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T H E  R O L E  O F  T H E  O C E A N S in Earth systems ecology, and the effects of cli-

mate variability on the ocean and its ecosystems, can be understood only by observ-

ing, describing, and ultimately predicting the state of the ocean as a physically forced 

ecological and biogeochemical system. This is a daunting but exciting challenge, be-

cause the ocean-atmosphere system is dynamically linked, and oceanic habitats are 

both diverse and complex, providing tremendous variety in environmental conditions 

and associated life forms. And paradoxically, as we learn more and more about ocean 

life, for example, through the genomics revolution (Doney et al., 2004), the number 

of unanswered questions increases. 

Models, be they conceptual, statistical, or numerical simulations, are useful and 

necessary tools for studying the complex interactions that in� uence ecosystem struc-

ture and function. Originally, a primary function of marine ecosystem models was to 

help in the development of understanding; also, they were applied in � sheries mod-

els to predict the abundance of speci� c commercial � sh stocks. Now, they are being 

asked to do much more. On local and regional scales, there is growing recognition 

that management of marine resources and assessment of human perturbations must 

encompass the whole ecosystem, not individual species. Extending further to basin 

and global scales, the potential impacts of global change present an immediate chal-

lenge, nationally and globally, to de� ne and execute responsive strategies, based to a 

large extent on the predictions of interdisciplinary global models that must be vali-

dated by comparison with measurements. Consequently, the ultimate objective of any 

comprehensive marine ecosystem modeling program must be the development and 

implementation of reliable forecast systems, guided by and validated with systematic 

observations of the sea. 

Oceanography  Vol. 19, No. 1, Mar. 200623
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Rapid development of capabilities 

in marine modeling, supported by in-

creased computer power and technical 

innovation in ocean observations, has 

set the stage for development of reliable 

interdisciplinary ocean forecast systems

—but the goal is ambitious and the 

challenges are great. Faithful and quan-

titative description and prediction of  

real ocean ecosystems requires an inter-

disciplinary, coupled, and data-assimila-

tive observation and modeling system. 

In other words, we must develop a holis-

tic modeling approach that describes  

environmental complexity with interact-

ing physical, ecological, biogeochemi-

cal, and optical component models that 

directly incorporate observations from 

a wide range of measurement systems. 

Each component of this systematic  

approach has its own stand-alone issues 

that are being addressed by specialists 

exploiting the latest research in their 

disciplines. Rapid and effective develop-

ment of ocean ecosystem models will 

depend on integration of this leading-

edge research through communication 

and coordination among a broad range 

of ocean scientists.

The PARtnership for ADvancing In-

terdisciplinary Global Modeling (PARA-

DIGM), a National Ocean Partnership 

Program (NOPP) funded entity, was 

established in response to this need. It is 

a coordinated, multidisciplinary team of 

scientists that is developing the model-

ing infrastructure to go beyond present 

approaches in pursuit of interdisciplin-

ary, predictive models of ocean ecosys-

tems that are guided by and validated 

with observations of the ocean over a 

broad range of scales. Toward this end, 

our immediate scienti� c objective is to 

improve our understanding of the mean 

state, seasonal cycle, and natural interan-

nual-to-decadal variability of global and 

basin-scale biogeographical patterns. This 

goal focuses our efforts on fundamen-

tally important questions: What factors 

combine to establish the makeup of the 

marine ecosystem in a given location? 

What combination of physical forcing 

and biological responses drives the ob-

served long-term variability and appar-

ent ecosystem regime shifts? How will 

ecosystems respond to future climatic 

and anthropogenic perturbations? The 

questions are addressed with a range of 

approaches; the synergies are achieved 

when results are considered together and 

applied to the development of the next 

generation of marine ecosystem models. 

Here, we describe some of our efforts 

and our vision of how they might be ap-

plied in the future.

Much of our research concerns fun-

damental problems confronting con-

temporary approaches to modeling 

marine ecosystems. At the forefront is 

the problem of complexity, driven by 

the growing recognition of (1) the var-

ied and distinct ecological and biogeo-

chemical functions of groups of marine 

microbes, and (2) details of planktonic 

behavior (e.g., grazing by different spe-

cies of zooplankton) that defy simple 

representations. Models can account for 

ecological complexity by incorporat-

ing more and more biological compo-

nents—functional groups—with dis-

tinct ecological roles, and by developing 

complicated mathematical descriptions 

of plankton behavior. However, these 

solutions con� ict directly with another 

primary problem in contemporary 

ecosystem modeling—the evaluation 

of models by direct comparison with 

observations. As described below, com-

plicated models have too many “knobs 

to turn” to be constrained with available 

observations, so that only the simplest 

simulations with only a few variables 

can be rigorously tested with compari-

sons to real-world measurements, and 

ultimately used in data-assimilation ap-

plications. Further, it is impractical to 

implement complicated models in glob-

al simulations because the computation-

al demands are too high. Fortunately, 

we are often not required to describe the 

speci� c details of ecological interactions 

The role of the oceans in Earth systems ecology, 

and the effects of climate variability on the ocean

and its ecosystems, can be understood only by

observing, describing, and ultimately predicting

the state of the ocean as a physically forced

 ecological and biogeochemical system.
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(e.g., feeding history of an individual 

zooplankter) but rather the overall im-

pact at a larger scale (e.g., total grazing 

by zooplankton). The solution, then, is 

to � nd robust, manageable rules to de-

scribe (i.e., parameterize) the integrated 

behavior of complex systems. Address-

ing the tension between the recognition 

of ecological complexity and the need 

for testable models is a major stimulus 

in the PARADIGM program. 

The intrinsic scales of ocean ecology 

present another challenge to interdis-

ciplinary ocean modeling. They are set 

by the growth and removal of the pri-

mary producers (phytoplankton) with 

time scales of one to a few days, and by 

the broad spatial-temporal spectrum 

of physical processes that in� uence pe-

lagic ecosystems (all together de� ned as 

a “multi-scale” problem). Our project 

scope, therefore, is inherently multi-

scale and encompasses the range of 

coupled dynamics of ocean ecology, bio-

geochemistry, and physics on time scales 

from hours to decades and horizontal 

scales from kilometers to global. Because 

of that, we employ a carefully construct-

ed hierarchy of regional, basin-scale, and 

global modeling efforts.

The goal of model-data fusion in in-

tegrated ocean observation and predic-

tion systems is a driver of PARADIGM. 

So, real data are important. The program 

includes a strong component of retro-

spective analysis for model development 

and evaluation, complemented with ex-

plicit efforts to exploit data from existing 

and planned ocean observation systems 

in model evaluation and for designing 

advanced data assimilation systems. Our 

models are designed to take advantage 

of global ocean color products (chlo-

rophyll a, primary production, water 

clarity indices, and others), sea surface 

temperature, surface winds, and surface 

height data (currents and eddies) that 

are routinely produced and distributed. 

New products, such as ocean surface sa-

linity (presently scheduled for 2009), are 

anxiously awaited. 

As we address the challenges of eco-

logical complexity, scales of variability, 

and model-data fusion, we collaborate 

on the development of novel approaches 

to ocean modeling, designed to exploit 

new information (e.g., from genomics), 

ideas (e.g., computer-generated natural 

selection) and technologies (e.g., inter-

disciplinary ocean observation systems). 

Our perspectives on future directions are 

presented here in the hope that they will 

contribute to the development of a truly 

revolutionary capability in oceanogra-

phy—reliable, data-driven predictions of 

climate and marine ecosystems. 
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CONTEMPORARY 
APPROACHES TO MODELING 
MARINE ECOSYSTEMS
Marine ecological modeling has under-

gone an exciting renaissance during the 

last decade (Doney, 1999). Concurrently, 

our understanding of marine ecosys-

tems has been continually challenged by 

knowledge gained through the applica-

tion of new tools to probe the ocean 

depths. In little more than a decade, a 

new group of microbial organisms, Ar-

chaea, has been found to inhabit much of 

the global ocean, a previously unknown 

group of microbes has been discovered 

that converts atmospheric nitrogen into 

the chemical forms that support ocean 

food webs and biogeochemical cycling, 

and new molecular and genomic tech-

niques are rendering obsolete many of 

our strongly held views of the form and 

function of marine ecosystems, such as 

our concept of a species (e.g., Venter et 

al., 2004; Doney et al., 2004; DeLong and 

Karl, 2005; Giovannoni and Stingl, 2005). 

As scientists developing and applying 

numerical models, we are confronted 

with this explosion of new knowledge 

and at the same time we are struggling 

to include “essential” complexity that we 

already know cannot be properly con-

strained with existing observations (e.g., 

Denman, 2003). If we are to incorporate 

realistic models of marine ecosystems 

into complex simulations of ocean cir-

culation and biogeochemistry in order 

to forecast the future state and behavior 

of our oceans, then we must overcome 

three daunting challenges. First, we must 

introduce suf� cient complexity to repro-

duce observed patterns of ocean phys-

ics, chemistry, and biology with some 

degree of con� dence. Second, we must 

learn how to capture the essentials of 

marine ecosystems in a suf� ciently par-

simonious manner so that these models 

can be constrained and evaluated with 

observations. That is, models must be 

simple enough that a suf� cient num-

ber of simulations can be performed to 

document the sensitivity of veri� able 

results to input data and parameteriza-

tions, so that multi-member ensembles 

can be generated to provide con� dence 

intervals on our forecasts, nowcasts, and 

hindcasts. Finally, for long-term climate 

projections, we must include the basic 

set of mechanisms that we think are rel-

evant on these longer time scales—even 

if they are not signi� cant on seasonal 

to interannual scales—and construct a 

system with enough adaptability to re-

produce ecosystem shifts in a changing 

climate. All along, we must be mindful 

of biological reality: the wonderful com-

plexity of ocean ecosystems will never be 

fully described with numerical models of 

the global ocean.

Specifying •Functional GroupsŽ
The earliest models of marine ecosys-

tems (e.g., Riley, 1946) explored the fun-

damental drivers of food-web dynamics 

using an idealized system comprising 

three components: nutrients, phyto-

plankton, and zooplankton (NPZ). Now, 

the preferred approach to modeling 

marine ecosystems has been to include 

a distinct compartment for each “func-

tional group,” loosely de� ned as a group 

of organisms or species that performs 

a particular role within the ecosystem, 

with respect to the problem being ad-

dressed (Hood et al., accepted). For eco-

system-based models of ocean biogeo-

chemistry, it has been necessary, but not 

necessarily suf� cient, to include a priori 

the following four groups, because of 

their distinct but important roles, both 

in food-web interactions and biogeo-

chemical cycling (Figure 1). 

1. Small phytoplankton (<10 µm) that 

grow and are consumed by small 

grazers in the surface layer, tying up 

nutrients and energy in a microbial 

food web, described below. We usually 

consider these to be the “background” 

community of phytoplankton in the 

open ocean, contributing signi� cantly 

to primary production but little to 

new production (including � sher-

ies) or export of organic matter to the 

deep sea (Peinert et al., 1989). In nu-

trient-poor subtropical gyres, the phy-

toplankton assemblage is often domi-

nated by the tiny (<2 µm) cyanobacte-

ria Prochlorococcus and Synechococcus.

2. Nitrogen-Þ xing bacteria and archaea 

(diazotrophs), which convert atmo-

spheric nitrogen gas to an organic 

form that ultimately increases the 

ocean inventory of nitrogen nutrients. 

Some diazotrophs � x both CO2 and 

N2 and can therefore have a major 

impact on ecosystem productivity, 

leading to a decoupling of nitrogen 

and phosphorus cycles. That is, if suf-

� cient phosphorus is present, the new 

N delivered by N2 � xation processes 

can lead to a net export of organic 

carbon from the surface layer over 

and above what might be supported 

by nitrate that is mixed from below, 

accompanied by dissolved inorganic 

carbon (Hood et al., 2004). Diazo-

trophs have a large requirement for 

iron, leading to important biogeo-

chemical feedbacks between atmo-

spheric dust deposition and the car-



Oceanography  Vol. 19, No. 1, Mar. 200627

bon and nitrogen cycles.

3. Larger eukaryotic phytoplankton   

(>10 µm), which are responsible for 

most sinking of organic carbon par-

ticles, either through direct sedimen-

tation or incorporation into fecal pel-

lets of larger zooplankton. Often, the 

large phytoplankton are dominated 

by diatoms, microalgae encased in 

beautiful siliceous frustules, that, if 

thick enough, can protect them from 

being crushed and eaten. Diatoms in 

iron-poor waters tend to be heavily 

silici� ed, suggesting that protection 

from being eaten compensates for low 

growth rates (Smetacek et al., 2004); 

in turn, diatoms in iron-rich waters 

require less Si relative to N to grow. 

The interactions among iron supply, 

nutrient cycling, food-web structure, 

and the vertical � ux of carbon are 

thus complex and delightfully chal-

lenging to model. 

4. Coccolithophorids are generally smaller 

phytoplankton, which produce CaCO3 

in addition to organic carbon. By re-

moving Ca2+ ions they reduce surface 

Figure 1. Oceanic photosynthetic microorganisms: (a) the prokaryotic Synechococcus, a key oceanic picoplankton species, especially in nutrient poor subtropical 
gyres, and one of the most abundant organisms on the planet; (b) colony of the cyanobacterium Trichodesmium (scale of image ~4 mm), a nitrogen “ xing spe-
cies common in warm, well-strati“ ed tropical and subtropical environments; (c) the diatom Fragilariopsis kerguelensis, which has a thick, strong siliceous frustule 
that can protect it from being crushed and eaten by small crustacean zooplankton (Hamm et al., 2003)„it dominates the silica ooze accumulating under the 
Antarctic Circumpolar Current; (d) the coccolithophorid Emiliania huxleyi, which forms intricate calcium carbonate plates (liths), changing alkalinity and sur-
face pCO2. Top two photos courtesy of E. Webb and J. Waterbury, Woods Hole Oceanographic Institution, USA. Bottom two photos courtesy of National Centre 
for Oceanography, Southampton, UK.
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alkalinity, increasing surface pCO2 and 

potentially reducing the ability of the 

oceans to take up atmospheric carbon. 

The sensitivities of coccolithophores 

to decreased pH in a high-CO2 future 

could have major consequences on the 

ocean’s capacity to sequester atmo-

spheric CO2 (Feely et al., 2004). 

These four functional groups of phy-

toplankton, incorporated into a model 

with multiple nutrients (N, P, Si, Fe), can 

describe many features of marine bio-

geochemical cycling (e.g., Moore et al., 

2002a). However, the set is by no means 

unique or universally applicable, because 

the problem being addressed should 

strongly in� uence the structure of the 

model that is being developed. The par-

simonious approach to model building 

could lead to simpler models for more 

limited questions, whereas more or dif-

ferent functional groups might be need-

ed to describe complex food webs or 

species succession.

The Microbial Food Web„
Microzooplankton and Bacteria
De� ning and/or generating functional 

groups of phytoplankton with their dis-

tinct biogeochemical functions and en-

vironmental sensitivities is only one step 

in the process of modeling the biological 

components of marine ecosystems. Eco-

logical processes must be described by 

modeling the fate of materials produced 

by each functional group. There are two 

basic pathways of material � ow from the 

phytoplankton in a functional or bio-

geochemical view of the marine ecosys-

tem. The � rst is the export pathway by 

which biogenic particles and dissolved 

organic matter are transferred from the 

surface ocean to the ocean interior be-

low. The second, and usually the larger, 

is the recycling pathway within the up-

per ocean, whereby respiration remin-

eralizes organic matter into inorganic 

nutrients and CO2; unicellular hetero-

trophic microbes (protozoans) and mi-

crozooplankton dominate this nutrient 

recycling. As a consequence of domi-

nance of primary production and recy-

cling by microbes, the ocean ecosystem 

has in essence a background recycling 

web of microbes and an episodic export 

food web of larger organisms (diatoms 

and copepods) (Figure 2). A major chal-

lenge is to represent the functions of ex-

port and recycling, and their control and 

variability in space and time, without 

expanding model complexity beyond 

tractable limits. 

The challenge is compounded by the 

realization that a wide range of physi-

ological and trophic capabilities exists 

besides the traditional autotroph and 

heterotroph modes—photoheterotro-

phy, for example (Doney et al., 2004). 

Current models now lag considerably 

behind new observations as far as incor-

porating recent genomic and ecological 

discoveries of the diverse and compli-

cated food webs in the open sea (Karl, 

2002). Despite the exploding genomic 

information on microbial organisms, 

our understanding of their role in regu-

lating elemental cycles is still insuf� cient 

to produce more than a crude “black 

box approach” to incorporating micro-

bial processes in models. One tactic is 

to apply the “background state hypoth-

esis,” whereby the microbial food web 

is a relatively stable presence in surface 

waters, through which nutrients escape 

to fuel larger cells, higher trophic lev-

els, and vertical � ux only when physi-

cal and biogeochemical perturbations 

supply nutrients to the surface layer in 

excess of the microbes’ ability to absorb 

them (reviewed by Cullen et al., 2002). 

This hypothesis is being tested within 

PARADIGM by analysis of � eld data, 

along with complementary modeling of 

food-web responses to varying nutrient 

supply, including purposeful fertilization 

with iron (Denman et al., in press). 

Model Closure and Mesozoo-
plankton„Emergent Behavior
Biogeochemical models typically include 

rather rudimentary representations of 

zooplankton dynamics, parameterizing 

the ensemble of all grazing processes 

with simple mathematical formulae. 

Moreover, zooplankton are typically the 

highest explicitly represented trophic 

level; thus they also act to “close” the 

set of model equations. Model results 

are known to be highly sensitive to the 

form of this closure (Fasham et al., 1990; 

Steele and Henderson, 1992). Critical 

questions that PARADIGM scientists 

are investigating include: Can we con-

tinue to develop biogeochemical models 

with little or no evaluation of predicted 

zooplankton dynamics or parameteriza-

tions? Can we represent mesozooplank-

ton meaningfully without any life history 

development? If not, can we represent 

the essence of life history development 

in a compact form? Such an alternative 

approach is now being attempted with 

behaviorally explicit numerical models 

that explore how zooplankton feeding 

strategies and morphological differences 

contribute to the ef� ciency of consump-

tion and recycling of particulate organic 

material in pelagic ecosystems.

Spurred by the need to simplify the 
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modeling of ecological interactions, a 

goal of the PARADIGM program is to 

capture emergent behavior (i.e., the de-

velopment of complex patterns from 

simple rules) that can manifest over the 

full range of spatial and temporal scales 

included in our model systems. For the 

modeling of grazing by zooplankton, our 

approach consists of realizing complex 

species and trophic interactions through 

the implementation of a computation-

ally ef� cient set of rules that govern 

the behavior and feeding of the indi-

vidual copepod species. This � rst step 

toward formulating these rules consists 

of developing simulations that explic-

itly track the distinct feeding methods 

of individual organisms representing 

three prominent tropical copepod spe-

cies: Clausocalanus furcatus, Paracala-

nus aculeatus, and Oithona plumifera. 

Three components of copepod foraging 

are speci� ed in this individual-based 

model—sampling ambit, area(s) of 

perception (sensory regions), and prey 

perception (size preference). The � rst 

two components utilize characteristics 

ascertained through careful behavioral 

studies (Figure 3) while the preference of 

grazers for larger prey is represented as 

increasingly reduced capture ef� ciency 

when prey diameter ranges below 15 µm. 

Accurate simulation of copepod foraging 

also requires a realistic prey � eld—one 

that is based on observed size spectra 

(Paffenhöfer et al., 2003). With these 

components in place, species-speci� c, 

size-partitioned grazing rates from the 

individual-based model results com-

pared well with the observational data 

(see Figure 4 in Wiggert et al., 2005). 

The simulation results indicate that 

adult copepod populations in an oligo-

trophic environment are limited by prey 

concentration and/or predation but not 

by resource competition—though this 

question must remain open until the 

full range of larval and juvenile growth 

stages is included (Wiggert et al., 2005). 

Additionally, the simulations demon-

strate that their various foraging behav-

iors allow each species to access distinct 

sub-domains of the prey spectrum; yet 

all three have the same prey concentra-

tion threshold above which their meta-

bolic needs can be attained. This implies 

that behaviorally induced prey size pref-

erences contribute to the coexistence of 

these copepod species in the dilute prey 

environment that they inhabit. 
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Figure 2. Oceanic plankton 
food web, after Laws et al. 
(2000). � e upper pathway 
initiated by large phytoplank-
ton contributes primarily to 
export from the upper ocean. 
�  e lower pathway starting 
with small phytoplankton 
results mainly in the recycling 
of nutrients. Solid arrows: 
” ows of organisms and par-
ticulate matter (detritus and 
fecal pellets). Dashed arrows: 
” ows of dissolved organic 
matter (DOM). Dotted ar-
rows: ” ows of regenerated 
inorganic nutrients. Note that 
all organisms leak DOM but 
not all ” ows are depicted for 
clarity. All consumers release 
inorganic nutrients but not all 
arrows are shown.
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Figure 3. Individual-based modeling of grazing by co-
pepods. Clausocalanus furcatus (a) is a fast continuous 
swimmer (Mazzocchi and Pa� enhöfer, 1999). Para-
calanus aculeatus (b) is a slow continuous swimmer 
that employs chemoreception and generates a feed-
ing current (Pa� enhöfer, 1998). Oithona plumifera (c) 
is an ambush predator that uses long feathered setae 
to sense for hydrodynamic signals emitted by its prey 
(Pa� enhöfer and Mazzocchi, 2002; Svensen and Kiør-
boe, 2000). Representative simulated sampling ambits 
are shown for each copepod species, with the cor-
responding sampling method illustrated in the inset 
diagram. � e start (large green star) and end (large 
blue star) points of each ambit are shown, along with 
intermediate steps (small black stars) at 50 second 
intervals. � e individual trajectories represent 5, 30, 
and 12 minutes respectively, with corresponding travel 
distances of 4.2, 1.3, and 0.6 meters. Redrawn from 
Figure 3 in Wiggert et al. (2005), with permission from 
Oxford University Press.

How Much Complexity is Enough?
Functional groups, generalized repre-

sentations of the microbial loop, and 

ef� cient representations of grazing rela-

tionships are all simpli� cations (i.e., pa-

rameterizations) of ecological complex-

ity that are needed to construct models 

that can describe regional to global vari-

ability in ecological processes. Recogniz-

ing the complexity of marine food webs 

and biogeochemical cycles, one could 

easily de� ne many more functional 

groups, food-web links, and grazing 

modes. However, each will require one 

or more new compartments in a model, 

and these must exchange material with 

many other compartments. Complexity 

rapidly becomes a problem: the number 

of parameters that must be speci� ed and 

constrained to regulate one-way � uxes 

between X compartments increases basi-

cally as X2/2 (Denman, 2003), assuming 

as well that only a single parameter is 

required to specify each � ux. 

Experience suggests that decisions to 

increase or decrease complexity depend 
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essentially upon the speci� c context. 

Fundamentally, we are trying to model 

both the behavior of living organisms 

and the processes that trigger changes 

in that behavior. In many ecosystem 

models, phytoplankton or zooplankton 

are treated not as individual cells or or-

ganisms but as an aggregated biomass 

concentration (e.g., mol phytoplankton 

carbon per cubic meter). A question to 

ask is whether there are alternative ap-

proaches to this so-called compartment 

or continuum method that might better 

capture changes both in ecosystem struc-

ture and in the behavior of individuals 

or groups of organisms, in response to 

changes in the ocean environment. 

So how can we proceed? Borrowing 

from the experience of other scienti� c 

communities studying complex systems 

(e.g., climate dynamics), we need to ad-

dress the problem from two distinct but 

complementary directions. First, using 

targeted observations and laboratory and 

� eld experiments, we need to continue 

to test and improve the functional forms 

and parameter values used to simulate 

speci� c processes. Second, we need to 

develop a comprehensive approach for 

evaluating the overall system behavior 

that results from coupling together the 

individual components (including phys-

ics). Because of the strong interaction 

among model components, individual 

parameterizations cannot be studied 

solely in isolation. Changes to one pa-

rameterization may require adjustments 

or “tuning” of other model parameters, 

many of which are not speci� cally well 

constrained from the available data. The 

data assimilation and parameter opti-

mization methods discussed below are 

invaluable in this regard because they 

provide an automated, objective method 

for judging the improved skill of a new 

parameterization in the context of the 

entire coupled system. 

We should aim to add complexity 

only where there are appropriate obser-

vations by which it can be constrained or 

evaluated (see Figure 4). As ocean obser-

vation systems develop and relevant data 

become more available, direct evalua-

tion of model results during incremental 

development of models will become an 

increasingly important tool. 

Ecosystem model development is 

problem-driven, and it is thus not sur-

prising that application of these prin-

ciples has followed two streams: one for 

biogeochemical or carbon cycle models, 

and one for � sheries-food web models. 

In PARADIGM, we are exploring and 

developing general principles of ocean 

ecosystem modeling that can be applied 

to both applications. Forging linkages 

between these two disciplines is espe-

cially timely given recent trends toward 

ecosystem-based approaches to � sheries 

management (NMFS, 1999).

A HIERARCHY OF COUPLED 
MODELS SPANNING MULTIPLE 
SCALES
Given the recognition that physically and 

chemically in� uenced ecological inter-

actions in the plankton occur on small 

scales, but that they are intimately linked 

with processes on larger scales extending 

to the global scale, a central PARADIGM 

challenge is to implement new and evolv-

Figure 4. Top-down approach to developing coupled ocean biogeochemical plus general circulation mod-
els: Start with a model aimed at improving our understanding, depicted by the solid line with arrows. 
•IterateŽ denotes many repetitions through this loop of developing, testing, and comparing with observa-
tions in a •hindcastŽ or retrospective mode. Eventually, modelers will step into the loop with the dashed 
line, where the objective is to simulate the future. Again, •iterateŽ indicates traveling around this loop 
many times, evaluating where the forecasts fail, identifying the weakness(es) in the model, then stepping 
back into the “ rst loop to add complexity to address the weakness(es) that have been identi“ ed. Ulti-
mately, data-assimilation modeling will be used as an integral component of the forecast itself. 
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ing ecological concepts within a hierarchy 

of coupled physical-biological numerical 

models representing a range of spatial 

and temporal scales. Due to both com-

putational constraints and limitations in 

our mechanistic understanding, no single 

modeling framework can capture the full 

range of relevant scales, which extend 

from millimeters to thousands of kilome-

ters in space, and from seconds to millen-

nia in time (Dickey, 2003). Global climate 

models resolve oceanic spatial scales from 

a few hundred kilometers to global, and 

temporal scales from a few days to many 

centuries. These models thus include dis-

tinct marine biogeographical regimes as 

well as the dominant modes of climate 

variability (e.g., the El Niño–Southern 

Oscillation, the North Atlantic Oscilla-

tion). Higher-resolution eddy-resolving 

regional models are being used on do-

mains ranging from coastal- to basin-

scales to explore the impact of speci� c 

physical and biogeochemical dynamics 

including the role of mesoscale eddies, 

continental-shelf processes, and coastal-

open ocean exchange. For any given 

framework, the sub-grid-scale processes 

(smaller or more frequent than that 

which can be explicitly resolved), and in 

some cases super-grid scale processes, 

must be parameterized, with often criti-

cal but poorly understood impacts on 

overall system behavior (Doney, 1999). 

PARADIGM uses models of several scales 

to explore these consequences.

Global BEC Community Model
An example of a model in the global cli-

mate-scale class is the PARADIGM cou-

pled Biogeochemistry-Ecosystem-Circu-

lation (BEC) “community” model. The 

BEC is a “community model” in the sense 

that the model code and solutions will be 

fully accessible by scientists within and 

outside of PARADIGM, and the model 

will evolve with time—and hopefully 

improve—based upon community input. 

(Model results are available at the web 

address http://usjgofs.whoi.edu/mzweb/

smppi/doney3.html.) This model ad-

dresses a major objective of the project, 

namely to assess our ability to construct 

an ecosystem model that contains the 

minimum ecological functions and state 

variables required to credibly represent 

major biomes from oligotrophic subtrop-

ical gyres to the iron-limited Southern 

Ocean, using a single set of model func-

tions and parameters. The global BEC 

simulation embeds a generalized multi-

element, multi-functional group ecosys-

tem module (Moore et al., 2004) and a 

marine biogeochemistry code (Doney et 

al., 2001, 2004) into the global three-di-

mensional physics of the Parallel Ocean 

Program (POP). It partitions primary 

production among small pico/nano-phy-

toplankton, siliceous diatoms, and nitro-

gen-� xing diazotrophs. Iron limitation 

is included in an explicitly modeled iron 

cycle. Calci� cation rates are incorporated 

to mimic the observed distribution and 

production of coccolithophorids and de-

pend on temperature and the growth rate 

and biomass of the model pico/nano-

phytoplankton compartment. 

The resulting coupled simulations 

reproduce known basin-scale patterns 

of primary and export production, air-

sea CO2 and O2 � uxes, biogenic silica 

production, calci� cation, nitrogen � xa-

tion, and the concentrations of chlo-

rophyll, macronutrients, and dissolved 

iron (Moore et al., 2004). The model 

solutions also capture the observed high 

nitrate, low chlorophyll (HNLC) condi-

tions in the Southern Ocean, subarctic, 

and equatorial Paci� c. These HNLC con-

ditions are generated in the simulation 

by low atmospheric dust deposition, low 

surface iron concentrations, and iron 

limitation of phytoplankton growth, par-

ticularly for the functional group of large 

diatoms that contribute the majority of 

the particle export � ux (Figure 5). 

Signi� cant biases, in particular exces-

sively broad HNLC conditions, arise in 

the Equatorial Paci� c in the coarse-reso-

lution simulations (3.6° longitude and 

0.9°–2.0° latitude); the errors are likely 

due to problems with the physical up-

welling patterns and model-derived ver-

tical � elds of nutrients along the equator. 

To more fully understand these biases, 

we performed an additional high-resolu-

tion (4/10° grid) simulation, con� gured 

the same way as one of the low-resolu-

tion experiments, and compared the 

results of both to satellite-based esti-

mates of chlorophyll (Figure 6). Clearly, 

increased spatial resolution of the model 

led to better � delity with observations in 

the tropics. Other comparisons are being 

conducted to discern which characteris-

tics of the solutions (e.g., errors) depend 

more on the formulation of the biologi-

cal model than on the spatial resolution 

of the simulation. 

The BEC model is a baseline for as-

sessing against � eld observations and 

remote-sensing data our current capabil-

ities in simulating coupled physical-bio-

logical dynamics across a range of differ-

ent biogeographical regimes. In addition, 

it is a laboratory within PARADIGM, also 

intended for use by the external scienti� c 

community, for applying and testing the 

lessons learned from more sophisticated 
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a) Diatom Growth Limitation in Mixed Layer (Annual Mean)

b) Diazotrophs Growth Limitation in Mixed Layer (Annual Mean)
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Figure 5. Spatial maps of the dominant factor limiting phytoplankton growth over the annual mean for (a) diatoms and (b) diazo-
trophs (nitrogen “ xers) from the PARADIGM global Biogeochemistry-Ecology-Circulation (BEC) simulations. Diazotrophs gener-
ate less than 1 percent of the total global primary production directly but indirectly support more than 10 percent of the global 
production through the creation and release of new bioavailable nitrogen into the nutrient-poor subtropical gyres. � e diazo-
trophs are predicted to be iron limited over much of the Indo-Paci“ c.
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ecological simulations, emergent behav-

ior, data assimilation experiments, and 

targeted regional simulations. 

Basin-Scale Regional Simulations 
As indicated in the comparison of re-

sults for models with differing spatial 

resolution (Figure 6), explicit descrip-

tion of processes on the scale of ten to a 

few hundred kilometers (the mesoscale) 

can greatly improve model performance. 

PARADIGM investigators are exploring 

the role of mesoscale processes in basin-

scale biogeochemical cycling (McGil-

licuddy et al., 2003). This research was 

originally motivated by the question of 

what processes supply the nutrients re-

quired to sustain levels of new produc-

tion implied by oxygen budgets in the 

main subtropical gyres (Shulenberger 

and Reid, 1981; Jenkins and Goldman, 

1985). Regional studies suggested that 

eddy-driven upwelling could supply the 

“missing” nutrients (McGillicuddy et al., 

1998). To test this hypothesis, a nitrate-

based model of new production has been 

incorporated into eddy-resolving (0.1°) 

POP simulations (Figure 7). The biologi-

cal model includes light- and nutrient-

limited production within the euphotic 

zone, and relaxation of the nitrate � eld to 

Figure 6. Five-year averages of surface chlorophyll (mg/m3) from the 
3º POP simulation, the 4/10º POP simulation, and the SeaWiFS 
satellite. In all cases where there are signi“ cant di� erences in the 
model simulations, such as the width of the equatorial regions 
and the eastern basin upwelling zones, the higher-resolution 
model agrees more closely with the data. Note that the di� er-
ences between the model and SeaWiFS chlorophyll concen-
trations should not necessarily be taken as problems with the 
model because the remote-sensing algorithms may be too high 
in some places, for example, northern high latitudes, because 
of the confounding e� ects of colored dissolved organic matter 
(Siegel et al., 2005).




































