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Introduction to the Joint Global Ocean

Flux Study (JGOFS)

L ittle was known about the role of the ocean in the global
carbon cycle during the first half of the 20th century. Although
earth scientists were aware that the ocean carbon reservoir was
about 60 timesthat of the atmosphere, a system-level understand-
ing of the ocean carbon cycle had not yet emerged. A few vi-
sionaries expressed concerns about the potential effect of fossil
fuel emissions on atmospheric temperature. But it was not until
the late 1950s and the International Geophysical Y ear that sci-
entists made a concerted effort to assess the influence of human
activities on atmospheric carbon dioxide (CO,) levels and thus
on global temperature. Atmospheric time-series measurements,
begun in 1958 at the summit of Mauna Loa in Hawaii, began to
show thought-provoking seasonal cycles and increasing concen-
trations of CO, in the atmosphere.

During the 1950s, scientists began to measure primary produc-
tion in the ocean using carbon-14 isotopes and to make new glo-
bal estimates based on the results. Their numbers (20-50 Pg C
yr™) were much lower than earlier ones based on bottle mea-
surements of dissolved oxygen in the ocean (50-130 Pg C yr™).
The global primary productivity maps that followed in the 1960s
and 1970s conveyed the message that the temperate and subtropi-
cal ocean basins had much smaller phytoplankton populations
and experienced much less seasonal and interannual variability
than either the continental margins or the polar regions. Tem-
poral and spatial variability in these vast ocean regions first be-
came known from ocean time-series work in the 1960s and from
the observations made by the satellite-borne Coastal Zone Color
Scanner in the late 1970s and early 1980s.

With the steady annual increase in atmospheric CO, established
by the time-series measurements at Mauna Loa, scientists de-
termined that roughly half of the fossil fuel emissions were re-
maining in the atmosphere. Other studiesindicated that the ocean
was absorbing agood part of the remaining anthropogenic CO.,.
About the same time, palaeontologists and geochemists mea-
suring the inorganic carbon chemistry of deep glacial ice cores
discovered that atmospheric CO, levels varied in phase with
warm and cold eras in the earth’s history. This discovery led to
speculation as to which biogeochemical and physical processes
in the ocean and on land contributed to the dramatic changesin
CO; levelsin the atmosphere.

Two later discoveries shattered the long-standing view that sea-
sonal changes did not affect the deep ocean. One was that deep-
sea organisms exhibited seasonal growth patterns, and the other
was that particle export into the deep ocean, captured in sedi-
ment traps, followed the seasonal cycles of primary productiv-
ity in surface waters. These observations linked the rapid bio-
logical processes that govern fixation of carbon in the upper
ocean with the slow physical circulation that ventilates the deep
waters and the chemical transformations that occur there. The
simultaneous publication of several papers describing the role
of ocean bhiological and physical processes in the regulation of
atmospheric CO, set the stage for the two large, synthetic ocean
studies of the late 1980s and 1990s, the World Ocean Circula-
tion Experiment (WOCE) and the Joint Global Ocean Flux Study
(JGOFS).
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Climatologists, geochemists, oceanographers and ecologists
agreed that a concerted effort to study earth systems was needed
to address the growing concern about global warming. By the
mid-1980s, several mesoscale ocean programs had been success-
fully completed, new satellite technology was emerging, and sci-
entists were addressing questions about ocean biogeochemical
cycles, increases in anthropogenic CO, in the atmosphere, glo-
bal warming and environmental change. With the establishment
of the International Geosphere-Biosphere Programme (IGBP),
planners developed a framework for envisioning interdisci-
plinary research in the context of earth systems science.
It took a combination of concern about environmental change,
technological advances, and political will, expressed in new
funding commitments, to reach this point.

An international and multidisciplinary program with participants
from more than 30 nations, JGOFS was launched in 1987 at a
planning meeting in Paris under the auspices of the Scientific
Committee of Oceanic Research (SCOR), a committee of the In-
ternational Council of Scientific Unions (ICSU). The SCOR re-
port that followed provided the scientific justification, goals and
objectives, organizational structure and recommended research
activities for an ocean biogeochemical observing program
(JGOFS Report No. 5, Science Plan, August 1990).

Two years later, JGOFS became one of the first core projects
of the International Geosphere-Biosphere Programme (IGBP).
Long-term time-series projects were begun at sites near Bermuda
and Hawaii in the fall of 1988. With leadership from scientific
committees in Canada, France, Germany, The Netherlands, the
United Kingdom and the United States, the North Atlantic Bloom
Experiment (NABE), amultinational pilot study for future proc-
ess-study projects in other ocean basins, got underway the fol-
lowing spring. The launching of JGOFS research with NABE
reflected the impetus provided by data from satellite-mounted
instruments and deep sediment traps, both of which identified
high-latitude blooms as conspicuous features of the ocean bio-
sphere.

The following pages outline the progress of JGOFS from its pre-
liminary pilot study to comprehensive observations and model-
ling studies worldwide. JGOFS achievements point the way to-
ward an integrated understanding of the role of ocean ecology,
circulation and carbon cycling in the whole earth system.

Roger B. Hanson

Executive Director

JGOFS International Project Office
Bergen, Norway

January 2001
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A New Vision of Ocean Biogeochemistry
After a Decade of the Joint Global Ocean

Flux Study (JGOFS)

Michael J. R. Fasham, Beatriz M. Balifio and Margaret C. Bowles (Editors)

Contributors: Robert Anderson, David Archer, Ulrich Bathmann, Philip Boyd, Ken Buesseler, Peter Burkill, Alexander Bychkov, Craig Carlson,
Chen-Tung Arthur Chen, Scott Doney, Hugh Ducklow, Steven Emerson, Richard Feely, Gene Feldman, Veronique Garcon, Dennis Hansell,
Roger Hanson, Paul Harrison, Susumu Honjo, Catherine Jeandel, David Karl, Robert Le Borgne, Kon-Kee Liu, Karin Lochte, Ferial Louanchi,
Roy Lowry, Anthony Michaels, Patrick Monfray, James Murray, Andreas Oschlies, Trevor Platt, Julian Priddle, Renato Quifiones,

Diana Ruiz-Pino, Toshiro Saino, Egil Sakshaug, Graham Shimmield, Sharon Smith, Walker Smith, Taro Takahashi,

Paul Tréguer, Douglas Wallace, Rik Wanninkhof, Andrew Watson, Jirgen Willebrand, and Chi Shing Wong.

The Joint Global Ocean Flux Study (JGOFS) has completed a
decade of intensive process and time-series studies on the re-
gional and tempora dynamics of biogeochemical processes in
five diverse ocean basins. Its field program also included a glo-
bal survey of dissolved inorganic carbon (DIC) in the ocean, in-
cluding estimates of the exchange of carbon dioxide (CO,) be-
tween the ocean and the atmosphere, in cooperation with the
World Ocean Circulation Experiment (WOCE).

This report describes the principal achievements of JGOFSin
ocean observations, technology development and modelling. The
study has produced a comprehensive and high-quality database
of measurements of ocean biogeochemical properties. Data on
temporal and spatia changesin primary production and CO, ex-
change, the dynamics of of marine food webs, and the availabil-
ity of micronutrients have yielded new insights into what gov-
erns ocean productivity, carbon cycling and export into the deep
ocean, the set of processes collectively known as the “biologi-
cal pump.”

With large-scale, high-quality data sets for the partia pres-
sure of CO, in surface waters as well for other DIC parameters
in the ocean and trace gases in the atmosphere, reliable estimates,
maps and simulations of air-sea gas flux, anthropogenic carbon
and inorganic carbon export are now available. JGOFS scien-
tists have also obtained new insights into the export flux of
particulate and dissolved organic carbon (POC and DOC), the
variations that occur in the ratio of elements in organic matter,
and the utilization and remineralization of organic matter as it
falls through the ocean interior to the sediments.

JGOFS scientists have amassed long-term data on temporal
variability in the exchange of CO, between the ocean and at-
mosphere, ecosystem dynamics, and carbon export in the
oligotrophic subtropical gyres. They have documented strong
links between these variables and large-scale climate patterns
such as the El Nifio-Southern Oscillation (ENSO) or the North
Atlantic Oscillation (NAO). An increase in the abundance of or-
ganisms that fix free nitrogen (N,) and a shift in nutrient limita-
tion from nitrogen to phosphorus in the subtropical North Pa-
cific provide evidence of the effects of a decade of strong El
Nifios on ecosystem structure and nutrient dynamics.

High-quality data sets, including ocean-color observations
from satellites, have helped modellers make great stridesin their
ability to simulate the biogeochemical and physical constraints
on the ocean carbon cycle and to extend their results from the
local to the regional and global scales. Ocean carbon-cycle mod-

4 © Royal Swedish Academy of Sciences 2001

els, when coupled to atmospheric and terrestrial models, will
make it possible in the future to predict ways in which land and
ocean ecosystems might respond to changesin climate.

INTRODUCTION

During the 12 years since its first field studies were launched,
the Joint Global Ocean Flux Study (JGOFS) has amassed a data
set of unprecedented scope and detail that is yielding new
insightsinto old questions about the role of the ocean in the glo-
bal cycling of carbon. The JGOFS decade has coincided with
and contributed to the blossoming of ocean biogeochemistry as
a discipline with a focus on the linkages among physical, bio-
logical and chemical factors in the production, transport and
transformations of carbon and other biogenic elements in the
ocean.

A comprehensive and quantitative understanding of the way
the ocean carbon cycle functionsis essential to our ability to pre-
dict the consequences of rising levels of carbon dioxide (CO,)
and other “greenhouse” gasesin the atmosphere. The importance
of the ocean in the natural regulation of atmospheric CO, levels
was recognized more than 60 years ago. However, lack of data
from many regions and the difficulty of making precise and ac-
curate measurements have, until recently, hampered calculations
of the distribution and amounts of carbon in various forms in
the ocean and the exchange of CO, with the atmosphere. Con-

Table 1. The Scientific Goals of JGOFS.

To determine and understand on a global scale the
processes controlling the time-varying fluxes of carbon
and associated biogenic elements in the ocean, and to
evaluate the related exchanges with the atmosphere,
sea floor, and continental boundaries.

To develop a capability to predict on a global scale the
response of oceanic biogeochemical processes to
anthropogenic perturbations, in particular those related
to climate change.

AMBIO SPECIAL REPORT 10, MAY 2001
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ceptual advances that fostered a better understanding of ocean
ecosystems and biogeochemical cycles were needed as well.
The JGOFS Science Plan, published in 1990, sets forth two
primary goals (Table 1). The strategy for addressing these goals
has included a series of process studies in regions of the ocean
that are thought to contribute the most to the flux of carbon be-
tween the ocean and the atmosphere, a global survey of dissolved
inorganic carbon (DIC) parametersin ocean waters, and several
long-term measurement programs at sites in key ocean basins
(Fig. 1). JGOFS is aso committed to the development of mod-
els that can assimilate results from field studies, produce accu-

Figure 1. JGOFS Field Programme.

rate large-scale descriptions of ocean biogeochemica phenom-
enaand predict oceanic responses to environmental changes. The
final component of the JGOFS strategy is a comprehensive and
accessible database of results.

JGOFS has completed a decade of field studiesin key regions
of the globa ocean. These studies have brought together data
on chemical fluxes, biological processes and the physical forces
that constrain them. They have substantially increased our un-
derstanding of the pathways by which carbon moves through the
ocean in various forms, organic or inorganic, in particles or dis-
solved in the water. They have also improved our knowledge

Extensive Studies

Global Survey of Carbon Dioxide in the Ocean

JGOFS investigators carried out measurements of inorganic
carbon system parameters on World Ocean Circulation Experiment
(WOCE) hydrographic sections, indicated here with red lines,
between 1990 and 1998.

Satellite image courtesy of SeaWiFS Project, NASA Goddard Space Flight Cen

Remote Sensing Measurements of Ocean Color

Data from ocean-color measurements aboard satellites are used to
estimate phytoplankton pigments in the euphotic zone of the
ocean. Results shown are annual averages from data collected by
the SeaWiFS sensor, launched into orbit in August 1997.

Intensive Studies

Time-series Observations

Red triangles mark the locations of JGOFS
time-series stations, some of which have
been operating for more than 10 years.

AMBIO SPECIAL REPORT 10, MAY 2001

Regional Process Studies

In the ocean regions marked in light blue,
JGOFS investigators conducted detailed

shipboard studies of key biogeochemical
processes in the ocean carbon cycle.
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Figure 2. The Biological Pump.
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of the ways in which biogeochemical systems vary over time as
well as from one region of the ocean to another; we know far
more about the effects of mesoscale processes and episodic
events than we did 12 years ago. Finally, the availability of re-
mote-sensing data from instruments on satellites is making it
possible to extend the inferences made from the JGOFS field
studies to regional and global scales.

This Special Report describes the case for studying the ocean
carbon cycle, some of the most significant findings from the
JGOFS field program, some of the results emerging from the
synthesis and modelling efforts currently underway, a summary
of major JGOFS achievements thus far, and a summary of the
work that remains to be done.

THE ROLE OF THE OCEAN IN THE GLOBAL
CARBON CYCLE

With 50 times more carbon dioxide (CO,) than the atmosphere,
the ocean contains the largest reservoir of carbon actively cir-
culating in the biosphere. Over the long term, the ocean carbon
cycle plays the dominant part in the natural regulation of CO,
levels in the atmosphere and their contribution to global tem-
perature. We have known since the 1970s that the ocean as a
wholeisa“sink” for CO, from the atmosphere. But we also want
to know how large this sink is, what processes govern its size
and distribution, and how it might change during future decades.

Before we can determine the distribution and fate of anthro-
pogenic CO,, carbon that is released into the atmosphere through
human activities such as the burning of fossil fuels or conver-
sion of forested lands into pasture or croplands, we must first
understand the natural cycle of carbon in the ocean. Depending
on whether the partial pressure of carbon dioxide (pCO,) in the
ocean is greater or less than that of the atmosphere, the gas is
taken up or given off by the surface waters. Also referred to as
dissolved inorganic carbon or DIC, total CO, is cycled within
the ocean in two ways, one physical and the other biological.

A number of processes govern the transport of carbon in the
ocean from the surface to deep waters and sediments of the ocean
floor aswell asits cycling among various organic and inorganic

6 © Royal Swedish Academy of Sciences 2001
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forms. CO, is more soluble in the cold surface waters of the
North Atlantic, North Pacific and Southern Ocean than it isin
warmer regions of the ocean; these colder and denser waters take
up the gas from the atmosphere and sink to form deep waters
that circulate slowly through the ocean. Although some of the
CO, absorbed in the polar regions s released elsewhere through
upwelling, this“physical (or solubility) pump” helpsto keep the
surface waters lower in CO, than the deep water, thus promot-
ing an overal flux of the gas from the atmosphere into the ocean.

Planktonic algae in the well-illuminated surface ocean or
euphotic zone take up nutrients and CO, through the process of
photosynthesis; the rate at which this process occurs is called
the primary productivity. Some of the organic matter thus cre-
ated is cycled through the food web in the upper ocean, and some
sinks to the bottom in particulate form, circulates through the
water column as dissolved organic carbon (DOC), or is
remineralized into DIC in the deeper waters. This “biological
pump,” illustrated in Figure 2, contributes to the gradient in CO,
concentration between the surface and the deep waters as well
as exporting carbon to the sea floor and sediments.

These natura cycles have been disrupted in recent times by
the addition of roughly 5.5 petagrams of carbon per year (Pg C
yr™) released into the atmosphere as a result of human activi-
ties. About 35% of this anthropogenic CO; is absorbed by the
ocean, most of it into the deep waters (Fig. 3). The traditional
assumption has been that the physical pump rather than the bio-
logical pump has been responsible for the increased uptake. Be-
cause phytoplankton growth is not, in general, limited by the
availability of CO,, increasesin the DIC concentration in the sur-
face waters do not increase primary productivity directly.

The biological pump could, however, be affected by changes
in atmospheric CO, levels and temperature in a variety of sub-
tler ways. If climate changes were to alter patterns of ocean cir-
culation, for example, changes would occur in the upwelling of
nutrients, such as nitrate or silicate, that are essential for the
growth of the phytoplankton in the euphotic zone. The distribu-
tion of trace metals such as iron that are required for algal me-
tabolism, could be affected as well. Researchers have discov-
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Figure 3. The Global Carbon Cycle.
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Figure based on the 1995 Intergovernmental Panel on Climate Change (IPCC) analysis with additions from JGOFS

results.

ered in the last few years that low iron concentrations in many
areas of the ocean have a significant effect on the rate at which
the algae grow. Most of the iron in the ocean is deposited by
winds blowing off the land. The amount thus supplied might
changeif the heating of the atmosphere were to strengthen winds
or alter their patterns.

The Ocean Uptake of CO,

The carbon flux numbers shown in Figure 3 represent asimple
summary of a complex reality. Some regions of the ocean re-
lease more CO, into the atmosphere than they absorb; others take
up more than they give off. Gas fluxes vary by season as well
as region; we now know that they are affected on longer time

Figure 4. The Flux of Carbon Between Ocean and Atmosphere.

Global map shows average annual exchange of CO, across the sea surface. Blue and purple colors denote regions in which the ocean takes up
large amounts of CO,; red and yellow colors denote regions in which large amounts of CO, are emitted into the atmosphere. Reprinted from (2).
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scales aswell by large-scale oceanic and atmospheric shifts, such
as occur in the El Nifio-Southern Oscillation (ENSO) cycle.

One of the most important achievements of the JGOFS glo-
bal CO, survey and other field programs is that we now have a
picture of how the ocean breathes in different parts of the globe
(1, 2). Figure 4 shows the average annual exchange of CO,
across the sea surface for all regions of the ocean. Blue and pur-
ple colors mark the regions in which large amounts of CO, are
taken up from the atmosphere, while yellows and reds mark re-
gions that give off the most CO, into the atmosphere. As this
picture was assembled, our knowledge about the processes that
regulate this exchange has matured.

Our observations suggest that the CO, “bulge” in the equato-
ria Pacific releases 0.8-1 Pg C into the atmosphere during a nor-
mal year; it is the largest continuous natural source of CO, in
the ocean. The primary cause is the vigorous upwelling that oc-
curs along the equator, driven by the divergence of surface cur-
rents. The cold upwelling water comes from relatively shallow
depths, a few hundred meters at most. As it warms on its jour-
ney to the surface, it holds less CO,. The gas trapped in the wa-
ter escapesinto theair.

Another important cause of the outgassing of CO, in the equa-
torial Pacific is the relatively low level of biological activity.
Although the upwelling water brings abundant nutrients to the
surface, the phytoplankton lack sufficient iron to make full use
of them. Dense “blooms” of large, fast-sinking phytoplankton

Figure 5. Anthropogenic Tracers in the North Atlantic.

Concentrations of
anthropogenic CO, and CFC-

seldom occur, and the export of carbon from surface waters to
the depthsis generally low relative to higher latitude waters.

We can also see from Figure 4 that the North Atlantic is the
most intense region for CO, uptake in the global ocean. As the
Gulf Stream and the North Atlantic Drift transport warm water
northwards, it cools and releases heat into the atmosphere. The
cooler water is more able to absorb CO,. The North Atlantic is
also one of the most productive ocean regions because of an
abundant supply of nutrients, including iron. Thus, in contrast
to the equatorial Pacific, biological and physical factors com-
bineto create a substantial, though seasonal, net flux of CO, from
the atmosphere into the North Atlantic. Other important uptake
regions are also those in which the surface ocean is cooled and
biological activity is high.

The overall features of the global ocean-atmosphere CO, flux
map owe their distribution to natural heat transport and biologi-
cal activity, processes that have been going on for thousands of
millennia. Where, then, is the ocean sink for the CO, produced
by human activities? In response to rising atmospheric concen-
trations, the natural ocean sources seem to have become dlightly
weaker while the natural sinks seem to have become slightly
stronger, leading to a net ocean uptake of 2 Pg C yr as CO,.

While readily observed in the atmosphere, the anthropogenic
CO, signal constitutes a small-scale perturbation of a huge natu-
ral flux in the ocean. Oceanographers have long tried to estimate
this fraction in order to improve our knowledge of the global
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budget of fossil fuel CO,. JGOFS investigators are now using a
new direct-determination technique based on differences between
pre-industrial and contemporary values of the DIC content of the
ocean, together with the data amassed during the global survey
of oceanic CO,, to make regional and global estimates of the dis-
tribution of anthropogenic carbon.

Results from the sub-polar North Atlantic (Fig. 5) show that
the whole water column is already contaminated with fossil fuel
CO,. This deep penetration is the result of the active deepwater
formation in thisregion. A comparison with chlorofluorocarbon
(CFC-11) data shows similar distributions. This may appear sur-
prising because CFC-11, an entirely man-made substance, has
only been introduced since the end of World War 1, while an-
thropogenic carbon has been entering the ocean for more than
two centuries. The answer liesin the rapid renewal of deep North
Atlantic waters, within which vigorous mixing between old and
newly formed deep-water parcels erodes the effects of differing
atmospheric histories. Within the North Atlantic, the northward
transport of DIC by the meridional overturning circulation rep-
resents an important source of the anthropogenic CO, currently
being stored in this region.

Similar results are emerging from studies of other ocean ba-
sins. Theinternational and multidisciplinary effort now underway
to put together a global ocean CO, data set and to calculate the
distribution of anthropogenic carbon will, for the first time, en-
able us to make comparisons between estimates derived from
observations and those generated by modeling simulations.

Ocean Food Webs

JGOFS investigators have carried out multinational, multi-ship
process studies in a number of ocean basins to study the details
of the complex food webs that make up the biological pump (Fig.
2). One of the many advances achieved has been the realization
that the largest portion of the primary production is consumed
by the smallest zooplankton, such as protozoa or the larvae of
larger zooplankton. These microzooplankton also graze on the
bacteria that consume the large quantities of DOC in seawater
produced by the phytoplankton and the feeding activities of
zooplankton.

Bacteriarecover carbon released in dissolved organic form by
other plankton and transfer it into the food web in what is called
the microbial loop. Very little carbon is exported by this route
to the deep ocean and sediments. The links in the classical ma-
rine food web, on the other hand, begin with the primary pro-
duction of larger algae such as diatoms and dinoflagellates, fol-
lowed by grazing by large zooplankton such as copepods and
euphausiids, and ultimately by the higher trophic levels. Al-
though only asmall percentage of the primary production passes
along this pathway, the production of large, fast-sinking faecal
pellets and aggregations of diatoms and other algae provide the
major part of the export of carbon to the deep ocean. The dis-
covery of massive fluxes of diatomaceous material into the deep
sea in the North Atlantic, illustrated in Figure 6, provided an
early inspiration for JGOFS and a key to understanding the con-
nection between plankton community structure and biogeo-
chemical flux.

It is becoming clear that different plankton communities are
characterized by different mixtures of bacteria, phytoplankton
and zooplankton, and that they vary considerably in their con-
tribution to the export of carbon into the deep ocean. Many eco-
systems seem to maintain a balance between production and con-
sumption for most of the year. In these systems, large export
events represent departures from this balance, usually caused by
physical phenomena such as mixing associated with storms, the
onset of monsoons, or the development of a seasonal thermocline
in spring.

In the North Atlantic, the warming of well-mixed surface wa-
tersin the spring gives rise to a strong bloom in which produc-
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Figure 6. The Flux of Biogenic Material to the Sea Floor.

Photographs illustrate the arrival of large quantities of diatomaceous
“fluff” at a depth of 4000 meters in the North Atlantic in July. This
material was derived from a spring bloom at the surface several weeks
before. The newly-arrived “fluff” blankets the sediment surface, giving
it a smoother appearance. (Photographs courtesy of Richard Lampitt
and Michael Conquer, Southampton Oceanography Centre).

tion exceeds consumption. Organic particles accumulate and
eventually sink. When nutrients are exhausted and the bloom
collapses, massive depositions like the one shown in Figure 6
can be seen within afew days to weeks on the sea floor 3000 to
4000 meters below the surface. Marginal ice-zone ecosystems
in the Weddell and Ross seas along the coast of Antarctica also
experience large blooms, followed by massive fluxes of parti-
cles to the deeper waters and the sea floor. Both these regions
have been explored in detail during JGOFS process studies.

In oligotrophic waters, such as occur in the subtropical gyres
near Bermuda and Hawaii, and in iron-limited ecosystems,
plankton communities are dominated by organisms smaller than
20 microns in size, and the algae are consumed almost com-
pletely by microzooplankton. Export of particulate organic matter
from the surface waters is minimal. JGOFS process studies in
the equatorial Pecific and in parts of the Arabian Sea, as well
as the ongoing investigations at the Bermuda Atlantic Time-Se-
ries (BATS) and Hawaii Ocean Time-series (HOT) sites, have
provided new information on these minimal-flux systems (4).

To achieve a predictive understanding of ocean biogeochem-
istry, we need more detailed knowledge about different ecosys-
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Figure 7. The Effect of Iron on Algal Growth.

During the IronEx Il experiment in the eastern equatorial Pacific, investigators fertilized an area of 64 km? with iron. Phytoplankton photochemical
quantum efficiency (the fraction of absorbed photons used in photosynthesis) increased in the area enriched with iron from less than 0.3 (blue) to
greater than 0.55 (red) in surface waters down to 30 meters depth. Reproduced from (8).

tem states and the transitions between them. We need to know
more about the biology of key species that characterize their dy-
namics and dominate fluxes. For example, the balanced, mini-
mum-flux systems can produce small blooms of diatoms when
they receive periodic inputs of iron during storms. JGOFS has
provided the first global-scale view of these processes and their
connection to biogeochemical flux patterns.

TheRoleof Iron

In most areas of the ocean, the strength of the biological pump
is controlled by the availability of macronutrients such as nitrate,
phosphate and silicate in the euphotic zone. Thisis not the case,
however, in the subarctic Pacific, the equatorial Pacific and the
Southern Ocean. These regions, often characterized as “high nu-
trient-low chlorophyll” (HNLC) waters, comprise about 30% of
the global ocean. An alteration in the magnitude of the biologi-
cal pump in HNLC regions could significantly affect the ocean’s
capacity to take up CO,. Therefore, researchersin the late 1980s
put considerable effort into investigating the factors that affect
algal biomass in HNLC regions, among them iron availability,
light levels and grazing control by zooplankton.

Because algae require iron for the synthesis of enzymes in-
volved in photosynthesis, respiration and nitrogen fixation, an
insufficient supply of this element may result in slow cell growth.
Paleoclimatological records obtained from the Vostok ice core
in Antarctica provide tantalising evidence of an inverse relation-
ship between iron supply to the ocean and atmospheric CO, lev-
els (5, 6). Does iron supply control the magnitude of algal
biomass in HNLC regions? Major improvements over the last
decade in the precision and accuracy of methods of measuring
very small amounts of iron and the availability of sulfur
hexafluoride (SFg), an inert chemical tracer detectable at low lev-
els, has made it possible to carry out in situ iron fertilization ex-
perimentsin the open ocean.

10 © Royal Swedish Academy of Sciences 2001

Two such experiments were conducted in the eastern equato-
rial Pacific in recent years, IronEx | in the fall of 1993 and
[ronEx |1 in the spring of 1995 (7). During IronEx 11, investiga-
tors mapped parametersinside and outside an iron-enriched patch
covering 64 sguare kilometers. They observed increases in the
photosynthetic efficiency, growth rate, biomass and production
of phytoplankton (Fig. 7), despite increased grazing by zoo-
plankton within the patch. They also recorded decreases in
macronutrient levels and in the partial pressure of CO, in the
surface waters. An observed shift from small phytoplankton to
large, fast-sinking diatoms confirmed that iron supply controls
stocks of large algal cellsin thisregion.

In January 1999, an international JGOFS team conducted an
in situ test of the iron limitation hypothesis in the Southern Ocean
2500 kilometers southwest of New Zealand and south of the
Antarctic Polar Front. Although the response of the biota was
much slower in the frigid antarctic waters than in the equatorial
region, participants in the Southern Ocean Iron Release Experi-
ment (SOIREE) obtained results similar to those observed dur-
ing IronEx Il (9). Because the vertical exchange between deep
and surface waters is more rapid in the Southern Ocean than in
the equatorial Pecific, however, we can hypothesize that verti-
cal export processes are more sensitive to increased iron supply
in the former region than the latter.

The Export of Carbon from the Euphotic Zone

One of the main goals of JGOFS is to determine rates and
amounts of organic carbon exported from the euphotic zone into
the ocean interior. Before JGOFS, the conventional wisdom dic-
tated that, at steady state, the export of particulate organic ma-
terial should equal the new production, which is the portion of
total primary production that is driven by new nutrients (prima-
rily nitrate) entering the euphotic zone.

Among the methodol ogical advances made during JGOFS has
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Figure 8. Primary Production and the Flux of Particulate Organic Carbon.
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been the development of techniques for using thorium 234
(*'Th), arelatively short-lived decay product of uranium 238 that
sticks to particles, as a means of tracing the export flux of
particulate organic carbon (POC) in the ocean (10). Data from
JGOFS studies that used **Th to trace the export of carbon from
the upper ocean show that low export of POC relative to pri-
mary production is characteristic of much of the ocean. The over-
all ratio of export to production is less than 5-10% (Fig. 8). Ex-
ceptions to this pattern generally occur during episodic events,
such as spring blooms at mid- and high latitudes, and export
pulses, such as those associated with the end of the southwest
monsoon in the Arabian Sea in late summer. Ecosystems in
which high export occurs are often characterized by the pres-
ence of large phytoplankton, especially diatoms.

A new aspect of this story was revealed during JGOFS when
investigators discovered that a significant fraction of the export
flux was in the form of dissolved organic carbon (DOC). Proc-
ess studies in the equatoria Pecific showed that the export flux
of POC was less than new production at most stations; the dif-
ference between the two was used to estimate the role of DOC
as a sink for new production. Carbon budgets constructed for
the US JGOFS time-series sites near Hawaii and Bermuda show
that DOC export is an important component of total export in
the subtropical oligotrophic gyres aswell. Although quantitative
estimates of these fluxes are difficult to make, recent calcula-
tions suggest that DOC contributes up to 20% of total carbon
exported from the surface ocean to the depths. The ratio of DOC
to POC varies, however, over time and from one region to an-
other.

Deep-sea Fluxes

The dead organic matter that makes up the POC export settles
into the deep ocean and is mostly remineralized there, produc-
ing CO, that is removed from exchange with the atmosphere until
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the deep water returns to the surface over centuries or millen-
nia. Some of this carbon eventually reaches the ocean floor,
where it is buried in the sediments and sequestered from the at-
mosphere for millions of years. Changes in these processes can
produce changes in the atmospheric balance of greenhouse gases.
The remains of organisms and inorganic particles deposited in
the sediments also yield insights into past oceanic processes, in-
cluding changes in ocean productivity associated with the wax-
ing and waning of the ice ages.

Deep moored sediment traps deployed in many parts of the
global ocean have provided insights into the regional and tem-
poral distribution of fluxesinto the deep sea. In general, the pro-
portion of primary production reaching the deep sea does not
vary much with latitude. On the global scale, about 1% of the
total net primary production, equivalent to about 0.34 Pg C
yr, reaches the deep sea below 2000 meters. The Southern
Ocean isthe region that exports the highest proportion of its pri-
mary production (3%) while the equatorial Pacific exports the
lowest (1%). Some of the regional export fluxes, as measured
at 100 and 1000 meter depths, are shown in Table 2.

Table 2. Regional export fluxes (% of primary productivity)
measured during JGOFS.

Ocean Basin Export at Export at or >
100 m 1000 m
Equatorial Pacific 2-7 1
Arabian Sea 5-10 (20") 1.7
Southern Ocean 0 3

* Export flux (%) during monsoons
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Data from deep moored sediment traps and benthic samplers
can be used to validate our conceptual and mathematical mod-
els of the flux of POC from surface ocean to seafloor. Although
models must reflect our understanding of upper ocean food webs
and the transformations that organic carbon undergoes as it sinks
through the water column, they are ultimately constrained by the
numbers derived from deep-ocean measurements of carbon flux.

Theratio of silicato calcium in the particle rain provides evi-
dence about the type of phytoplankton that is predominant in the
primary production in a given region or season of the year, in-
formation that is relevant to the uptake of CO, from the atmos-
phere. Regions that are rich in silica support the growth of dia-
toms, which use this element to form their hard shells. Regions
that lack silicafavor the growth of coccolithophorids, which form
shells of calcium carbonate.

The ocean biological pump operates in two somewhat differ-
ent modes depending on the availability of silicain surface wa
ters, which varies from season to season in some locations as
well as from region to region. Because the formation of calcium
carbonate shells, unlike silica shells, releases CO, into the wa-
ter, less CO, is taken up in the surface ocean when the biologi-
cal pump is operating in what we might call “carbonate mode.”
More organic than inorganic carbon is delivered to the depths
when the pump is operating in “silicamode”; the ratio is reversed
when it is not.

Since direct measurements of deep ocean respiration are still
rare, global estimates of its magnitude have been extrapolated
from empirical relationships. Such estimates indicate that the res-
piration of the organisms below 1000 meters totals 1.2 x 10
moles of oxygen per year, and that 45% of all respiration in the
deep sea occurs at the sea floor (Fig. 9). This result implies a
global organic carbon flux to the deep sea floor of approximately

Figure 9. Carbon Fluxes into the Deep Ocean.

0.2 Pg C yr, afigure that agrees well with estimates based on
sediment trap samples and primary production measurements.

BUILDING THE GLOBAL VIEW:
THE EXTENSIVE STUDIES

The JGOFS research strategy was built on the premise that our
capacity to describe ocean biogeochemical cycles and to predict
their response to anthropogenic perturbations depends upon link-
ing local and regional measurements of biogeochemical proc-
esses to large-scale observations of critical properties. The re-
search programme, accordingly, included extensive surveys of
such oceanic properties as dissolved inorganic carbon (DIC) con-
centrations, the partial pressure of carbon dioxide (pCO,) in air
and sea, phytoplankton pigments, nutrients, temperature and sa-
linity in addition to the intensive process and time-series stud-
ies conducted in selected regions of the ocean (Fig. 1). The goa
of the extensive studies has been to build global data sets that
could improve descriptions of biogeochemical variability and in-
ventories of critical elements, elucidate links between physical,
geochemical and biological processes and phenomena, and pro-
vide the means of evaluating global-scale modeling results.

Calculating the Productivity of the Ocean

Regional differencesin the ocean have distinctive effects on the
processes that govern the way the biological pump functions.
JGOFS investigators have pursued two different strategiesto as-
sess the spatial and temporal variability of primary production
at regiona to global scales. In one approach, the global ocean
isdivided into “provinces,” within which biogeochemical cycles
are considered to be structurally homogeneous. Despite this spa-
tial homogeneity, however, biogeochemical cycles everywhere

Global map of seafloor oxygen flux shows respiration of organisms on the deep-sea floor, based on direct measurements of benthic

oxygen. Reprinted from (12).
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in the ocean are strongly affected by seasonal changes and epi-
sodic events, such as storms, monsoons, windborne iron depo-
sition, upwelling or eddies, that have an impact on the major
pathways of the carbon cycle.

These regional differences make it a challenge to measure the
primary production of the great ocean basins. The problem is
one of phytoplankton physiology. If we know the biomass of
the algae, the level of irradiance at the sea surface and the pho-
tosynthetic response per unit of algal biomass and irradiance, we
can then estimate the primary production in a given area of the
sea surface. The first difficulty, however, is that the biomass of
phytoplankton, as measured by its chlorophyll concentration, has
a dynamic range in the ocean of more than 4 orders of magni-
tude. Therefore, this method will not yield useful large-scale re-
sults unless we can measure phytoplankton on synoptic scales.

Remote-sensing measurements of phytoplankton pigment lev-
els in the surface ocean can provide the information we need.
The Coastal Zone Color Scanner (CZCS) radiometer, the first
satellite-mounted ocean color instrument, measured pigmentsin
every part of the global ocean from 1978 until 1986. JGOFS in-
vestigators made use of the archived data from CZCS measure-

Figure 10. Measuring Global Ocean Production From Space.

ments to produce the first global maps of annual primary pro-
duction. Given knowledge of average conditions over regions
and seasons for levels of chlorophyll and surface irradiance de-
termined from the CZCS data, they used the photosynthetic re-
sponse of the algae arranged by region and season to calculate
primary production.

In another approach, investigators relate variations in photo-
synthetic parameters to one or more independent variables, such
as temperature, mixed-layer depth or light. Global seasonal-to-
annual estimates of primary production are now being derived
from data on phytoplankton pigments measured by the Sea-view-
ing Wide Field-of-view Senor (SeaWiFS), which was launch-
ed into space in 1997 (Figs. 10aand b).

These two approaches yield similar global estimates of pri-
mary production. The latter method, however, does not make ref-
erence to the physical location of a chlorophyll sample but rather
assumes that common variables operate throughout the ocean.
Another oceanographic satellite sensor, the Advanced Very High
Resolution Radiometer (AVHRR), detects variations in ocean
temperature fields on the same time and space scales as the vari-
ations in chlorophyll detected by SeaWiFS. These data make it
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possible to set the dynamics of marine ecosystemsin their physi-
cal context.

Mapping the Exchange of CO, between Ocean and
Atmosphere

Sound scientific knowledge about the fate of anthropogenic car-
bon emitted into atmosphere is essential as governments debate
plans for emissions control and carbon storage. Among the goals
of JGOFS is to improve our understanding of the role of the
ocean as a sink for anthropogenic CO,. Achieving this goal re-
quires the construction of global ocean inventories of both total
inorganic carbon and the anthropogenic fraction and the devel-
opment of better estimates of the distribution, intensity and
seasonality of the exchange of CO, between the ocean and the
atmosphere.

One of the fundamental components of the overall JGOFS
strategy has been a global survey of dissolved inorganic carbon
(DIC) in the ocean. Precise and accurate measurements of DIC
are critical to assessing the uptake of carbon in the oceans and
to understanding the physical and biogeochemical processes that
are responsible for regulating the flux of CO, across the air-sea
boundary.

The global survey of CO, in the oceans was carried out in
cooperation with the World Ocean Circulation Experiment
(WOCE), which measured hydrographic features, nutrients, oxy-
gen and man-made tracers such as chlorofluorocarbons on a se-
ries of transects between 1990 and 1998. JGOFS scientists meas-
ured basic parameters of the ocean carbonate system on more
than 40 WOCE Hydrographic Programme transects, covering
nearly every major region of the global ocean.

The survey began in the South Atlantic in early 1990 and
ended in the North Atlantic in 1998. More than 100 000 sam-
ples were collected and analyzed for total DIC, the partial pres-
sures of CO, in the water and atmosphere, total akalinity and
pH, an order-of-magnitude increase over the quantity of data col-
lected by the last global carbon survey in the 1970s.

Building a globa picture of the exchange of CO, between
ocean and atmosphere requires accurate and comparabl e results.
One of the accomplishments of the JGOFS survey has been an
extraordinary advance in the accuracy and precision of meas-
urements. It was achieved through the development and use of
standard methods and certified reference materials for calibrat-
ing instruments and the development of automated seagoing
analyzers, which were used on the majority of survey cruises.

The global survey of CO, has yielded data on the magnitude
of the exchange between ocean and atmosphere and the distri-
bution of regions that take up or release CO, (Fig. 4). JGOFS
investigators are using these data to produce estimates of the glo-
bal annual ocean uptake of CO, as well as estimates of the
amounts, distribution and transport of the anthropogenic CO, that
has penetrated the ocean since the industrial revolution (Fig. 5).
New information is emerging on seasonal cycles in the flux of
CO, between the ocean and the atmosphere. Finaly, inventories
and flux estimates derived from CO, survey data will provide
powerful constraints on efforts to model global carbon fluxes.

REGIONAL DIFFERENCES: THE INTENSIVE
STUDIES

The following sections present highlights of JGOFS studies in
major ocean basins over the past decade, focusing on the effects
of regional differences on the global carbon cycle.

The Equatorial Pacific

As the largest natural oceanic source of carbon dioxide (CO,)
released into the atmosphere, the equatoria Pacific plays acriti-
cal rolein the global carbon cycle (13-15). Upwelling along the
equator brings water rich in nutrients and dissolved inorganic

14 © Royal Swedish Academy of Sciences 2001

carbon (DIC) to the surface in aregion that extends, during nor-
mal years, from the coastal waters of South America as far west
as 160°E. Physical processes and hiological productivity con-
trol the magnitude of this source of CO, from year to year.

The western limit of the upwelling region is well defined by
afront with marked changesin temperature, salinity, nitrate and
chlorophyll levels and the partial pressure of CO, (Fig. 11a). The
position of this front, which affects the east-west extension of
the equatorial upwelling and thus the overall amount of CO, ex-
ported to the atmosphere, depends on a set of oceanic and at-
mospheric conditions associated with El Nifio-Southern Oscil-
lation (ENSO) cyclesin the Southern Hemisphere.

One of the hypotheses of JGOFS research in the equatorial
Pacific has been that variations in the air-sea exchange of CO,
related to ENSO cycles have a major effect on the extent to
which this region serves as a source of CO, to the atmosphere.
During El Nifio events, easterly trade winds in the equatorial

Figure 11. Climate, Physics and the Air-Sea Flux of CO, in
the Equatorial Pacific.

a: The western limit of the upwelling region that releases
CO; into the atmosphere in the equatorial Pacific is
marked by clear changes in biogeochemical features.
(Courtesy of Robert Le Borgne, Centre Oceanologique de
Marseille).
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Pacific weaken and reverse, and the warm pool of the western
Pacific moves east. Kelvin waves propagate from west to east,
depressing the thermaocline in the east, while Rossby waves gen-
erated by the weakened trade winds cause the thermocline in the
west to shoal.

Data from JGOFS studies in the region show that these proc-
esses reduce pCO, in the surface water at the height of El Nifio
events and thus reduce the flux of CO, from the ocean into the
atmosphere. About 0.2 to 0.4 PgC yr are released to the atmo-
sphere from the equatorial Pacific during strong El Nifio events,
such as occurred in 19971998, less than half of the 0.8-1.0 PgC
yr released during non-El-Nifio periods (Fig. 11b). This dif-
ference is enough to account for approximately one-third of the
atmospheric anomaly during an El Nifio period.

During decades dominated by strong El Nifios, such as the
1990s, the ocean retains several petagrams more carbon in the
form of CO, than it does during normal periods. We can con-

c: During a cruise in August 1992, JGOFS investigators
encountered a “line in the sea,” a convergent front located
at 2°N, 140°W. The area in this photograph from the space
shuttle Atlantis is roughly 100 km?. Reprinted from (16).
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clude that ENSO cycles are a major controlling factor in the
interannual variability of the exchange of CO, between the ocean
and the atmosphere.

JGOFS studies in the equatorial Pacific have substantially im-
proved our knowledge of biological aswell as physical controls
on regional carbon fluxes. We have found that the rates of bio-
logical processes are much more variable and the export of
particulate organic carbon much lower than expected. Additional
carbon is exported in dissolved organic form from the equato-
rial region. In this high-nutrient, low-chlorophyll (HNLC) region,
the availability of iron limits rates of primary and new produc-
tion, and nutrients are recycled efficiently in the euphotic zone.

Because they control upwelling and the depth of the nutricline
and thus the vertical transport of iron into the euphotic zone,
Kelvin waves and tropical instability waves appear to control
variability in carbon fluxes on scales of daysto months. Kelvin
waves depress the nutricline in the central and eastern Pacific,

b: Flux of CO, between the atmosphere and the
ocean during El Nifio and non-El Nifio
conditions in the central equatorial Pacific.
(Courtesy of Richard Feely, NOAA Pacific
Marine Environmental Laboratory).
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lowering productivity in surface waters. Tropical instability
waves occur at the boundary between the South Equatorial Cur-
rent and the North Equatorial Countercurrent. Strong mixing as-
sociated with such waves transports iron into the euphotic zone,
enhancing primary and new production.

During a JGOFS cruise in August 1992, the convergence of
waters associated with one of these tropical instability waves was
so intense that it produced a front with breaking waves visible
from the deck and on the ship’sradar. Thisfront, known as “the
line in the sed’, was also seen by the crew of a space shuttle
that passed over the region (Fig. 11c). The strong physical con-
vergence caused an aggregation of phytoplankton cells into a
thick patch in the top few centimeters of the water, which ex-
hibited high rates of photosynthesis. The concentration of large
phytoplankton such as diatoms by frontal motions such as this
one may contribute to episodic pulses of carbon export in the
equatorial Pacific.

TheNorth Atlantic

Physical and biological processes act together in the North At-
lantic to make it the region with the most intense uptake of CO,
in the global ocean (17, 18). Because of its ample supply of nu-
trients, including wind-borne iron from the Sahara Desert, this
basin is among the most biologically productive oceanic regions
in the world.

The spring bloom in the North Atlantic is a conspicuous event;
images from satellite-mounted ocean color sensors show the sud-
den explosion of chlorophyll that fills the basin north of 40°N
in April and May each year. During the North Atlantic Bloom
Experiment (NABE) in 1989, observations at 47°N, 20°W
showed that the bloom consisted of two phases. The first phase
primarily comprised large diatoms, which require silicate to
grow, while the second consisted of small flagellates (Fig. 12a).
The relative timing of these two phases has a large effect on nu-
trient utilization and export of carbon to the deep ocean.

NABE observations also revealed links between mesoscale
circulation and the biological dynamics of the spring phyto-
plankton bloom. Small-scale temporal and spatial variability in
surface pCO, at temperate latitudes appeared to be tied to the
dynamics of the bloom, which were, in turn, related to the
mesoscal e eddies. NABE also produced evidence of intense nu-
trient regeneration during the bloom, supported by large stocks
of microzooplankton and high rates of respiration.

The Bermuda Atlantic Time-Series (BATS) study, which in-
cludes process studies as well as long-term monitoring, has pro-
vided unique insights into the functioning of the North Atlantic
subtropical gyre ecosystem. The intensity of the spring bloom
is linked to the strong interannual and decadal variability of
physical processes, especially the depth of winter convective
mixing, that affect nutrient supply to the euphotic zone. Nitro-
gen fixation by prokaryotic microorganisms, supported by wind-
borne iron deposition, provides a source of new nitrogen for the
system in addition to nitrate introduced during seasonal mixing.

Dissolved organic carbon (DOC) accumulates in early spring
as aresult of the seasonal increase in primary production (Fig.
12b). The DOC that accumulates over spring and summer (resi-
dent-DOC) is exported from the surface ocean during turbulent
mixing the next winter. DOC freshly produced during the mix-
ing (fresh-DOC) is exported aong with the resident-DOC. The
amount of fresh-DOC exported, defined as the difference be-
tween total and resident-DOC export, depends on the maximum
depth of mixing during the winter overturn (Fig. 12c); the greater
the mixing to depths below the nutricline at 200 meters, the
greater the export of fresh- and resident-DOC. During years of
deep mixing and high export, DOC represents as much as 40%
of the annual carbon export from the surface into deeper waters
as measured by oxygen utilization rates. During years of shal-
low mixing, the contribution of the DOC is aslittle as 15%. Fur-
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ther measurements of DOC and dissolved organic nitrogen
(DON) are essential for a better understanding of the North At-
lantic carbon cycle.

The Arabian Sea

Although tropical, the Arabian Sea experiences intense seasonal
changes associated with alternating monsoon winds. It also ex-
hibits the greatest range of variability found in any ocean region.
The more vigorous southwest monsoon blows from June to Sep-
tember, while the weaker northeast monsoon blows from De-
cember to February. As aresult, surface circulation patterns re-
verse themselves semi-annually. During the inter-monsoon pe-
riods, the winds wane in strength and slowly reverse their di-
rection. Whereas surface and deep waters are well oxygenated,
waters between depths of 100 and 1200 meters are almost de-
void of oxygen. The Arabian Sea thus offers an opportunity to
study biogeochemical processes over awide range of climate and
oceanographic conditions (21-24).

The southwest monsoon causes vigorous upwelling along the

Figure 12. Spring Blooms and the Flux of DOC
in the North Atlantic.

a: The spring bloom at 47°N, 20°W, sampled during NABE,
showed a succession of dominant phytoplankton species.
Large diatoms bloomed first, using up almost all of the
available silicate and about half of the nitrate. A subsequent
bloom of small flagellates used up the remaining stock of
nitrate. (Courtesy of Michael Fasham, Southampton
Oceanography Centre).
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Somali and Omani coasts, which stimulates massive and long-
lasting phytoplankton blooms over awide region. Data from the
Indian Ocean Expedition in the 1960s suggested that the mag-
nitude of the bloom and primary production during the north-
east monsoon was significantly lower than during the southwest
monsoon. JGOFS process studies, conducted over alarger area,
have shown that primary production in general is higher than
previously thought and that the difference between the two
monsoon periods is much less (Fig. 13a).

The pattern of carbon cycling in the Arabian Sea differs from
those of most other regions in that a higher fraction of the pro-
duction is exported out of the surface waters. Unlike the situa-
tion in the temperate Atlantic where protozoans dominate graz-
ing, larger zooplankton such as copepods act as the gatekeepers
to the export process in the Arabian Sea, where their reproduc-
tion coincides with the phytoplankton bloom. The large zoo-
plankton produce faecal pellets with high sinking rates, and they
migrate vertically, providing a mechanism for the active export
of organic carbon into the deep sea. This export, coupled with

b: Vertical profiles of DOC Winter 1992

Spring 1997

the absence of a high-latitude source of oxygenated water, pro-
duces a midwater zone that is depleted in oxygen.

Instruments mounted on an air-sea interaction buoy moored
in the Arabian Sea between 1994 and 1996 were used to meas-
ure the coupling between atmospheric forcing and ocean prop-
erties. Deep sediment traps deployed throughout the region at
depths down to 3500 meters sampled the flux of particulate ma-
terial that falls through the water column. The sea-surface tem-
perature plot in Figure 13b shows the cooling that occurs dur-
ing both monsoons. The winds of the northeast monsoon, to-
gether with heat loss from the ocean, lead to a deepening of the
mixed layer. The deepening of the mixed layer during the south-
west monsoon, on the other hand, depends on wind-driven mix-
ing. Although the export flux in the Arabian Sealags behind the
rise and fall in surface productivity by a month or two, deep sedi-
ment trap samples show that it tracks the pattern of the surface
blooms that occur during periods when the mixed layer is
shoaling and nutrient concentrations are high. Silicato calcium
ratios are higher during mass flux peaks, which suggeststhat dia-

Swmoeer 1992 Amhiema 1597

Winter 1803

measurements at the BATS site
(31°50'N, 64°10'W) over one year
(1992). The red bars indicate the
average range of DOC values
(micromolar) during deep mixing
in the winter. Redrawn from (19).
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Figure 13. Effects of the Monsoons on Physical Environment and Biogeochemical Processes in the Arabian Sea.

a: Comparison of mean
values for chlorophyll
concentrations and
primary production in
surface waters during
the southwest and
northeast monsoons
obtained during the
Indian Ocean expedition
in the 1960s and the
recent JGOFS cruises.
Image by P. Lane.
Copyright 1999, with
permission of Elsevier
Science.

b: Effect of the monsoon
cycle on physical
characteristics of the
surface water and the
particle flux to the deep
ocean, as measured by
instruments on a surface
air-sea interaction buoy
and deep-sea sediment
traps located at 15°30'N,
61°30'E. Data are from
1994-95.

AIM: Autumn
intermonsoon;

NEM: Northeast
monsoon;

SIM: Spring
intermonsoon;

SWM: Southwest
monsoon.

Reprinted from (25).
Figure by Jack Cook,
Woods Hole
Oceanographic
Institution.
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toms play alarge role in the blooms and subsequent export (Fig.

13b).
The Southern Ocean

The Southern Ocean, which circles the globe south of 50°S, links
the Pacific, Atlantic and Indian oceans with major sites of deep-

Figure 14. The Biological Pump in the Southern Ocean.

water formation in the Weddell Sea and Ross Sea along the coast
of Antarctica (Fig. 14 center panel). This highly heterogeneous
region contains a number of distinct biogeographical provinces,
including frontal systems, the permanently open ocean zone, the
seasonal sea-ice zone and the coastal and continental shelf zone

(26-28).

a: Small-scale variability in the nutrient-rich waters of the Antarctic
Polar Frontal Zone favors growth of diatoms, such as the one shown in
this photograph, and the flux of carbon into the ocean depths. (Image

courtesy of Andre Belem, Alfred-Wegener-Institut).

Spiny diatoms.
(Photo courtesy of
Ulrich Bathmann,
Alfred-Wegener-
Institut).

d: Antarctic krill
populations depend on
the extent of the winter
seaice. (Photo courtesy
of Julian Priddle, British
Antarctic Survey).

Colony of the phyto-
plankton Phaeocystis
antarctica.

(Photo courtesy

of Christian Hamm,
Alfred-Wegener-
Institut).
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c: Variation in surface-water pCO,
and silica levels in the Ross Sea
along 76°30'S in early December
1997. The pCO, data indicate that the
region exhibits a strong net uptake
of atmospheric CO,, primarily as a
result of the photosynthetic activity
of the phytoplankton. The silica
drawdown is represented by the
difference between observed
concentrations and the mean winter
value of 77.3 micromoles per
kilogram. The greater drawdown of
silica east of 174°E suggests that
biological production in that area
was dominated by diatoms, while the
smaller drawdown west of this
longitude suggests that Phaeocystis
antarctica was the dominant
producer in that portion of the Ross
Sea. (Figure courtesy of Taro
Takahashi, Lamont-Doherty Earth
Observatory).
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b: SeaWiFS images show high levels of
chlorophyll downstream of sub-Antarctic
islands in the Indian Ocean sector.
(Image courtesy of Paul Tréguer, Institut
Universitaire Européen de la Mer, Brest).
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Chlorophyll @ in surface waters of
the Southern Ocean, from SeaWiFS
observations in January 1998.
~ SeaWiFS Chlorophyll a (mg m™)
o e
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SSM/I Sea Ice Concentration (%)

(Satellite image of Southern Ocean
courtesy of SeaWiFS Project, NASA
Goddard Space Flight Center).
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The Southern Ocean encompasses regions that exhibit a net
release of CO, into the atmosphere as well as ones that exhibit
a net uptake. Warm water is transported toward the pole by
thermohaline circulation and cools, increasing its capacity to ab-
sorb gas from the atmosphere. On the other hand, deep water
enriched in CO, from the remineralization of biogenic detritus
is brought back to the surface through upwelling south of the
Antarctic Polar Front, releasing the gas into the atmosphere. On
an annual basis, the region experiences a net CO, flux into the
ocean of 0.2-0.9 Pg Cyr™.

Key factors controlling the annual air-sea fluxes of CO, and
primary production in the Southern Ocean include the effects of
annua fluctuationsin seaice, oceanic boundaries, such as fron-
tal zones, as well asiron and silica limitation of phytoplankton
growth. The nutrient-rich waters of the Antarctic Polar Frontal
Zone in the Atlantic sector favor the growth of spiny diatoms
during the summer (Fig. 144). The mass sedimentation of these
diatoms, with their thick siliceous frustules, transports carbon and
silicainto the deep sea and the ooze on the sea floor.

The complex polar frontal zone sheds mesoscale eddies,
favoring local upwelling and downwelling. The upwelling trans-
ports iron into the upper mixed layer, which favors phyto-
plankton production. On the other hand, downwelling transports
CO, into intermediate layers of water that transport dissolved
gases north. The net result is that the polar front is alocation of
enhanced CO, fixation with strong biological and physical
pumps.

The effect of iron as a control on surface ocean productivity
has been observed in afertilization experiment southwest of New
Zedland as well as in naturaly fertilized HNLC regions, such
as that to the southeast of Kerguelen Island in the Indian Ocean
sector (Fig. 14b). Results lend strength to the hypothesis that iron
controls surface concentrations of CO, in the Southern Ocean
asit doesin the equatorial Pacific.

Surface waters in antarctic coastal regions such as the Ross
Sea are largely undersaturated with respect to atmospheric CO,
during the austral summer when they are free of ice, primarily
because of the photosynthetic drawdown of CO, (Fig. 14c). In
the Ross Seg, variations in pCO, levelsin surface waters as large
as 100 micro-atmospheres occur over spatial scales as small as
a few kilometers. These variations are closely linked to the
drawdown of CO, by marine biota and appear to depend on the
types of organisms present. For example, the growth of diatoms,
evidenced by the drawdown of silicain surface waters, is respon-
sible for CO, uptake in the area of the Ross Sea east of about
174°E. On the other hand, the phytoplankton Phaeocystis
antarctica, which utilizes CO, but not silica, is responsible for
the drawdown of CO, in the area west of 174°E (Fig. 14c). Un-
derstanding the causes of local dominance of different species
as well as the factors that control export of carbon to the ocean
interior remains a critical but unresolved problem.

Large zooplankton play a major role in carbon cycling in the
Southern Ocean. Recent studies off the island of South Georgia
show shifts in community domination between krill (Fig. 14d)
and copepods. These shifts between grazers result in dramatic
differences in the carbon flux with the larger krill producing
larger, faster-sinking faecal pellets and therefore a higher export
flux. Similar observations have been made elsewhere with re-
gard to shifts between krill and gelatinous salps, which in turn
are related to sea-ice conditions. Krill are favored by extensive
sea ice in winter, whereas salps prefer open water. The impact
on the carbon cycle of a possible shift to a salp-dominated sys-
tem caused by overfishing of krill needs to be evaluated.

The North Pacific

The North Pecific can be viewed as a large estuary in which a
strong halocline at 100-120 meters depth separates the surface
from deeper waters. Nutrient concentrations in deep waters are

20 © Royal Swedish Academy of Sciences 2001

the highest in the global ocean because it is the terminal region
for the abyssal circulation. High primary productivity and strong
air-seainteractions characterize the region’s carbon cycle.

Time-series stations have operated for many yearsin the east-
ern subarctic (29) and subtropical North Pacific (4), and JGOFS
is currently completing itsfinal process study in the Pacific. The
newly established Kyodo North Pacific Ocean Time-series
(KNQOT) station isin operation in the western subarctic gyre off
Kuril 1slands (44°N, 155°E). The study focuses on the western
subarctic Pacific in order to highlight the differences in the car-
bon cycle between this region and the eastern subarctic Pacific.
For example, it is well known that phytoplankton blooms only
occur in the western subarctic Pacific, although both regions are
HNLC areas. Higher levels of windborne iron from Asiain the
west may account for this difference.

In the eastern subarctic Pacific, the winter supply of nitrate
to the surface has decreased since 1991 as a result of the in-
creased stratification associated with El Nifio events (Fig. 15a).
In addition, time-series data from Station PAPA show that ni-
trate and silicate utilization rates have increased during El Nifio
years. Sediment traps show a concurrent increase of 10% to 15%
in the flux of biogenic elements. These changes have caused the
late summer depletion of nutrients to extend further offshore
from the west coast of Canada (Fig. 15a). Episodic inputs of
windborne iron from Asiamay also be affecting biological pro-
ductivity and thus the uptake of nutrients.

It will be important in the future to distinguish the biogeo-
chemical consequences of these two sources of interannual vari-
ability. Our ahility to do so would be greatly improved if it were
possible to measure nitrate distributions over large time and
space scales with instruments mounted on satellites. The great-
est impediment to making such measurements has been the lack
of aremotely measurable signal for nitrate. Asaresult, most at-
tempts at estimating nitrate from space have been based upon
measurements of proxies such as sea-surface temperature, which
has a negative correlation with nitrate.

Until recently the use of temperature as a proxy for nitrate has
been limited because of the variable nature of temperature-ni-
trate algorithms. A recent study has shown that this limitation
can be overcome if biologically mediated changes in the rela-
tionship between temperature and nitrate are taken into account.
Adding chlorophyll as a factor to nitrate algorithms has yielded
significant improvements in estimates of nitrate concentrations
from sensors on satellites (31) (Fig. 15b). This capability pro-
vides a solution to the problem of under sampling in regions and
seasons where shipboard observations are difficult to conduct.

The Continental Margins

Aress of the ocean adjacent to continents receive, transform and
transport a large amount of terrigenous and anthropogenic ma-
teria to the open ocean. They include continental shelves such
asthe Mid-Atlantic Bight and the East China Sea, marginal seas
such as the Bay of Biscay (33), North Sea and the Red Sea,
coastal zones with strong boundary currents such as the Peru-
vian and Benguela current systems, polar margins such as the
Bering Sea and Ross Sea, and tropical coasts such as the Great
Barrier Reef.

Therole of continental marginsin the global carbon cycle has
not been fully assessed yet, in part because of the inherent dif-
ficulties in quantifying the biological and chemical activitiesin
these heterogeneous and variable environments (Fig. 16a).
Whether margins are anet sink or source of CO, is still an open
question. JGOFS and Land-Ocean Interactions in the Coastal
Zone (LOICZ), another core project of the International Geo-
sphere-Biosphere Programme (IGBP), have joined forces to pro-
mote research in these areas (32).

Conventiona wisdom suggests that continental margins should
be a net source of CO,, whether from coastal upwelling or from
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oxidation of terrigenous organic matter. However, surveysin the
North Sea and the East China Sea showed significant under-satu-
ration of pCO, in surface waters associated with high levels of
primary productivity in both areas (Fig. 16b). These results sug-
gest that both regions are net sinks for CO,. If similar results
are found in other regions, the total uptake of CO, in the conti-
nental margins could be as much as 0.2-1 Pg C yr™, a signifi-
cant component in the global carbon cycle. Winter data are
sparse, however, and prevent accurate calculation of annual
fluxes. Both the processes controlling CO, uptake in the coastal

Figure 15. Nitrate in the North Pacific.

waters and the seasonal fluctuations must be better understood
before areliable estimate can be reached.

Carbon dioxide taken up at the continental margins will be
released back to the atmosphere unless the carbon is buried in
sediments or transported into the deep ocean. Studiesin the Mid-
Atlantic Bight indicate that little organic matter survives bacte-
rial attack in the shelf sediments, and at most a small percent-
age of the carbon fixed during primary production is transported
across the shelf to the deep ocean. More recent measurements
over continental slopes off northeastern Taiwan in the Pacific

a: Nitrate concentrations during late winter (left panel) and summer (right panel) along a transect from the west coast of Canada to
Station PAPA at 50°N, 145°W for various years between 1989 and 1994. Reprinted from (30).

0

L 18

2l

b 14

ek

ol

(INT) e1e1IN

- R

148 Tdd TAE T T3E 1A 134 13T 130 WEE WEE AT
Longitude (W)

]
- 1R
Oen Oosan Cosastal
R L
_‘F v
T %
. vy D
g oz
5 1!1_;--\-\-_ _\I\L A _,;Z\
'\.\ Lt If'-i_\\., f\f . =
Yol ame, T
g ILI\. 'Ill ]
5 -
% ik 2
l'-.__'l. .'-""—"'-.:-:ﬂ"'q‘. II.' N
= k3

BAA BE4 147 140 138 430 934 133 AN iDR A i34

Longitude (W)

b: Map of sea-surface nitrate for the month of March obtained by applying nitrate algorithms with both temperature and chlorophyll as
variables to images from the Ocean Colour and Temperature Sensor (OCTS) on the Advanced Earth Observing System (ADEOS) satellite.
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and off Cape Hatteras in the Atlantic hint at offshore export fa-
cilitated by currents that veer off the shelf at afew specific sites,
sweeping organic sediments offshore. At high-latitude margins,
some of the absorbed CO, may be carried offshore when cold
shelf waters sink into the intermediate layer of the open ocean.
Thisiswhat happens in the Bering Sea and the Sea of Okhotsk,
regions in which CO, is transported into the North Pacific.

ASSESSING CHANGES OVER TIME

One of the enduring legacies of JGOFS will be the long-term
time-series stations and sampling programs established during
the study. Some time-series programs were built upon previous

Figure 16. Carbon Fluxes in the Continental Margins.

projects with several decades of data on ocean properties and
processes at a given location. Some will continue operations in
the new millennium. These programs provide an insight into
changes in ocean carbon and nutrient cycles on seasonal,
interannual and decadal time-scales. Knowledge of natural tem-
poral variability will provide insight into relationships between
ocean biogeochemical cycles and climate, and the resulting data
will provide boundary constraints on modeling simulations.
The Hawaii Ocean Time-series (HOT) and Bermuda Atlantic
Time-Series (BATS) stations are both located in oligotrophic
subtropical gyres that are weak net sinks for carbon dioxide
(CO,) (4). The sampling record at each station shows that the
concentration of dissolved inorganic carbon (DIC) isincreasing

a: Carbon fluxes at a continental margin
with a major river discharge and a western
boundary current, such as the Gulf Stream
or the Kuroshio Current. The combination
of several biogeochemical processes,
including elevated nutrient levels from river
runoff or coastal upwelling, enhanced
phytoplankton growth and cross-shelf
export of carbon, forms an effective
continental margin carbon pump.

b: Distribution of chlorophyll in
the East China Sea during
summer. The background of the
image is derived from data from
the Coastal Zone Colour Scanner
(CZCS); the inset patch on the
continental shelf between the

Changjiang (Yangtze) River delta
and Taiwan contains data on
algal pigments from
observations.

Reprinted from (32).
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asaresult of theincrease in atmospheric CO, (Fig. 17) (34, 35).  Figure 17. Measuring the Anthropogenic Impact on Ocean
Temporal variability in the uptake of carbon, whether it isthe DIC Concentrations.
result of biological factors or changes in solubility, which are

linked in turn to variations in mixing processes, provides a Seasonal cycles of salinity-normalized dissolved inorganic
i ; : . carbon (NDIC) in the surface waters at the Hawaii Ocean Time-
.”“mber of clues tp the interaction between ocean biogeochem series (HOT) and Bermuda Atlantic Time-series Study (BATS)
istry and global climate. o ) stations. The dashed lines indicate the annually averaged
Data from BATS and HOT have provided important new in- increase over the period of observations. Adapted from (34
formation on the role of nitrogen (N,) fixation in the ocean. The and 35). HAWAII (0-50 m)

open ocean has traditionally been viewed as a nitrogen-limited slope: 0.38 +/- 0.29 pMol kg™ yr'
habitat. However, under conditions of extreme nitrogen limita-
tion, certain prokaryotic microorganisms, such as Trichodesmium
colonies (Fig. 18a), grow over large areas (Fig. 18b) and utilize
the nearly inexhaustible pool of dissolved N, gas in the sea as

BERMUDA (0-50 m)
slope: 1.06 +/- 0.51 pMol kg yr”

Figure 18. Climate, Nitrogen Fixation and
Ecosystem Change.
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an alternative source of nitrogen.
This metabolic switch can dter ra-
tios of carbon to nitrogen and phos-
phorus and provide an efficient
mechanism for a pulsed export of
carbon and associated elements to
the deep ocean (Fig. 18c). Under

these circumstances phosphorus, 1992

Figure 19. Interannual Variability in an HNLC Area of the Southern Ocean.

Time-depth distributions of nitrate (NOs), silicic acid (SiO,) and chlorophyll a (Chl) at the
KERFIX time-series station, located at 50°40'S, 68°25'E, between January 1992 and December
1994. (Courtesy of Catherine Jeandel, Centre National d’Etudes Spatiales).

1993 1994

iron or some other required element
eventualy limits productivity, but
the added nitrogen has a significant
effect on local and regional bio-
geochemical cycles.

In the subtropical Pacific, the
shift from anitrogen-limited system
to a phosphorus-limited system has
taken place during the decade of
HOT observations (Fig. 18c and d).
Estimates suggest that N, fixation
has supported up to 50% of the ex-
port flux during this period. These
observations on therole of N, fixa-
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tion in oligotrophic open-ocean
ecosystems necessitate a major re-
assessment of current views on
ocean nutrient and carbon cycles
(37, 38).

El Nifio events have amarked in-
fluence on the mixing and stratifi-
cation of the water column at the
BATS and HOT stations. At Ber-
muda, the effects show up most
strongly in the intensity of the
spring bloom, while at Hawaii the
pattern is more of afundamental re-
organization of the ecosystem. The
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impact of episodic events on both
the normal cycling of the systems
and the transport of material to the
deep sea cannot be overempha-
sized. Short-term bursts of produc-
tivity are also associated with ed-
dies and with rare anomalies of
mixing and nutrient supply. Time-
series data from both HOT and
BATS show that such events stimu-
late more biological activity than
occurs over many months to years
at background rates. Some of these
events are traceable in the deep-sea
records from sediment traps and
may be disproportionately impor-
tant in the supply of food to midwater plankton and benthic or-
ganisms.

Unlike the HOT and BATS sites, the Kerfix time-series sta-
tion in the Southern Ocean was located in a high-nutrient, low
chlorophyll (HNLC) area. Observations between 1992 and 1994
showed that surface nitrate never fell below 23 mmol m™, even
in the austral summer (Fig. 19). A decline from winter levels
was associated each year with a small bloom consisting prima-
rily of diatoms with a high silica-to-nitrogen ratio, probably re-
lated to iron limitation. These blooms gave rise to depletion of
silicate each summer. Up to 60% of the silicate taken up by dia-
toms was exported to the deep ocean. Calculations of the partial
pressure of CO, in surface waters show that net uptake in this
area has been increasing with time, especially since the 1992 El
Nifio event.

It will be crucial to incorporate these new insights about the
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functioning of ecosystems and the sources of variability, such
as El Nifio events and iron deposition, into global carbon mod-
els. The data from time-series stations will then provide a cru-
cial benchmark for validation of these models, as they become
afocal point for the interaction between theory and observations.

LEGACIES OF JGOFS

The defining legacy of JGOFS will be the mathematical mod-
els of ocean ecosystems and biogeochemical processes that have
been developed and validated with JGOFS observations. These
models vary in complexity from simple time-dependent models
of the mixed-layer ecosystem, through one-dimensional models
of physical and biogeochemical processes at a given location,
to three-dimensional models of the global ocean. A prerequisite
for al forms of biogeochemical modeling is an ability to model
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Figure 20. Comparing Observations and Modelling Simulations.
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the physical processes in the ocean successfully; it is fortunate
that considerable progress has been made in this field over the
last 20 years.

Diagnostic and Prognostic M odels

The data generated at the time-series sites have served since the
beginning of JGOFS as test beds for the development of one-
dimensional biological-physical models. Figure 20 shows ob-
served and modelled chlorophyll and nitrate concentrations for
1989-1993 as a function of depth and time at the BATS sitein
the Sargasso Sea. The simulations are driven by synoptic sur-
face atmospheric properties derived from meteorological analy-
ses and satellite measurements. The model shows a high degree
of effectivenessin replicating the resupply of nutrientsto the sur-
face layer via deep winter convection and the subseguent win-
ter/spring phytoplankton bloom. During the stratified summer
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A comparison of modelled and observed time-depth distributions of chlorophyll and nitrate for the Bermuda Atlantic Time-series Study
(BATS) site. The one-dimensional (1-D) coupled biological-physical model simulates the broad seasonal patterns and interannual variability
observed in the field data: a winter phytoplankton bloom following nutrient injection via deep convection, low nutrient and chlorophyll levels
in surface waters during the stratification that occurs each summer, and the formation of a subsurface chlorophyll maximum at the top of the
nutricline, where the maximum change in nutrient concentration occurs. (Simulations based on the model described in (39).

period, surface nutrient and chlorophyll levels drop considerably.
The numerical simulation and the observations both show the
formation of a distinct nutricline and subsurface maximum at
about 100 meters depth. The simulation also captures to some
degree the interannual variability in the data, driven primarily
by the strength of the late winter convection.

Larger-scale models attempt to represent whole basins. Fig-
ure 21 shows some results from a three-dimensional model of
the North Atlantic designed to investigate the eddy-induced nu-
trient supply to the euphotic zone. It shows that areas of high
nutrient supply are located in the vicinity of the Gulf Stream,
the sub-polar areas where deep winter mixing occurs, and the
coastal and equatorial upwelling regions. The pattern of primary
production iswell correlated with nutrient supply. However, the
modelled primary production in the southern part of the subtropi-
cal gyreislessthan 1 g C m? yr*, more than an order of mag-
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LATITUDE

Figure 21. Three-dimensional Modelling on the Regional Scale.

Results from a simulation with a high-
resolution biogeochemical model of the
North Atlantic that assimilates TOPEX/
Poseidon and ERS-1 satellite altimeter
data to make the representation of
mesoscale eddies as realistic as
possible: a) Surface eddy kinetic energy
(in cm?s™), computed for a depth of 60
meters; b) Annual mean nitrate flux (in
mol N m™yr™) into the upper 126 meters,
used as a proxy for the euphotic zone;
¢) Annual mean primary production

(in g C m?yr). Redrawn from (40).
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nitude less than that derived from observations. However, in-
creasing the supply of aternative nitrogen sources, such as ni-
trogen fixation or lateral transport of dissolved organic nitrogen
(DON), in the basin-scale models would not reconcile these es-
timates with the measured fluxes because horizontal gradients
in low-latitude regions are generally too weak. Further develop-
ment of large-scale models must continue with field observations
to resolve discrepancies with the real world.

At the largest scale, models of the global carbon cycle are un-
der development. These projects require the incorporation of
ocean carbon cycle modelsinto three-dimensional ocean general
circulation models that can simulate the physical properties of
waters as well as large-scale oceanic transport, diffusion, and
convection. The earliest models only simulated inorganic car-
bonate chemistry in an effort to estimate oceanic changesin solu-
bility in response to increasing levels of carbon dioxide (CO,)
in the atmosphere. More recent efforts include explicit models
of the role of plankton in the carbon cycle in order to simulate
biological processes, such as photosynthesis, grazing, mortality
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and the sedimentation of organic material, in the biological pump
(Fig. 2). Evaluation of such models on the global scale requires
global synthesis data sets, such as the new satellite-based esti-
mates of surface chlorophyll or primary production (Fig. 22).
Patterns captured by these models include coastal and equato-
rial upwelling and eutrophic areas in the North Atlantic, North
Pacific and Southern Ocean, aswell asin the oligotrophic gyres.

Ocean carbon cycle models require improvement in severa
areas. Simulated primary production is too high for the high-nu-
trient low-chlorophyll areas of the equatorial Pacific and the
Southern Ocean, especially in the eastern austral Pacific, which
suggests that the models lack some limiting factor such as wind-
borne iron. Primary production istoo low in the gyres, suggest-
ing alack of processesthat alow biological populationsto adapt
to oligotrophic constraints, such as nitrogen fixation or DON
advection. Continental shelf or coastal regions, such as the In-
donesia and China Seas, are poorly represented because of the
level of resolution in the model grids.

The frontier that lies beyond the representation of ocean bio-
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geochemistry in modeling efforts is the necessity of linking
ocean processes with changes in climate. This effort requires the
development of coupled ocean-atmosphere models. Preliminary
results from such model s just becoming available show that, over
the next 100 years, the ocean may become more stratified and
thermohaline circulation weaker. Such changes would alter the
nutrient supply to the upper ocean and have a substantial effect
on the biological pump. It is thus more important than ever that

Figure 22. Third Generation of Ocean Carbon Cycle Models.

Global surface chlorophyll (in mg
m~®) for May, estimated from ocean
color measurements by the
POLDER sensor on the ADEOS
satellite in 1997 (top) and by
SeaWiFS in 1998 (center), as well as
by the Institut Pierre Simon Laplace
(IPSL) Ocean Carbon Cycle Model
(bottom). (POLDER image courtesy
of LPCM/LOA/LSCE/CNES/NASDA.
SeaWiFS image courtesy of NASA
Goddard Space Flight Center.
IPSL-OCCM model simulation
courtesy of Olivier Aumont,
Laboratoire des Science du Climat
et de I’'Environnement, and Patrick
Monfray, Institut Pierre Simon
Laplace).
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we use the results from JGOFS to validate our three-dimensional
ecosystem models. Thisisthe challenge for the future.

Biogeochemical Data Sets and Data M anagement

Another legacy is the extensive data set collected over more than
a decade of JGOFS research, which will be aresource for ocea-
nographers and modellers for decades to come. The development
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of high-quality, comprehensive data sets that are readily acces-
sible to interested investigators has been among the goals of
JGOFS since the program was first conceived.

Various project centers undertake data management for na-
tional JGOFS programs,; some are national oceanographic data
centers, and some are not. The ties that bind the national efforts
together come from the JGOFS Data Management Task Team
(DMTT). The JGOFS data-exchange network currently includes
Australia, Canada, France, Germany, India, Japan, the United
Kingdom and the United States, with links to The Netherlands
and Norway.

With support from the JGOFS International Project Office,
DMTT members are working to make JGOFS data readily avail-
able. Their activities include the development of World Wide
Web sites that provide electronic access to JGOFS data, the crea-
tion of a JGOFS metadata catalogue that facilitates the location
of particular data sets and the electronic publication of JGOFS
data sets on CD-ROM s (Fig. 23).

WHAT HAVE WE ACHIEVED FROM JGOFS
RESEARCH?

JGOFS has fulfilled most of the objectives set for it in 1987.
Process studies have been completed in the North Atlantic, the
equatorial Pacific, the North Pacific, the Arabian Sea and the
Southern Ocean. The global survey of carbon dioxide (CO,) in
the ocean, conducted in cooperation with the World Ocean Cir-
culation Experiment (WOCE), ended in 1998. The time-series
stations have been providing monthly data on a continuous ba-
Sis, some since 1988. Several of them will continue as part of
future global ocean observing programs.

Results emerging from the JGOFS field studies are contribut-
ing to the process of reassessing old paradigms in ocean biogeo-
chemistry and formulating new ones. Some of the main achieve-
ments to date are;

— A massive contribution to the database of sea-surface pCO,
measurements, making it possible to produce much more reli-
able estimates of the global air-seaflux of CO,.

— A worldwide survey of total dissolved inorganic carbon (DIC)
in the ocean, carried out in cooperation with WOCE, which is
enabling investigators to determine the global distribution, trans-
port and inventory of anthropogenic carbon in the ocean and de-
velop new models of the global carbon cycle.

— Improved understanding of aspects of the marine food web
such as the role of iron as a limiting micronutrient, particularly
for the production of larger phytoplankton, the predominance of
diatoms in episodic or seasonal blooms and in subsequent sedi-
mentation, and the dominant role of microzooplankton in the
grazing of phytoplankton.

— Quantification of the seasonal changes in primary production
and the subsequent flow of carbon through food webs and ex-
port to the deep ocean for many key areas of the ocean.

— Clarification of the role of dissolved organic carbon (DOC) in
the ocean carbon cycle, its control by bacteria, and measurement
of its contribution to export flux.

— A better understanding of variations in the elemental ratios
(C:N:P:Si) of the composition of organic matter, both particulate
and dissolved, and the associated ratios of the utilization and
remineralization of organic matter during transport within the
ocean interior. Rather than being locked in the canonical Redfield
ratio, elemental ratios in marine organic matter and its transfor-
mations can vary widely with important implications for the ef-
ficiency of the biological carbon pump in different regions and
under different physical and climatological conditions.

— Establishment of links between large-scale climate patterns
such as the El Nifio-Southern Oscillation (ENSO) or the North
Atlantic Oscillation (NAO) and interannual variability in the air-
sea flux of CO, in the equatorial Pacific and the subtropical
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oligotrophic gyres of the North Atlantic and Pacific.

— Detection of variability in plankton species on decadal time
scales by long-term observations at the time-series stations.

— Demonstration of the role played by nitrogen (N,) fixersin the
nitrogen cycle of the subtropical ocean and the contribution of
N, fixation, in conjunction with changing physical conditions,
to shiftsin nutrient limitation between nitrogen and phosphorus
in the oligotrophic North Pacific ecosystem.

— Development and testing of a hierarchy of new ecosystem
models using time-series data and global observations from
ocean color satellites.

WHAT REMAINS TO BE DONE?

Although the field studies are now complete, JGOFS still has
important synthesis, integration and modelling tasks that lie
ahead:

— Results from the process studies and time-series programs must
be synthesized and used to validate the developing set of mod-
els. JGOFS has established a number of regional synthesis and
modelling groups responsible for achieving this objective.

— The ocean time-series stations must be maintained and long-
term sampling continued to allow full testing of our emerging
ideas about the carbon cycle and its decadal fluctuations, espe-
cialy the processes affecting subsurface particle flux, dissolved
organic matter transport and remineralization in the deep ocean.
— Recent observations in continental shelf systems show signifi-
cant drawdown of atmospheric CO, and active cross-shelf ex-
port of carbon. Further study, in collaboration with the Land-
Ocean Interactions in the Coastal Zone (LOICZ) project, is re-
quired to determine whether the coastal oceans as a whole rep-
resent a sink for anthropogenic carbon and to quantify the net
exchange of carbon between coastal waters and the open ocean.
— Three-dimensional ocean carbon models are being compared
and validated against the JGOFS and WOCE large-scale data sets
by the Ocean Carbon Modeling Intercomparison Project
(OCMIP), co-sponsored by the Global Analysis, Integration and
Modelling (GAIM) Task Force within IGBP. These models will
also be used in coupled ocean-atmosphere-terrestrial models to
investigate the ways in which the cycling of carbon and other
biogenic elements might change under future climate-change sce-
narios.

— The data obtained from more than 1000 cruises must be ar-
chived and made freely available to the wider scientific com-
munity. The Data Management Task Team isresponsible for de-
livering all national JGOFS data sets to the World Data Center-
Oceanography A for future distribution and long-term steward-
ship.

A CHALLENGE FOR A FUTURE OCEAN
BIOGEOCHEMISTRY PROGRAM

Preliminary simulations from coupled ocean-atmosphere mod-
els show an ocean over the next 100 years that is more strati-
fied as aresult of warming and freshening of the surface ocean
and more sluggish as a result of slowing down of the thermo-
haline circulation. If these changes occur, ocean mixing would
weaken the supply of nutrients to the upper ocean and the bio-
logical pump.

Until now, JGOFS investigations concentrated on the produc-
tive layer in the upper 100-200 meters and on deep ocean sedi-
ment flux near the sea floor. We recognize that most of the de-
composition or diagenesis of exported organic matter in the bio-
logical pump takes place directly below the euphotic zone in the
“twilight zone,” which extends some 500-1000 metersin depth.

At present models of particle export and diagenesis, critical
processes in the carbon cycle, are based largely on crude, em-
pirical length-scale parameterizations. In order to achieve a prog-

AMBIO SPECIAL REPORT 10, MAY 2001

http://www.ambio.kva.se



Figure 23. International Data Management and Data Exchange Network.
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nostic understanding of the carbon cycle, mechanistic formula-
tions for particle and DOM turnover and transformation are re-
quired. These can only come from a new initiative aimed at un-
derstanding the biogeochemical and ecological processes occur-
ring in the ocean interior.

In three years, JGOFS will end, and a new program initiative

must seize the moment in ocean biogeochemistry. The research
priorities of the new initiative should concentrate more effort on
the dynamics of the biological pump and carbon storage, the
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Table 3. Definition of Acronyms.

ADEOS  Advanced Earth Observing Satellite
AVHRR  Advanced Very High Resolution Radiometer
BATS Bermuda Atlantic Time-Series
CFC Chlorofluorocarbons
CNES Centre National d'Etudes Spatiales
CACS Coastal Zone Color Scanner
DMTT Data Management Task Team (JGOFS)
ERS Earth Resources Satellite
GAIM Global Analysis, Interpretation and Modelling (an IGBP framework activity)
HNLC High Nutrient-Low Chlorophyll
HOT Hawaii Ocean Time-series
IGBP International Geosphere-Biosphere Programme
IPCC Intergovernmental Panel on Climate Change
IRONEX Iron Experiment
KNOT Kyodo North Pacific Ocean Time Series
LOA Laboratoire d'Optique Atmosphérique
LOICZ Land-Ocean Interactions in the Coastal Zone (an IGBP core Project)
LPCM Laboratoire de Physique et Chimie Marine
LSCE Laboratoire des Science du Climat et de I'Environnement
NABE North Atlantic Bloom Experiment
NASA National Aeronautics and Space Administration (US)
NASDA  National Space Development Agency (Japan)
NOAA National Oceanic and Atmospheric Administration (US)
OCCM Ocean Carbon Cycle Model
OCMIP Ocean Carbon Modeling Intercomparison Project (a joint JGOFS/GAIM project)
OCTS Ocean Color and Temperature Scanner
OGCM Ocean General Circulation Model
PAGES Past Global Changes (an IGBP core project)
POLDER Polarization and Directionality of the Earth’s Reflectance
SCOR Scientific Committee on Oceanic Research
SeaWiFS Sea-viewing Wide Field-of-view Sensor
SSM/I Special Scanning Microwave Imaging
SOIREE Southern Ocean Iron RElease Experiment
TOPEX  Topography Experiment
WOCE World Ocean Circulation Experiment
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