability in P,
is mainly due to variability in light-saturated photosynthetic
rates (P,,.). P... can be equated to the cellular concentration
of functional photosystem 2 reaction centers (#) and the elec-
tron turnover rate (1/7) of the photosynthetic light reactions
(Falkowski 1980; Sukenik et al. 1987), where the product of
n and 1/7 under light-saturation is controlled by the concen-
tration and activity of the Calvin cycle enzymes. From this
physiological perspective, we can associate observed in-
creases in P”,, between —1 and 20°C (Eq. 11) with changes
in 1/7 resulting from the direct effect of temperature on en-
zyme activity (assuming division by C,, roughly accounts
for changes in P,, due to n). It is also clear that decreases
in P5, at >20°C are due to secondary factors associated
with elevated SST, since the direct effect of temperature
should cause 1/7 to increase at >20°C. Initially, we might
speculate that decreases in P?  at >20°C result from low
nutrient concentrations coincident with high SST (Balch and
Byrne 1994), since NO-, typically becomes undetectable at
SST between ~15 and 20°C (Zentara and Kamykowski
1977; Kamykowski and Zentara 1986; Balch and Byrne
1994). However, the physiological effect of nutrient limita-
tion is a simultaneous decrease in both n and 1/7, resulting
in only minor changes in P?,,, (Herzig and Falkowski 1989;
Chalup and Laws 1990). It is more likely that decreases in
Pt observed at SST >20°C result from other factors as-
sociated with nutrient-impoverished oceanic regions, such as
increased susceptibility to photoinhibition, larger respiratory
rates, or changes in species composition (Geider and Platt
1986; Geider et al. 1986; Gallegos 1992).

The single-factor P?,, model presently used in the VGPM
(Eq. 11) represents a statistical relationship that integrates a
diversity of physiological phenomena into a simple temper-
ature-dependent function. Improved VGPM performance re-
quires transformation of this single, statistical P”,, function
into multiple, mechanistic models (e.g. Balch and Byrne
1994) because relationships between SST and other factors

controlling variability in P%,, are not constant over space
and time.

Modeling photoinhibition—In the preceding section we
discuss the influence of errors associated with each  of the
VGPM variables on estimates of PP,,. Errors in the photo-
inhibition (B8,) model (Eq. 5) also affect PP, but are em-
bedded within the irradiance-dependent function (Eq. 8). B,
decreases the quantum efficiency of photosynthesis in the
upper water column, causing PP,, to be relatively irradiance-
insensitive at E, >20 mol quanta m~2 d~' (see also Morel
1991). Removing the effect of B, on the irradiance-depen-
dent function of the VGPM increases PP, by 4.4 Pg C
yr~' (total = 47.9 Pg C yr~') and enhances model sensitivity
to clouds (i.e. PP,,,, = 50.4 Pg C yr~' for clear skies and
no B,). Although these effects of B, are of secondary im-
portance to P2, they are of concern because B, is perhaps
the most poorly estimated photosynthetic variable measured
by long-term '“C incubations. Associated errors may reach
100% in certain cases. Photoinhibition results from exposure
to superoptimal PAR or ultraviolet radiation intensities and
is dependent on both dose and dose-rate (Prasil et al. 1992;
Behrenfeld et al. 1993, 1995; Nagy et al. 1995). Accurate
assessment of B, is therefore critically dependent on match-
ing incubation and in situ light exposures, a criterion that is
generally not met using standard '“C methods and results in
overestimates of B8, Because the goal of productivity mod-
eling is to estimate productivity in situ rather than to simply
reproduce “C uptake results, 8, models based on in situ
methodologies that do not require incubations should be de-
veloped.

Conclusions

The development of ocean productivity models has fol-
lowed a course of increasing complexity in an attempt to
account for unexplained variance between measured and
modeled PP,.. However, it is often not clear whether the
added complexity reflects more our level of understanding
about particular model variables than the importance of their
exact representation to predictive capacities of the model.
Consequently, there has been a tendency to develop models
with increased computational overheads that do not neces-
sarily correspond to increased model performance. We de-
veloped a dataset of '“C-based productivity measurements to
evaluate which factors, in addition to surface chlorophyll
concentrations, were responsible for observed variability in
PP,,. We found that scaling a simple formulation for the
relative vertical distribution of primary production by the
measured optimal assimilation efficiencies (P%,,) accounted
for 86% of the measured variability in PP,,. These results
indicate that productivity algorithm performance is primarily
dependent on the accuracy to which P?, can be modeled.
We suggest that improvements in P”, estimates require that
ecophysiological approaches be adopted that consider how
spatial variability in the physical and chemical characteris-
tics of different water bodics acts upon the physiological
state of natural phytoplankton assemblages. In other words,
improvement of productivity algorithms is dependent not on
improved mathematical formulation or finer detail in the
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physics of light attenuation and absorption, but on improve-
ment in our understanding of phytoplankton ecology and
photophysiology.

We may eventually look back to these early years of sat-
ellite oceanography and see that ocean color images, while

providing an unparalleled tool for global scale modeling,.

misled investigation of the factors controlling phytoplankton
production in the sea by focusing too much attention toward
pigments. Association of pigments with photosynthesis has
apparently misguided modeling efforts toward allowing the
process of light harvesting to become a primary factor con-
trolling variability in estimated production. From an ecolog-
ical perspective, light-harvesting capacity rarely, if ever, con-
trols variability in P,,. Compared to terrestrial plants, phy-
toplankton can experience tremendous variability in light
availability and thus they have developed elaborate mecha-
nisms to adjust their light-harvesting capacity to match
changes in irradiance at different time scales (Falkowski
1994; Geider et al. 1996). It is therefore reasonable to think
that production rates of phytoplankton are governed by basic
physical and chemical attributes within their immediate en-
vironment and to view the light-harvesting components of
photosynthesis as simply dynamic cellular machinery for
maintaining a sufficient flow of photochemical energy (over
a range of light intensities) to match the requirements for
the maximum possible growth rate dictated by these basic
environmental constraints. Such a perspective negates the
importance of light harvesting on variability in P,, and fo-
cuses our attention on identifying the physical and chemical
constraints of different systems. We must keep in mind that
the photophysiological characteristics of phytoplankton
within a given region are expressions of physiological ad-
justment to a multidimensional suite of environmental fac-
tors dictating the growth conditions experienced in situ at a
given moment.
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