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University of Washington, P.O. Box 357940, Seattle, WA 98195, USA and 4Skidaway Institute of
Oceanography, 10 Ocean Science Circle, Savannah, GA 31411, USA. A mechanistic model of deepwater remineralization: ballast and protection of organic carbon by mineral constituents
Jeandel1, C., A. Bory2, V. Athias1 and K. Tachikawa3. 1LEGOS (CNRS/CNES/UPS), Observatoire
Midi-Pyrénées, 14 Ave E. Belin, 31400, Toulouse, France, 2Dept Geochemistry, LDEO, Palisades,
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Denmark, and 5Department of Microbiology, University of Bergen, Jahne Bk. 5, Bergen, N-5020,
Norway. The role of community structure in regulating export flux from the upper ocean
Barber1, Richard T., Robert R. Bidigare2 and James J. McCarthy3. 1Duke University, NSOE
Marine Lab, 135 Duke Marine Lab Road, Beaufort NC 28516-9721, USA, 2University of Hawaii,
Department of Oceanography, 1000 Pope Road, Honolulu, HI 96822, USA and 3Harvard University,
Museum of Comparative Zoology, 26 Oxford Street, Cambridge MA 02138, USA. The two-state
paradigm of pelagic food web variability: A product of JGOFS observations
Legendre1, Louis, and Richard Rivkin2. 1Department of Biology, Laval University, Quebec, QC
G1K 7P4, Canada and 2Ocean Sciences Centre, Memorial University of Newfoundland, St. John’s, NF
A1C 5S7, Canada. Cycling of biogenic carbon in oceans: regulation by food-web control nodes
Thingstad, T. Frede. Department of Microbiology, University of Bergen, Norway. What controls the
partitioning of bacterial production between protozoan predation and viral lysis?
Jackson, George A., and Adrian B Burd. Department of Oceanography, Texas A&M University,
College Station, TX 77843-3146, USA. Modeling sub-euphotic zone zooplankton dynamics and
their impact on falling organic matter
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Priddle, Julian, Angus Atkinson, Andrew S Brierley, Geoffry C Cripps, Rachael S Shreeve, Peter
Ward, Jonathan L Watkins and Michael J. Whitehouse. British Antarctic Survey, High Cross,
Madingley Road, Cambridge CB3 0ET, UK. Variability in zooplankton community composition in
a Southern Ocean ecosystem - a tool for studying the carbon and nitrogen cycles
Steinberg, Deborah K., and Laurence P. Madin. Bermuda Biological Station for Research, Ferry
Reach, GE01 Bermuda, and Woods Hole Oceanographic Institution, Woods Hole, MA, 02543 USA.
Influence of Zooplankton Community Structure on Export Processes at the Bermuda Atlantic
Time-series Study (BATS) Site
Quiñones, Renato A., and Yoanna Eissler. Departmento de Oceanografía, Universidad de
Concepción, Casilla 160-C, Concepción, Chile. The relationship between planktonic community
respiration and size in the pelagic system off northern Chile during El Niño 1997-1998
Parallel Sessions: JGOFS Regional and Other Issues
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Equatorial Pacific Synthesis Group:
"Does the equatorial Pacific fit in the future programmes that are being elaborated?
Chaired by Jim Murray
GAIM: "Cross-IGBP Synthesis of the Carbon Cycle"
Co-Chaired by Hugh Ducklow and Kathy Hibbard
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15 APRIL 2000, SATURDAY AFTERNOON
DEEP OCEAN FLUXES, CHAIRED BY KARIN LOCHTE
Lochte, Karin (Invited Speaker) et al. Baltic Sea Research Institute Warnemünde, 18119 Rostock,
Germany. Deep ocean fluxes
Gaye-Haake, Birgit, Holger Breul, Jörg Tiemann, Andreas Suthhof, Tim Rixen and Venugopalan
Ittekkot . Institute of Biogeochemistry and Marine Chemistry, University of Hamburg, Bundesstrasse
55, D-20146 Hamburg, Germany. Variation of late Quaternary sedimentation processes in the
Arabian Sea
Gobeil1, Charles, Bjørn Sundby2, Robie W. Macdonald3 and John N. Smith4. 1Institut MauriceLamontagne, Ministère des Pêches et des Océans, B.P. 1000, Mont-Joli, QC, G5H 3Z4, Canada,
2
INRS-Eau, Université du Québec, Ste-Foy, QC, G1V 4C7, Canada, 3Institute of Ocean Sciences,
Sidney, BC and 4Bedford Institute of Oceanography, Dartmouth, NS, Canada. Constraints imposed
by redox tracers on carbon fluxes to sediments in the central Arctic Ocean
Hoppe, Hans-Georg, Sören Ullrich, Klaus von Bröckel and Claudia Sellmer. Institute of Marine
Science, D-24105 Kiel, Germany. Mismatch between bacterial C-demand and C-supply by settling
and suspended POM in the deep Arabian Sea
Totterdell1, Ian J., Steven A. Spall2 and Andrew Yool1. 1Southampton Oceanography Centre,
European Way, Southampton SO14 3ZH, United Kingdom, and 2Hadley Centre for Climate Prediction
and Research, UK Met Office, London Road, Bracknell RG12 2SY, United Kingdom. Atlantic
Carbon and Alkalinity Fluxes in an Ocean Carbon Cycle Model (HadOCC)
Heinze, Christoph. Max-Planck-Institute of Meteorology, Bundesstrasse 55, D-20146 Hamburg,
Germany. An attempt to reconcile systematically a global ocean biogeochemical general
circulation model with observations of particle fluxes, water column tracers, solid sediment
compounds and pore water tracers simultaneously
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16-APRIL 2000, SUNDAY MORNING
GLOBAL OCEAN CARBON AND ECOSYSTEM MODELING,
CHAIRED BY SCOTT DONEY

Doney1, Scott (Invited Speaker), Joanie Kleypas1, Ivan Lima1, Keith Lindsay1, J. Keith Moore1
David Glover2 and Dennis McGillicuddy2, and Paul Falkowski3. 1Climate and Global Dynamics,
National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO 80307, USA, 2Woods Hole
Oceanographic Institution, and 3Rutgers University. An Emerging Paradigm for Global Ocean
Carbon and Ecosystem Modeling
Sarmiento, Jorge L., A. Gnanadesikan, and R. Slater. Atmospheric and Oceanic Sciences Program,
Princeton University, Princeton, NJ 08544 USA. Reduction of atmospheric carbon dioxide by
nutrient fertilization: sensitivity to ocean circulation.
Aumont1, O., E. Maier-Reimer2, P. Pondaven3 and S. Blain3. 1Laboratoire des Sciences du Climat et
de l'Environnement, CE Saclay, Orme des merisiers, F-91191 Gif-sur-Yvette, France, 2Max-Planck
Institut fuer Meteorologie, Bundesstrasse 55, D-20146 Hamburg, Germany, and 3UMR 6539, Institut
Universitaire Européen de la Mer, Technopole Brest-Iroise, Place Nicolas Copernic, F-29280 Plouzané,
France. An iron and silicon-based ecosystem model of the global ocean
Friedrichs, Marjorie A. M., and Eileen E. Hofmann. Center for Coastal Physical Oceanography,
Department of Ocean, Earth and Atmospheric Sciences, Old Dominion University, Crittenton Hall,
Norfolk, Virginia 23508, USA. Physical Control of Biological Processes in the Central Equatorial
Pacific: A Data Assimilative Modeling Study
Sasai, Yoshikazu, and Motoyoshi Ikeda. Hokkaido University, Graduate School of Environmental
Earth Science, Sapporo, 060-0810, Japan. Carbon cycle in the upper layer of the North Pacific
using the three dimensional model
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Christian1, James R., Mark A. Verschell2, Ragu Murtugudde3, Antonio J. Busalacchi4 and
Charles R. McClain4. 1Universities Space Research Association, NASA Goddard Space Flight Center,
Code 970.2, Greenbelt, MD, 20771, USA, E-mail: jrc@bluefin.gsfc.nasa.gov, 301-286-9911, Fax: 301286-0268, 2National Research Council, NASA Goddard Space Flight Center, Greenbelt, MD, USA,
3
ESSIC, University of Maryland, College Park, MD, USA, 4NASA Goddard Space Flight Center,
Greenbelt, MD, USA. Modelling Interannual Variability of Plankton and Biogeochemistry in the
Tropical Pacific Ocean
Myrmehl, Cathrine, and Helge Drange. Nansen Environmental and Remonte Sensing Center, Edv.
Griegsvei 3a, 5059 Bergen, Norway. 3-D Modelling of the Seasonal Cycling of Carbon and
Nitrogen in the World Oceans
Gregg, Watson W. NASA/Goddard Space Flight Center, Laboratory for Hydrospheric Processes,
Greenbelt, MD 20771, USA. Seasonal variability of global ocean chlorophyll: Comparison of
CZCS and SeaWiFS observations with a coupled general circulation-biogeochemical-radiative
model
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Boyd1, Philip (Invited Speaker), and Scott Doney2. 1NIWA Centre for Chemical and Physical
Oceanography, University of Otago, Dunedin, New Zealand, and 2Climate and Global Dynamics,
National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO 80307, USA. The impact of
climate change and feedback processes on the ocean carbon cycle
Bopp1, Laurent, Patrick Monfray1, Olivier Aumont1, James C. Orr1, Jean-Louis Dufresne2 and
Hervé LeTreut2. 1 IPSL/LSCE, CE Saclay, L’Orme des Merisiers, F-91191 Gif-sur-Yvette, France and
2
IPSL/LMD, Paris VI, 4 Place Jussieu, F-75252 Paris, France. Potential impact of climate change on
marine production
Matear1, R. J., A. C. Hirst2 and B. I. McNeil1. 1CSIRO Marine Research and the Antarctic CRC GPO
Box 1538 Hobart, TAS, Australia 7001 and 2CSIRO Atmospheric Research and the Southern
Meteorology CRC. Predicted changes in dissolved oxygen in the Southern Ocean with climate
change
Shanmuganandan, Samarajalingam. Madurai Kamaraj University, Palkalainagar, Madurai-625021,
Tamilnadu, India. Climate change and environmental impacts on marine fisheries: A study with
reference to understanding the marine ecosystem of Indian Ocean region
Zondervan, Ingrid, Björn Rost and Ulf Riebesell Alfred Wegener Institute for Polar and Marine
Research, P.O. Box 12 01 61, 27515 Bremerhaven, Germany. Elevated CO2 concentrations slow
down carbonate production in calcifying marine phytoplankton
Spall1, Steven A., Ian J. Totterdell2, Chris D. Jones1, Peter M. Cox1 and Richard A. Betts1.
1
Hadley Centre for Climate Predication and Research, UK Met Office, London Road, Bracknell,
Berkshire RG12 2SY, UK and 2Southampton Oceanography Centre, European Way, Southampton,
Hampshire SO14 3ZH, UK. The role of the ocean in a climate change scenario using an
atmosphere-ocean GCM with an interactive carbon cycle
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17-APRIL 2000, MONDAY MORNING
TEMPORAL STUDIES OF BIOGEOCHEMICAL PROCESSES,
CHAIRED BY DAVID KARL

Karl1, David M. (Invited Speaker), Steve Emerson2, Paul J. Harrison3, Anthony F. Michaels4 and
Yukihiro Nojiri5. 1Department of Oceanography, SOEST, University of Hawaii, Honolulu, HI 96822,
USA, 2Department of Oceanography, University of Washington, Seattle, WA 98195, USA,
3
Department of Earth and Ocean Sciences (Oceanography), University of British Columbia,
Vancouver, BC V6T 1Z4, Canada, 4Wrigley Institute for Environmental Studies, University of
Southern California, P.O. Box 50069, Avalon, CA 90704, USA, 5National Institute for Environmental
Studies, Tsukuba, Ibaraki 305-0053, Japan. Temporal studies of biogeochemical processes in the
world’s oceans
Bidigare1, Robert R., Michael E. Ondrusek1, Michael R. Landry1, Karen Selph1 and David M.
Karl1, and Ricardo Letelier2. 1Department of Oceanography, SOEST, University of Hawaii,
Honolulu, HI 96822 USA and 2College of Oceanic and Atmospheric Sciences, Oregon State
University, Corvallis, OR 97331-5503 USA. Seasonal and Interannual Variations in Phytoplankton
Community Structure at Station ALOHA
Carlson1, Craig A., Nicholas R. Bates1, Deborah K. Steinberg1, Dennis A. Hansell1, Rodney J.
Johnson1, Anthony H. Knap1 and Anthony F. Michaels2. 1Bermuda Biological Station For Research,
Inc., Ferry Reach, GEO1, Bermuda and 1Wrigley Institute for Environmental Studies, University of
Southern California, Los Angeles, California, USA. An Overview of Biogeochemical Variability at
the U.S. JGOFS Bermuda Atlantic Time-series Study (BATS) Site
Dickey, Tommy D. University of California, Santa Barbara, Ocean Physics Laboratory, 6487 Calle
Real, Suite A, Goleta, CA 93117, USA. New Insights Gained from High Frequency
Interdisciplinary Time-series Observations during JGOFS
LeBorgne1, Robert, Richard T. Barber2, Thierry Delcroix3, Yoshikawa Inoue4, Marlon Lewis5,
Denis Mackey6 Martine Rodier1 and Daniela Turk5. 1IRD, Station Marine d’Endoume, 13007
Marseille, France, 2Duke University Marine Lab., 135 Duke Marine Lab road, Beaufort, NC 285169721, USA, 3IRD, Centre de Nouméa, B.P. A5, 98848 Nouméa Cédex, New Caledonia,
4
Meteorological Research Institute, Tsukuba, Japan, 5Department of Oceanography, Dalhousie
University, Halifax, Canada B3H 4J1, and 6CSIRO Division of Oceanography, GPO Box 1538,
Hobart, Tasmania 7001, Australia. Zonal variability of the equatorial Pacific HNLC area
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Machu , Eric, Arne Biastoch , Andreas Oschlies3 and Véronique Garçon1.
1
LEGOS/UMR5566/CNRS, 18 Avenue Edouard Belin, 31401 Toulouse Cedex 04, France, 2Scripps
Institution of Oceanography, Physical Oceanography Research Group, 8605 La Jolla Flores Drive, La
Jolla, CA 92093-0230, USA, 3Institut fur Meereskunde an der Universitat Kiel, Dusternbroker Weg 20,
24105 Kiel, Germany. Phytoplankton distribution seasonality in the Agulhas Current region
Nojiri1, Yukihiro, Toshiro Saino2, Shuichi Watanabe3, Keiri Imai4 and Nobuo Tsurushima5.
1
National Institute for Environmental Studies, Tsukuba, Ibaraki 305-0053, Japan, 2Institute of
Hydrospheric-Atmospheric Sciences, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464, Japan,
3
Graduate School of Environmental Earth Science, Hokkaido University, Sapporo 060-0810, Japan,
4
Japan Science and Technology Corporation, c/o Faculty of Fisheries, Hokkaido University, Minatocho 3-1-1, Hakodate, Hokkaido 041-8611, Japan, 5Japan Science and Technology Corporation, c/o
Graduate School of Environmental Earth Science, Hokkaido University, Sapporo 060-0810, Japan.
Western North Pacific Ocean time series study at 44 N, 155 E (station KNOT) as a JGOFS/NPTT
(North Pacific Task Team) activity
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Turk1, Daniela, Marlon R. Lewis1, Michael J. McPhaden2 and Antonio J. Busalacchi3.
1
Department of Oceanography, Dalhousie University, Halifax, NS, Canada B3H 2Z9, 2NOAA/Pacific
Marine Environmental Laboratory, 600 Sand Point Way NE, Bldg 3, Seattle, WA 98115-0070 USA,
and 3Laboratory for Hydrospheric Processes, NASA/Goddard Space Flight Center, Greenbelt, MA
20771, USA. Variations in new production in the tropical Pacific during 1997-1999 El Nino and
La Nina from remotely-sensed observations

Joint Discussion Session:
Conference Highlights and Discussion on Future Challenges,
Chaired by James J. McCarthy

CLOSING CEREMONY, HUGH DUCKLOW
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DETAIL THEME SESSIONS: ABSTRACTS
OCEAN BIOGEOCHEMICAL REGIMES
DUCKLOW, HUGH (INVITED SPEAKER)
School of Marine Science, The College of William and Mary, Box 1346, Greate Road,
Gloucester point, VA 23062-1346, E-ail: duck@vims.edu, Phone: 804-684-7180.

Ocean biogeochemical regimes
We are all familiar with the existence of distinctive ecosystem types – unique combinations of
climate, geomorphology and plant and animal communities – across the terrestrial landscape.
Mention of deserts, forests, tundra, calls readily to mind images of the appearance, composition
and functioning of these systems. It is harder to make the same connection to ocean
ecosystems. We only see the ocean surface. In spite of a long history of attempts to classify the
ocean with traditional biogeographical approaches (species assemblages), the oceans have
resisted easy classification. This is because boundaries between regions are diffuse and shift on
shorter timescales than on land. Longhurst and colleagues exploited remote sensing of ocean
color to begin to construct an ecological geography of the sea, introducing the concept of fluid
boundaries, which could evolve in time and space. Much of JGOFS was implicitly or even
explicitly designed with the province concept in mind. We studied oligotrophic gyres, highly
seasonal subpolar bloom systems, the equatorial and monsoonal upwellings, several HNLC
areas, ocean margins and marginal ice zones. JGOFS researchers are now making maps of CO2
exchange, particle and DOC flux, and even ratios of autotrophic to heterotrophic metabolism,
as we synthesize our results. Modelers too, grapple with questions about segmentation of the
ocean’s fluid environment. Are model parameters the same in different regimes? Is ocean
variability expressed principally through the response of uniform biotic properties to the
physical environment? Or have distinctive and persistent communities evolved in different
ocean domains? The confluence of these efforts will be a new partitioning of the global ocean
into biogeochemical regimes. I will survey some of these approaches, and suggest how
microbial and dissolved organic carbon observations might contribute to understanding the
differences among biogeochemical provinces in the ocean. For example, a simple segmentation
could start by recognizing regions where bacterial variability is high (where they bloom) or
low, and how closely they respond to phytoplankton dynamics. For DOC, we might recognize
regions where DOC accumulations persist long enough to be exported to depth, and regimes
where accumulation is checked by bacterial activity. Better knowledge of the ecological and
physical controls on the balance between DOC production and bacterial consumption will help
us understand the partitioning of export production into dissolved and particulate phases.
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AVRIL, BERNARD
Laboratoire d'Océanographie Chimique, Université Libre de Bruxelles, Boulevard du
Triomphe - CP 208, B - 1050 Brussels, Belgium, Email: Bernard.Avril@ulb.ac.be,
Telephone: +32 2 650 5237, Fax: +32 2 646 3492. Poster

Dynamics of the dissolved organic carbon - biogeochemical and ecological
considerations
Distribution and dynamic behaviour of the dissolved organic carbon (DOC), as measured by
high-temperature catalytic oxidation method, are described and discussed for two typical
oceanic areas: northwestern Mediterranean (DYFAMED program) and eastern subtropical
Atlantic (EUMELI program), at different time scales (from days to seasons and years). The
dissolved organic carbon may support the main export of organic matter from surface waters to
deep waters. Its role as an important oceanic sink vector of carbon is demonstrated and
quantified in various typical oceanic ecosystems. The respective constraints of physical and
biological processes on seasonal DOC distribution are presented in the particular case of a onedimensional reference site. In this view, the various fractions of the DOC pool (labile and
refractory) are compared. In addition, physiological and ecological roles of dissolved organic
carbon are also identified and quantified for production and degradation processes based on
mesocosm studies. The dissolved organic carbon is demonstrated to be an intermediate and
buffer reservoir, preferentially used than the particulate organic carbon stock.

BANGE1, H. W., T. RIXEN2, A. M. JOHANSEN3, R. L. SIEFERT3, R.
RAMESH4, V. ITTEKKOT2, M. R. HOFFMANN3 AND M. O. ANDREAE1
1

Biogeochemistry Department, Max Planck Institute for Chemistry, PO Box 3060, D-55020
Mainz, Germany, E-mail: bange@mpch-mainz.mpg.de, Phone: +49-6131-305307, Fax: +496131-305487, 2 Institute for Biogeochemistry and Marine Chemistry, University of Hamburg,
Hamburg, Germany, 3 Environmental Engineering Science, California Institute of Technology,
Pasadena, USA, 4Institute for Ocean Management, Anna University, Chennai, India. Poster

A revised nitrogen budget for the Arabian Sea
Based on our measurements during the German Arabian Sea Process Study as part of the Joint
Global Ocean Flux Study (JGOFS) in 1995 and 1997, we present estimates of various nitrogen
(N) sources and sinks such as atmospheric deposition of N aerosols, pelagic denitrification,
nitrous oxide (N2O) emissions, and advective N input from the south. Additionally, we
estimated the N burial in the deep sea and the sedimentary shelf denitrification. The reassessed
N budget is dominated by the N loss due to denitrification, which is balanced by the advective
input of N through from the south. Atmospheric N depositions are important on a regional scale
during the intermonsoon in the central Arabian Sea, however, they play only a minor role for
the overall N cycling. Emissions of N2O and ammonia, N fixation, deep sea N burial, and N
inputs by rivers and marginal seas (i.e., Persian Gulf and Red Sea) are negligible. We found
that the magnitude of the sedimentary denitrification at the shelf is comparable to the pelagic
denitrification. Therefore, we conclude that the shelf sediments of the Arabian Sea might be of
considerably greater importance for the N cycling in the Arabian Sea than previously thought.
The main northward transport of N into the Arabian Sea occurs in the intermediate layers
indicating that the N cycle of the Arabian Sea might be sensitive to variations of the
intermediate water circulation of the Indian Ocean.
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CLAUSTRE, HERVÉ, AND OTHER PROSOPE SCIENTISTS
INSU-CNRS and Université P. & M. Curie, Laboratoire de Physique et Chimie Marines, B.P.
08, 06238 Villefranche-sur-mer, France, Email: claustre@obs-vlfr.fr, Phone: 33 4 93 76 37
29, Fax: 33 4 93 76 37 39. Poster

The PROSOPE cruise: a multidisciplinary investigation of various
biogeochemical provinces with particular emphasis on phosphate limitation
and on the daily time scale
During September 1999, multidisciplinary observations were conducted in the eastern North
Atlantic and in the Mediterranean Sea as part of the PROSOPE cruise (PROOF-JGOFS
France). The four scientific objectives were: (1) to carry out process studies in the frame of the
JGOFS program and contribute to the collective effort of data acquisition in various
biogeochemical provinces. (2) To carry out SeaWIFS validation and use quasi real-time
SeaWIFS images to identify the location of particular stations. (3) To study the respective
influences of nitrates and phosphates in shaping oceanic fertility (4) to evaluate the importance
of processes at the daily scale. The sampling grid was focused on the occupation of three 5-day
stations: the Moroccan upwelling, (10°W, 31°N), the Ionian Sea (22°E, 34°N) and the Ligurian
Sea (7°52'E, 43°25'N). Between these stations, nine 5-hour stations were occupied around
noon. Overall the initial scientific objectives were met. Preliminary observations show that: (1)
Extreme trophic conditions were encountered, with surface chlorophyll a concentrations
ranging over 2 orders of magnitude, from 2-4 mg m-3 (Moroccan upwelling) to 0.03 mg m-3
(Ionian Sea). (2) A longitudinal grid from 5°W (Gibraltar) to 22°E (Ionian Sea) clearly showed
an increase in oligotrophic conditions associated with a decrease in nutrient standing stocks,
especially phosphates. (3) The stable conditions at the Ionian Sea allowed detailed
investigations of the daily changes in particle load and size and their effects on optical
properties.

DADOU1, ISABELLE, GEOFFREY EVANS2 AND VÉRONIQUE GARÇON1
1

GRGS/LEGOS, 18 Avenue E. Belin, 31401 Toulouse cedex 4, France, E-mail:
Isabelle.Dadou@cnes.fr, Tel: 33 5 61 33 29 54, Fax: 33 5 61 25 32 05, and 2 Department of
Fisheries and Oceans, Science Branch, St John’s NF Canada A1C 5X1. Poster

Using JGOFS in-situ and ocean colour data to compare biogeochemical
models and estimate their parameters in the subtropical Atlantic
In an oligotrophic open ocean region, three different models are used and compared. The three
models consist in 1) an aggregation model with only nutrients and phytoplankton (Kriest and
Evans, 1999), 2) an NPZD (Nutrients, Phytoplankton, Zooplankton and Detritus) model, and 3)
a seven component model with two kinds of dissolved organic matter and detritus characterized
by remineralization and sinking rates (Dadou et al., 1999), respectively. The three models are
adjusted to the same set of data with the same optimization and within the same onedimensional physical framework (Evans, 1999). The selected site is located in the Northeast
subtropical Atlantic ocean at the oligotrophic station of the French-JGOFS EUMELI program
(21°N, 31°W). Obtained data cover four seasons. Stocks and flux data were used as well as
ocean colour data. The three models give approximately the same misfit when comparing the
simulated concentrations and fluxes with data. The estimates of common parameters seem to
vary a lot from one model to another.
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Bermuda Biological Station For Research, 17 Biological Station Lane, Ferry Reach, GE01,
Bermuda, E-mail: dennis@bbsr.edu, knap@bbsr.edu, nick@bbsr.edu, Tel. 1-441-297-1880,
Fax. 1-441-297-8143. Poster

The Sargasso Sea Ocean Observatory
International efforts to develop global scale ocean and climate observation systems will be
aided by coordination of and access to existing observational efforts. In this light, the Sargasso
Sea Ocean Observatory (S2O2) has been formed to coordinate and enhance the contributions of
the many marine biogeochemical and hydrographic studies that are conducted in time series
mode in the western Sargasso Sea near Bermuda. The S2O2 comprises several ongoing ocean
observation and modeling programs, which are in turn managed by several institutions
(Bermuda Biological Station for Research, Inc.; Lamont Doherty Earth Observatory; Univ. of
California at Santa Barbara; University of Rhode Island; University of Virginia; Woods Hole
Oceanographic Institution). A subset of these ongoing activities include: the 46 year
Hydrostation S program; the 11 year US JGOFS Bermuda Atlantic Time-series Study (BATS);
the 20 year Bermuda atmospheric (formerly AEROCE) tower program; a 7 year, twice weekly
ADCP and TSG survey between New Jersey and Bermuda; a 5 year pCO2 survey program; a
recent UV radiation monitoring program; ocean color (2 yrs) and SST (5 yrs) satellite
observation program; the 6 year Bermuda BioOptics Project; the Government of Bermuda
weather stations; modeling and remote sensing to provide a spatial context in which to interpret
the time series measurements; and several other contributions to these time series efforts. The
US National Science Foundation (NSF) and the US National Atmospheric and Space
Administration (NASA) support ocean observations through these Sargasso Sea programs at a
rate of >US$4M annually. A primary objective of S2O2 will be to maintain the vigor of the
local time series programs and to provide a fluid and timely data stream to the international
community of ocean and climate scientists.

HEBBELN, DIERK & WEFER, GEROLD
Geowissenschaften, Universität Bremen, D-28334 Bremen, Germany, E-mail: dhebbeln@unibremen.de, Tel: +49-421-2189079, Fax: ++49-421-2483116. Poster

Seasonal and Interannual Variations in the Particle Flux in the Eastern
Boundary Current off Chile
As being part of one of the largest Eastern Boundary Current systems the waters off Chile
belong the most fertile regions in the world ocean. The upwelling of nutrient-rich subsurface
waters sustains the high productivity in the surface waters and, finally, one of the world's
largest fisheries. However, the functioning of this system is still only poorly understood. Here
we present the first long-term particle flux record from the waters off Chile, spanning a period
of 7 years (although with some gaps). Throughout this time the flux pattern reveals some stable
features. Most prominently is the distinction between a high flux (August-October, >200) and a
low flux period (April - June, <100 mg m-2 d-1). In general this pattern fits to the average
pattern of surface water productivity and sea surface temperatures derived from satellite data,
although the flux maximum is delayed versus the maximum pigment concentration by ~2
months. While during the low flux period almost no interannual differences occur, significant
variability is observed during the high flux period, in which observed fluxes reached maximum
values of >600 mg m-2 d-1 and even higher fluxes are presumed. El Niño events do not seem to
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have significant effects on the biogenic flux, however, an increase in the lithogenic portion of
the particle flux is most likely caused by increased onshore precipitation related to El Niño.

JOHANNESSEN1, TRULS, LEIF ANDERSON2, EVA FALCK1, EYSTEIN
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Geophysical Institute, University of Bergen, Allegt.70, 5007 Bergen, Norway, E-mail:
Truls.Johannessen@smr.uib.no, Tel: -47 55584327, Fax: -47 55960566, 2 Department of
Analytical and marine Chemistry, University of Göteborg, Sweden, 3 Geological Institute,
University of Bergen, Allegt.70, 5007 Bergen, Norway. Contributed Paper

The carbon cycle in the Nordic Seas: A synthesis of work done during the
CARDEEP era
The Greenland Sea is believed to be one of the most important areas on the globe in production
of deep water. One of the main issues is to understand whether the thermohaline circulation is
stable in its present mode of operation. Despite many years of extensive research, only a crude
and qualitative understanding is at hand today, and many fundamental questions related to the
basic nature of convective overturning in high latitudes are not resolved: what are the
mechanisms, what are the driving forces, what are the quantities and ventilation rates, and what
are the quantities of the associated fluxes of carbon? Specifically, we will focus on the carbon
cycle the way it expresses itself during an intensive study of the Greenland/Nordic Seas. The
general anthropogenic CO2 uptake seems to follow the global uptake of 2-umol/kg carbon pr.
year. The physical carbon pump is stronger in the Greenland Sea than in other regions due to
the low temperature in the surface water and the high windspeeds. During the summer a very
low fCO2 as low as 200 atm are recorded. In the late spring and early summer seasons when a
very low fCO2 exist in the surface water _13C seems to be decoupled from the nutrient and the
isotopic fractionation can for this reason not be explained in terms of biology alone. We call
upon partial thermal equilibration with the atmosphere to explain the pattern we observe in the
Greenland Sea. (MAST III-program, Contr. No. MAS3-CT95-0015)
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Budgets for carbon, nitrogen and oxygen for a typical station in the
temperate Northeast Atlantic (Biotrans-NABE-47 Site)
Our synthesis is based on data from decade long sampling at the JGOFS Biotrans-NABE-47
Site (47°N, 20°W) in the Northeast Atlantic. New production and export from the winter mixed
layer depth as well as the respective integrated remineralization rates based on N, C and O are
estimated using different approaches. New production, as estimates from seasonal changes in
nitrate distribution, amounted to a drawdown of 620-mmol N m-2 yr-1. The quotient of DIC
(dissolved inorganic carbon) and NO3 was close to the Redfield ratio (6.4 to 7.7) between
March and the end of the spring bloom. During summer (June to August), an additional
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drawdown of DIC was observed which is equivalent to about 50 % of the spring-bloom
drawdown, but not accompanied by any further nitrate uptake. Export from the euphotic zone is
mainly due to the sinking of large particles (< 65 %), convective export of suspended particles
(>25%) and convective export of DOC (10 %). Estimating the overall C: N ratio of
remineralisation in the upper 400 m (winter mixed layer depth) from seasonal budgets of
oxygen and nitrate, ratios not significantly different from the Redfield ratio are found. Export
below the winter mixed layer depth accounts for only 5 to 7 % of new production and has a
mean C:N ratio of about 7.2. A small additional diffusive export of dissolved organic carbon
(but not nitrogen) exists.
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Incidence of frontal structures on biological CO2 fluxes
These works main aims were to characterise the mesoscale features of the frontal structures
adjacent (1) to the geostrophic Atlantic jet in the Alboran Sea, and (2) to the geostrophic
Antarctic Circumpolar Current in the sub-Antarctic zone, and their associated biogeochemical
processes. Gross Community Production (GCP) rates were ranging from 50 to 70 mmol.O2.m2 -1
.d in the frontal area, whereas these rates were below 30 mmol.O2.m-2.d-1 in the
Mediterranean water and in the modified Atlantic water. Metabolic activities in the water
column 200-1000m were around 7 to 25 mmol.O2.m-2.d-1. Dark Community Respiration (DCR)
rates were ranging from 40 to 70 mmol.O2.m-2.d-1 in the frontal area and below 30 mmol.O2.m2 -1
.d either side. Net Community Production (NCP) rates were positive in the frontal area, and
nil or negative elsewhere. In Sub-Antarctic area, GCP rates were below 1 µMC.d-1, excepted in
subtropical waters (4 µMC.d-1). DCR rates were ranging from 0.5 to 2-µM d-1. NCP rates were
negative, leading to the conclusion that the area was net heterotroph. Metabolic CO2 production
values were ranging from 0.05 to 0.2 mmolC.m-2.d-1 for sub-Antarctic water and subtropical
water respectively.
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Physical chemical and biological controls on the carbon cycle in the warm
pool of the western Equatorial Pacific
The oceanographic, meteorological and hydrographic conditions in the western Equatorial
Pacific are very different from those of the eastern Pacific. Compared to the eastern equatorial
region, and under non-ENSO perturbations, the SE tradewinds are weaker or non-existent, the
sea surface temperature is higher (the region is often referred to as the ‘warm pool’), the
thermocline is deeper, the Equatorial Undercurrent (EUC) is deeper, upwelling is greatly
reduced and the surface waters are depleted in nitrate. The deep thermocline does not imply a
deep mixed layer since the isothermal layer contains one or more shallow haloclines with warm
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low salinity surface waters separated from the thermocline by a ‘barrier layer’ which is
typically 30-40 m deep. These physical conditions result in lower biological productivity
compared to the eastern equatorial Pacific even though the biomass (chlorophyll) is comparable
and there is no evidence for iron limitation. Short term perturbations, due to westerly wind
bursts, and interseasonal perturbations, due to El Niño or La Niña events, lead to changes in
productivity that that are often opposite in phase to those in the central and eastern equatorial
Pacific. Changes in productivity tend to occur deep in the water column and therefore may not
be readily amenable to detection and interpretation from remotely sensed data.
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The annual cycle of DIC and d13C-DIC in the sub-Antarctic zone, south of
Australia: the role of biological production, mixing and air-sea exchange
The sub-Antarctic zone (SAZ), located between the subtropical front and the sub-Antarctic
front, is a major sink for atmospheric carbon dioxide (Metzl et al, 1999). Changes from winter
(July) to summer (March) in mixed-layer carbon have been estimated based on nine cruises
undertaken between Nov 1995 and July 1999 for SAZ waters, south of Australia. The region
shows a strong summertime drawdown in dissolved inorganic carbon (DIC), increases in the
stable carbon isotopic composition of dissolved inorganic carbon (d13C-DIC), and a shoaling of
the mixed layer relative to winter. We use the measured winter-summer changes in DIC, d13CDIC, alkalinity and nutrients to partition changes in mixed-layer carbon among biological, airsea exchange and mixing processes. The application of a 1-D mixed layer model shows that
vertical mixing has no significant impact on salinity during the transition from winter to
summer conditions. The role of horizontal mixing of subtropical waters into the SAZ was
corrected based on salinity. After correcting for mixing, DIC decreases by up to 42±3µmol/kg
from winter (July) to summer (February) while nitrate and phosphate decreases by up to
6±0.8µmol/kg and 0.4±0.06µmol/kg respectively. The d13C-DIC is enriched by up to
0.45±0.05‰ for the same period. The calculated changes in DIC, nitrate and phosphate are
close to the Redfield ratio (104:16:1). Biological processes dominate the seasonal changes in
DIC and d13C-DIC. Air-sea exchange has only a small effect on the seasonal signal for both
parameters. The seasonal DIC depletion implies a total organic carbon (TOC) export ranging
from 70-120mgC/m2/d within the SAZ, south of Australia. The enrichment of d13C-DIC
between winter and summer is due to the preferential uptake of 12CO2 by marine phytoplankton
during photosynthesis. Estimates of TOC export made using d13C-DIC changes as an added
constraint agree well with those based on DIC changes. (Metzl, N., Tilbrook, B. and Poisson,
A. (1999), The annual fCO2 cycle and the air-sea CO2 flux in the sub-Antarctic Ocean. Tellus,
51B, 849-861)
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Interannual variations in the carbon solubility pump over the North Atlantic
inferred from air-sea heat fluxes
Physical variability within the ocean affects the air-sea fluxes of heat and carbon. We develop
methods to infer the natural variability of the non-biological carbon flux from the observed
variability in the heat flux over the North Atlantic. The non-biological air-sea flux of CO2 is
related to the heat flux due to the temperature dependence of CO2 solubility. The solubility of
CO2 increases with decreasing temperature. Therefore, a heat flux out of the ocean is expected
to coincide with a carbon flux into the ocean. We use two relationships between heat and CO2
fluxes, which are valid on different timescales and provide an upper and lower limit on the
carbon flux. The methods are tested in a range of models and then combined with observed
heat fluxes over the North Atlantic for 1960-93 to infer the natural variability of the nonbiological CO2 flux. The interannual variability of the present day carbon uptake of the North
Atlantic is also affected by the increasing concentration of atmospheric CO2 concentrations. A
method is devised to assess this ‘anthropogenic’ variability from atmospheric CO2
measurements and a relationship between the increase in ocean and atmosphere CO2
concentrations. The natural variability of the CO2 flux inferred from the heat flux is found to
dominate over the anthropogenic variability, with the upper limit of the natural variability
being 0.15 Gt C per year (15N to 65N). There is a general trend of increasing uptake during the
period 1960-93 caused by both the natural and anthropogenic variability.
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An appraisal of the shallow oxygen minimum layer in the Humboldt Current
system and its impact on the regional biogeochemical cycling
The low oxygen concentration (<2 ml L-1) at relatively shallow depths (<100 m) in the coastal
upwelling zone and in the adjacent oceanic area is a distinct feature of the eastern boundary
Humboldt Current System (HCS) off Peru and northern Chile. This condition affects the
distribution of pelagic organisms and, thereby, export flux; in addition, it is associated with an
intense recycling of nitrogen compounds, including denitrification in the water column. Little
information is available about the spatial and temporal variability in the distribution of the
Oxygen Minimum Layer (OML) present in the HCS and the impact of its variability upon the
pelagic system and biogeochemical cycles in the region. A review of the oceanographic
information available indicates that the depth of the upper boundary of the OML undergoes
pronounced deepening during the occurrence of warm ENSO (El Niño Southern Oscillation)
events over the whole area of study, and this, in turn, determines a condition of higher oxygen
concentrations in the top 100 m layer. The implications of the variability in depth of the upper
boundary of the OML upon pelagic production and export flux, and nitrogen cycling, are
explored in the context of the regional assessment of biogeochemical cycling in the oceans.
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North Atlantic seasonal biogeochemical changes
Observations and a model Seasonal changes in the 0-200 m layer have been studied in two
hydrographically different regions; the Irminger Sea with relatively warm and saline Atlantic
Water, and in the Iceland Sea and in the Norwegian Sea east of Iceland where the conditions
are dominated by Arctic or Polar influences. The Atlantic Water in the Irminger Sea is about
5C warmer and with much narrower salinity range than the Iceland and Norwegian Seas where
conditions vary in particular with the strength of Polar Water influences derived from the East
Greenland Current. There are significant differences in the characteristic nutrient and carbon
concentrations and concentration variation patterns between these regions. The seasonal fCO2
minimum is e.g. about 100 uatm lower in the Iceland Sea than in the Irminger Sea. Three
processes are evident; biochemical changes following Redfield like C/P and C/N trends, air-sea
fluxes and water mass mixing with strong signals from Polar Water, both on dissolved
inorganic carbon and nutrient concentrations. Observed hydrography, plant nutrient and carbon
parameters with temporal resolution of one to three months are presented for both regions. The
major differences between the two regimes are discussed based on model simulations with a
coupled 3-D physical-biogeochemical model of the North Atlantic, driven by synoptic
atmospheric forcing fields.
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Chemical characterisation of brine waters in the Barents Sea
The Barents Sea and Storfjorden are important regions to study climate related processes: the
Barents Sea because of its precondition of water important for the "global conveyer" belt and
deep water formation; and Storfjorden for its generation of brine water. The former may have
been the most important process driving the general circulation of the North Atlantic Ocean
during glacial times. It is for this reason important to differentiate between open and brine
types of deep-water formation. We will look upon the chemical characterisation of brine
formation in this work. The surface water was dominated by Melt Water (MW), except for the
deeper part on the North and the South where Svalbard Bank Water (SBW) and Coastal Water
(CW) dominated. Generally, the surface waters reflect two different chemical characteristics
and can be divided into two parts either side of 20˚E. The former area showed higher fCO2 of ~
40 – 50 µatm after normalising to 5˚C temperature (fCO2N). Total alkalinity (AT) versus
salinity plots show that the freshwater input in the eastern area has much higher AT than the
eastern counterpart, suggesting that the Russian rivers probably are the major source to this
water mass. The freshwater inputs in both areas contained higher CT (~550um/kg), however,
the ratio AT/ CT was higher in the western area and is inversely correlated with fCO2N
suggesting that the high AT at zero salinity is responsible for the high fCO2 in the North Eastern
part. Further, in the west AT/ CT value extrapolated to zero salinity results in a ratio of 0.15.
Comparing with the biological production data of Anderson et al. (1981), it could be speculated
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that the fresh water in the western area the AT and CT at zero salinity resulted from
remineralisation of organic material. A plot of AT and CT normalised to salinity of 35‰ psu,
results in a linear relationship with slope ~1.2. Brine waters deviate from this line significantly
and show a large range of CTN for the same ATN value. This deviation is caused by the
strength of freezing process that produce brine water, the differential equilibration time with
the atmosphere or reflect different surface water mixtures that is the source for brine water.
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Physical control of biological productivity on a seasonal scale in the central
Arabian Sea
Using in situ data collected during 1992-1997, under Indian Programme of Joint Global Ocean
Flux Study (JGOFS), we show that the biological productivity of the Arabian Sea is tightly
coupled to physical forcing and resultant nutrient availability. Arabian Sea becomes high
productive in summer not only along the coastal regions of Somalia, Arabia and southern parts
of the west coast of India due to coastal upwelling, but also in the open waters of central
region. This happens in the north by a combination of divergence driven by wind stress curl to
the north of the Findlater Jet and lateral advection of nutrient-rich upwelled waters from
Arabia. Waters in the southern parts of the central Arabian Sea are fertilized by advection from
Somalia upwelling. In winter, surface cooling and convection driven by reduced solar
insolation and increased evaporation in the north leads to winter bloom. During both Spring
and Fall Inter-monsoon Arabian Sea remains warm and stratified with low production as
surface waters are oligotrophic.
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Multiple limiting factors at the first trophic level: iron and silicon
interactions control phytoplankton production and particulate matter
characteristics in Southern Ocean subsystems
Numerous in situ studies have demonstrated the potential for limitation of phytoplankton
growth by iron deficiency in different ecosystems characterized by HNLC (High Nitrate Low
Chlorophyll) conditions. The subsystems of the Southern Ocean have traditionally been
considered as areas favouring the accumulation of biogenic silica in sediments, which is
commonly thought to reflect export production of heavily-silicified diatoms in orthosilicic
acid-replete waters. Recent field studies have also demonstrated that phytoplankton growth is
likely to be limited by iron deficiency in much of the Southern Ocean, including the
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Subantarctic region, the Permanently Open Ocean Zone, the Seasonal Sea-Ice Zone, and parts
of the Antarctic Shelf. This, together with recent observations, which indicate that diatoms
growing under iron-deficient conditions incorporate more silicon relative to carbon, may
explain the high degree of silicification observed in antarctic diatoms. However, field studies
have also indicated very high half-saturation constants for orthosilic acid uptake (km > 20 µM)
by diatoms in the Southern Ocean, suggesting that these algae are relatively inefficient at using
orthosilicic acid at the ambient concentrations found in these waters. In recent field
experiments, we have found evidence for co-limitation of diatom growth by iron and silicon in
Southern Ocean waters. Based on mechanistic information derived from these experiments, we
argue that the interaction of iron and silicon in regulating diatom growth is able to reconcile the
observation of high km values for orthosilicic acid yet production of heavily-silicified diatoms
in Southern Ocean waters. Nutrient co-limitation of phytoplankton growth may be a
widespread process, which we need to better understand in order to adequately model primary
production as well as elemental composition of exported particulate matter.
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Global pattern in bacterial processes: Influence on carbon cycling in the
upper ocean
The processes that occur within the microbial food web influence the remineralization of
biogenic carbon (BC) in the upper ocean, the partitioning of BC between the dissolved and
particulate pools, and ultimately both air-sea CO2 flux and BC export to depth and to large
animals. Despite their potential importance in carbon cycling, comprehensive analyses of
bacterial or microheterotrophic processes in the World Oceans are lacking. A meta-analysis (>
3000 sets of observations) of published information on bacterial distributions and processes,
and related physical and biological characteristics shows several unexpected trends. Bacterial
abundance (BA), production (BP) and growth rate (BGR) are not correlated with ambient
temperature (T; -1.8 to 29oC), whereas bacterial growth efficiency is inversely related to T (r2 =
0.49, p < 0.001). Bacterial abundance and BP show weak (r2 = 0.10 to 0.13) but significant (p <
0.001) positive latitudinal gradients, from 78oS to 89.9oN, with abundance and production
being greater in the northern than southern hemispheres. In contrast, BGR is not latitudedependent with a global mean 0.25 d-1 (95% CI = 0.02 d-1). By combining these latitude- and
temperature-dependent models, we find that the fraction of BC cycling through, and
remineralized by bacteria is higher at low latitudes and decreases towards the poles. As
temperature decreases poleward, there is a concurrent decrease in BC remineralization by
bacteria (~2% per oC) and increase in the solubility of CO2 in seawater (~3% per oC), which
together have a profound influence on the air-sea exchange of CO2.
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A SW monsoon carbon and nitrogen budget for the Arabian Sea
The JGOFS Process Study in the Indian Ocean aims to better understand the functioning of the
biological carbon pump under the influence of the monsoons. This report will present a
preliminary SW monsoon carbon and nitrogen budget for the Arabian Sea. The budget is based
on (i) information on the volume of upwelled water estimated from satellite-derived wind
speeds, (ii) C and N inputs into surface waters calculated from nutrients and total dissolved
inorganic carbon concentrations and (iii) the available data on primary production, water
column remineralization, and carbon dioxide emission into the atmosphere as well as (iv) longterm particle flux data. About 20% of the upwelled nitrate gets exported already in the
upwelling region and the remaining 80% account for the observed organic carbon fluxes in the
open Arabian Sea. The amount of carbon transferred as particulate organic carbon back into the
deep-sea and as CO2 into the atmosphere represents only a minor part of the total upwelled
carbon.
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Planktonic foraminiferal population dynamics and carbon budget
Planktonic foraminifera are protozoans, which dwell in surface waters of open oceans. They
constitute a minor portion of total zooplankton, but are main producers of marine calcareous
particles (tests) deposited on the ocean floor. CaCO3 weight of adult tests ranges between 0.5
and 60 µg, with equals 0.06 to 7.2 µg of carbon, and the protoplasma is assumed to contain
about the same carbon mass. Planktonic foraminiferal biomass is suspected to equal about 3 %
of the organic carbon primary production. While settling through the water column
protoplasma degrades and CaCO3 is removed. In the North Atlantic and Arabian Sea on
average 1 to 2 % of primarily formed test CaCO3 reaches the sea floor at about 4000 m water
depth. Both oceanic regions cover a wide range of physical, chemical, and biological
characteristics of the tropical to temperate world oceans, and are well suited for comparison of
ocean properties. A huge data set on planktonic foraminifers was acquired between 1988 and
1999 from different settings and seasons of both oceans. We revealed planktonic foraminiferal
population dynamics in high resolution, and calculated their portion of the global marine
CaCO3 production. The oceanic carbonate system is intimately related to both atmospheric CO2
and global carbon cycle and therefore is of great interest for paleoclimatological
reconstructions.
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Oxygen fluxes in the Norwegian Atlantic Current
Oxygen fluxes in the water column and between the atmosphere and the ocean have been
studied at two sections across the Norwegian Atlantic Current; the Gimsøy-NW section from
67.5°N 9°E to 71.5°N 1°E and the Bjørnøya-W section along 74.5°N from 7 to 15°E. For
evaluation of the fluxes we apply a simple box model at each of the sections, and daily
concentration changes in the surface layer is followed over a year. A vertical mixing rate of 0.8
m d-1 is applied to the upper mixed layer during winter at both sections, while a vertical mixing
rate of 0.1 m d-1 is used during the summer season with well stratified water columns. The
fluxes to the surface layer driven by vertical mixing are estimated to be 0.51 and 0.24 mol O2
m-2 y-1, at the Gimsøy-NW and Bjørnøya-W sections, respectively. Oxygen fluxes to the
surface layer due to phytoplankton production are 2.8 and 3.7 mol O2 m-2 y-1, which also
represents the net community production at the two sections. The surface water is a sink for
atmospheric oxygen during fall and winter and a source during the productive season for both
sections. On an annual basis the Gimsøy-NW section take up an amount of 3.4 mol O2 m-2 y-1
from the atmosphere, while the Bjørnøya-W take up 4.9 mol O2 m-2 y-1. When moving from the
Gimsøy-NW section to the Bjørnøya-W section the temperature decreases by 1 to 1.5°C, which
is the main reason for the increased atmospheric flux of oxygen into the surface water. Budgets
are made at each section and an advection of size between 7 and 9 mol O2 m-2 y-1 is needed to
balance the budgets. This size of the advection is confirmed by using volume transport and
averaged oxygen concentrations at each section.
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On the eddy transfer of nutrients to the euphotic zone: advective or
diffusive?
Mesoscale eddies have been found to be correlated with enhanced levels of primary production
in both observations and numerical simulations. The exact mechanism by which eddies
enhance export production is less clear: there may be an eddy transfer of nutrients into the
photic zone, or there may be indirect changes in the light received by biota through changes in
the mixed-layer cycle. Recent studies have emphasized the local response to the eddy
circulation, such as how eddies may lead to a rectified upwelling of nutrients. In this study, we
focus on the larger-scale response and on how eddies can systematically laterally transfer
nutrients. This eddy transfer of nutrients might be particularly important across frontal zones
and across inter-gyre boundaries. Eddies transfer tracers along isopycnals through a downgradient diffusion and a rectified advection. Using idealized eddy-resolving experiments, we
explore how the eddy diffusion and advection influence nutrients with different lifetimes in the
euphotic zone, such as nitrate and semi-labile dissolved organic nitrogen. The eddy diffusion
and advection of nutrients can either reinforce or oppose each other according to where the
source of high nutrient concentrations is located. We examine how the total transport including
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the wind-driven Ekman and eddy transfer controls the response for realistic regimes, such as
frontal zones in the Southern Ocean and over the flanks of the subtropical gyres.
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Ocean-atmosphere heat flux: NCEP forecasts versus local estimates from
ship-based measurements (47°N, 20°W)
Heat exchange at the atmosphere-sea boundary forces mixed layer dynamics, which in turn
determines biological processes there. The knowledge of the air-sea heat fluxes therefore is
indispensible for the construction of truly prognostic models of the carbon balance of the
surface ocean. Data sets provided by the National Center for Environmental Prediction (NCEP)
and the National Center for Atmospheric Research (NCAR) have been used for global and
regional model studies of upper ocean physics. However, ship-based measurements are
necessarily local. Here we examine the agreement between heat flux estimates based on local
shipboard observations on the one hand and from NCEP and ECMWF data, on the other hand.
Both estimates have specific and different error sources. Our results show good agreement both
in the diurnal periodicity and the description of non-periodic events (storms). Our conclusion is
that both ship-based estimates of net heat flux and NCEP or ECMWF data as well are suited to
force local model studies resolving the diurnal cycle.
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The Gulf Ecosystem Monitoring (GEM) Program: A permanent fund for the
management and conservation of the Northern Gulf of Alaska Marine
Ecosystem.
Using funds now set aside in the Exxon Valdez oil spill (EVOS) Restoration Reserve, the
EVOS Trustee Council established a perpetual, inflation-proofed endowment, from which the
earnings would support long-term ecological monitoring and research in the EVOS area and
adjacent northern Gulf of Alaska. This interdisciplinary program will be designed to improve
understanding, conservation, and management of the living marine resources of the northern
Gulf of Alaska. Minimum annual cost would be $5-6 million dollars, inclusive of all aspects of
the program. The GEM Program would aim to:
• track lingering oil spill injury (e.g., oil exposure in sea otters) and apply what is learned to
injury assessment and response to future oil spills (e.g., NRDA/contingency planning);
• identify and understand annual and long-term changes in the marine ecosystem,
distinguishing natural variability from human influences (e.g., wide swings in salmon,
marine mammal, and seabird populations);
• develop new fish and wildlife management tools (e.g., genetic stock identification in
commercially important fish species);
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•

•
•

provide integrated and synthesized information on the status, trends and health of fisheries
and other marine resources, including water quality and contaminants in fish and wildlife
consumed by people (e.g., produce annual "state of the gulf" report, with periodic updates
as new information becomes available);
support the identification and protection of important marine habitats (e.g., assist with
siting of marine industrial and mariculture facilities; establish protected reserves); and,
foster efficiency through interagency coordination and scientific leadership and the
leveraging of GEM funds to guide uses of funds from other sources (e.g., the NOAA/NSF
GLOBEC program on climate change and the oceans).

YAYLA, MEHMET K., AND AYSEN YILMAZ
Middle East Technical University, Institute of Marine Sciences, P.O. Box: 28, 33731,
Erdemli, Içel, Turkey, E-mail: mehmet@ims.metu.edu.tr, Phone: 090 – 324 521 34 34, Fax:
090 – 324 521 23 27. Contributed Paper

Photoadaptation and temperature dependency of primary productivity in
the Black Sea
The Black Sea exhibits large seasonal temperature variations in its surface waters. The
persistency of the cold intermediate layer and warming surface waters lead to a steep
temperature gradient at the upper parts of the euphotic zone (EZ) in summer. Consequently,
phytoplankton in the upper layer are trapped close to surface where light is abundant, and can
develop adequate photoadaptational characteristics. Moreover, enzymatic reactions are faster
and photoinhibition is less effective in warm surface waters, which leads to high photosynthetic
performance, thus high primary productivity per unit chl-a. Indeed, apart from two major
phytoplankton blooms occurring in early spring and autumn in Black Sea, additional summer
blooms have frequently been reported. For 1997-1998 period, surface temperatures varied
between 24ºC (July’97) and 9ºC (March’98). P-I curves are drawn by using 14C method for the
upper and lower layers of the EZ, and highest Pmax values were always detected at the upper
layer (75-60 % light depth) when surface temperatures were high (> 20ºC). Highest Pmax in
the upper layer was estimated as 30 mgCmgChl-a-1h-1 in July’97 (surface T=24ºC) and the
lowest value was 4.1 mgCmgChl-a-1h-1 in April’98 (surface T=10ºC). The gap between curves
drawn from upper and lower layers increased by surface temperature. They nearly matched at
9ºC (March’98), but were pronouncedly different in shape and magnitudes at temperatures
exceeding 20ºC. Photoinhibition was pronounced at irradiances around 300-400µE.m-1.s-1 at
lower temperatures, but was not detected at such irradiances in July’97 and September’98
where surface temperatures were 24ºC and 20ºC, respectively. Bulk of the primary production
was accomplished at the upper few meters of the EZ.
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Population dynamics of coccolithophores in the northern Indian Ocean
The distribution of calcareous nannoplankton (coccolithophores) was studied in the northern
Indian Ocean during different seasons and years. Coccolithophores responded to monsoon-
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driven, seasonal changes of the hydrography. Different coccolithophore communities were
observed during the NE monsoon, the SW monsoon and the spring and fall intermonsoon
periods. The interannual comparison of the assemblages in 1995 and 1997 revealed similar
community structure during the particular seasons. Coccolithophore cell densities were highest
during the NE monsoon (1995, 1997), when mesotrophic conditions, induced by convective
overturning, prevailed. During the spring intermonsoon (1995) the standing crop was low, but
species diversity was highest due to high insolation and an oligotrophic situation. The
beginning of the SW monsoon (1997) was characterized by a distinct sequence of species and
an ascent of deep-living species, e.g. Florisphaera profunda, caused by the updoming of
isothermes in the upwelling area off Oman. An advanced stage of upwelling in 1995 was
displayed by a well mixed water column and decreased surface temperatures. At the same time
the coccolithophore assemblage was dominated by Gephyrocapsa oceanica, a typical
upwelling indicator. During fall intermonsoon, species diversity increased, but cell densities
were in the range of the spring intermonsoon values.
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Continental margin exchanges
Continental marginal zones play a considerable role in the biogeochemical cycles of C, N and P
because they receive massive inputs of these elements through upwelling and riverine inputs,
and exchange large amounts of matter with the open oceans. The marginal systems are
classified into four overlapping types: the recycling, usually wide systems; the export, usually
narrow systems; marginal seas and; the polar margins. Global shelf budgets indicate that the
carbon deposits on the continental margins or the offshore export may not account for the
missing anthropogenic CO2 as most of the organic carbon produced is recycled. Nevertheless,
marginal zones do serve as important links in the global carbon cycle. Teleconnections between
marginal seas have been detected. For instance, the nutrient-rich South China Sea intermediate
water fuels the high productivity on the East China Sea continental shelf. In fact, upwelling
seems to contribute four times more P and two times more N to the shelf systems than riverine
inputs globally. Damming of major rivers may reduce the freshwater output and the buoyancy
effect on the shelves, thus reducing the upwelling, nutrient input and productivity. Most of the
shelves and estuaries appear to show denitrification and alkalinity generation. Seawater in the
marginal seas may have taken up over 2 ± 0.6 Gt of excess carbon. More importantly, marginal
seas of high latitude may have acted as a conveyer belt in exporting excess CO2 into the deep
open oceans at a rate of 0.2 ± 0.1 Gt C yr-1. The upward migration of calcite and aragonite
saturation horizons may also make the carbonate deposits on the high-latitude shelves more
susceptible to dissolution, thus neutralizing excess CO2 in the near future.
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Particle export at the European continental margin
Results from two sediment trap moorings deployed at the mid and outer in the Celtic Sea are
presented. Fluxes increase with trap deployment depth, resulting from the contribution of
resuspended and advected material below 1000m. Fluxes of dry weight, POC and diatoms in
the traps 400 m above bottom are less than those at the sediment surface, implying additional
lateral input within the benthic nepheloid layer. Based on POC-normalised biomarkers in
sedimenting material, we can follow differences in the quality of sedimenting material with
differing trap depth and on seasonal and event-related time scales. In spring fresh, diatomdominated sedimentation occurs, with progressive degradation of POC with time (to winter)
and depth (from 600 m to 3220 m). Deeper traps are distinguished on the basis of POCnormalised opal and aluminium fluxes that are dominant in lateral input. A storm event during
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late September 1993 was clearly reflected in the  N isotope ratio of sedimenting material
with a time lag of 2-3 weeks. Diatom and opal fluxes were elevated in this storm-related signal,
and its biomarker composition in the 600 m trap was similar to that during spring. Estimates
made of upward nitrate flux (new production) at the shelf break and at the outer slope, indicate
a 2-fold higher new (export) production at the shelf break. Export of particles from the
continental margin below the depth of maximal seasonal mixing ranges between 3 and 9% of
primary production.
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An oceanic influence upon phytoplankton dynamics in New Zealand’s
Hauraki Gulf
New Zealand has a narrow continental shelf, and intrusions of oceanic water are believed to be
correspondingly influential in determining the productivity of coastal waters. The Hauraki Gulf
extends northward between the North Island’s main stem and the Coromandel Peninsula. The
southeast flowing East Auckland Current (EAC) forms the seaward boundary to the gulf.
NIWA have been studying the gulf’s ecosystem for several years using moored instrumentation
and an extensive program of shipboard surveys. The inner gulf is often dominated by
dinoflagellates, whilst diatoms are usually dominant elsewhere. Algal productivity appears to
be highest on the western side of the gulf and there is evidence for a telekinetic linkage
between the EAC and the inner gulf via sea-floor intrusions of oceanic water. NIWA have
developed 3-dimensional hydrographic and nutrient-phytoplankton models of the gulf. The
latter uses an Eulerian representation of nutrient dynamics and a Lagrangian representation of
algal dynamics and is driven by time-series of current etc. fields derived from the former. The
models are being used to refine our understanding of the oceanic influence upon the
composition and production of the gulf’s phytoplankton community. In this paper I shall
discuss some preliminary results, focusing upon the manner in which wind fields influence
phytoplankton dynamics.
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Annual and time-intensive monitoring of particle fluxes in the Alboran Sea
Total mass flux series from the northern edge of the Western Alboran Gyre (WAG) were
obtained during a complete seasonal cycle (from July 97 to June 98), at 10 days sampling
interval, and during a High Frequency Flux Experiment (HFFE), from April 20th to May 16th at
3 days sampling interval. For the annual monitoring two mooring lines, including Technicap
PPS3 sediment traps at -500 m, -1000 m, and 30 m. asf, were deployed over the continental
slope (36o15’N, 04o16’W) and rise (36o01’N, 04o18’W) along a N-S section off Malaga.
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During the HFFE two additional traps, 30-m asf, were moored 15 miles east and west of the
continental slope mooring line used for the annual monitoring. The northern edge of the WAG
is characterised by the fluctuating presence of a density front dipping to the south which
originates because of the strong gradient between the Atlantic Water (AW) entering through
the Gibraltar Strait and the Mediterranean Water (MW). From the analysis of time weighed
annual fluxes and mass flux series, at high and low resolution, and after comparison with
Malaga meteorological series and SeaWiFS weekly average images, a set of inferences can be
made: (i) There is an important near-bottom advective supply of particles. As the distance from
the continental slope increases the amount of advected particles decreases and advective
processes become less persistent. (ii) Flux events occur simultaneously at different stations at
the same depth levels. There is a 20-30 days delay between events recorded at surface traps and
events recorded at near bottom traps, which proves a contribution from vertical transfer of
material. (iii) Temporal variability in fluxes tracks the variability of the intensity and
predominance of western winds and primary productivity, suggesting a strong relation between
regional circulation patterns, primary productivity and particle fluxes as recorded at
intermediate and deep waters.
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The coupling of physical and biogeochemical processes in the Taiwan Strait
Regions, China
The Taiwan Strait is an important channel between the East China Sea and South China Sea,
the most distinctive characteristic of this region is seasonal monsoons which affect strongly the
water circulation in this shallow water. In addition, due to the wind stress and the interaction of
bottom topography with currents, upwellings are inducing near the shore and around the
Taiwan Bank. The central fishing grounds coincide with the timing and location of the
upwelling activities. The physical processes and the nutrients inputted via riverine and
upwelling transport may be more important at larger scales in regulating primary productivity,
whereas biological processes may be more important at smaller scales. Several cruises were
conducted in August 1997, February 1998, August 1998 and August 1999, respectively in the
region during the periods of El Nino and La Nino events. Anomaly of physical processes was
occurred, the biological processes such as primary production and the communities structure
were affected as well. The mechanism of the coupling processes and their effects to the
fisheries would be further investigated.
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Port-Reitz creek a trace metal pathway or sink; Concern for a healthy
Ocean
A major portion of trace metals released into the environment by human activity eventually
reaches the ocean via fluvial and atmospheric input. Creeks channel river inputs into the
oceans; Port-Reitz Creek (040 04’S, &390. 39’E) is one of the two main tidal mangrove fringed
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creeks found in Mombasa Island. It experiences semi-diurnal tidal pattern of two low and two
high waters every 24 hour cycle. Six stations were strategically positioned along the creek
stretching to either end. A peak was observed of Cu and Zn at station 2 (which is next to a steel
factory and fish-processing firm) Ca 90µg/g and 200µg/g dry weight respectively, 90% higher
than the station with the lowest value. A correlation matrix showed close distribution pattern
between Zn and Cu r=0.67and between Fe and Cd r=0.62. Fluvial input in the creek was a
source of Cd, Cu, Fe and Zn. Cd and Zn were of anthropogenic origin EF>1 while Cu seemed
to be depleted EF<1. Lateral distribution of Cd, Cu, Fe and Zn on surface sediments showed a
decline in concentration in the seaward direction.
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Groundwater-associated anthropogenic influence on coastal lagoons: Diani
and Nyali Beach, Kenya
Investigations on groundwater-associated anthropogenic influence were conducted between
August 1997 and March 1999 on two lagoonal beaches: Nyali and Diani, along the Kenya
coast, both having evidence of groundwater outflow. The investigations were approached in
two fronts: (a) Nutrient dynamics studies and (b) Microbiological water quality studies. Results
obtained show that there is considerable contribution of nutrients and faecal pathogens from
streams associated with groundwater outflow in Nyali and Diani lagoons. (NO3-+NO2-)-N were
found to be most dominant form of dissolved nitrogen. While the concentration levels of (NO3+NO2-)-N associated with the streams varied between 5 and 200µM, those of NH4+ -N did not
exceed 16µM. The overall levels of nutrients in Diani lagoon were lower than those found in
the Nyali lagoon, this being attributed to greater anthropogenic influence in the latter as
compared to the former. In both the study sites however, there was observed a general nutrient
concentration gradient within the lagoonal waters, with those stations in the offshore having
relatively lower nutrient levels compared to those closest to the beach. In the contrary, in
Kenyatta beach a comparative study site where there was no evidence of groundwater outflow,
such a trend was lacking. For all the study sites, nutrient and microbial enrichment of nearshore
oceanic waters was enhanced during the dry season as compared to wet season. Although there
is indication of some degree of contamination of lagoonal waters by groundwater in Nyali and
Diani, the water is still safe for contact recreation. However, the rapid rise in population and
tourism industry in the coast is envisaged to eventually lead to increased contamination of
groundwater and recreational beaches with faecal pathogens if the current groundwater quality
deterioration is not quickly mitigated.
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Biological and hydrographic responses to a typhoon in the Taiwan Strait
A survey on the changes of chemical and biological parameters in the northern part of the
Taiwan Strait, which is connected to the continental shelf of the south East China Sea, was
conducted shortly after the passage of Typhoon Herb in the summer, 1996. A transect with four
sampling stations was visited twice to explore temporal and spatial variability. Data collected
from the same transect in the summer of 1994 and 1997 indicated that the study area was
normally a typical oligotrophic system without typhoon disturbance. Observations after the
typhoon showed that all the values of the measured parameters were much greater than those
observed during normal summer periods. The depth (40 m) integrated values of chlorophyll-a,
nitrate and particulate organic nitrogen concentrations increased 18%, 169% and 73%,
respectively. More significantly, primary production, particulate organic carbon concentrations
and bacterial production as well as their biomass increased at least 2-fold. Wind mixing, resuspension and terrestrial runoffs resulted from cyclone passage probably were the three major
processes resulting in these phenomena, although their relative importance could not be
distinguished clearly in this study. The magnitude of the enhancement of measured parameters
varied with time and space, suggesting that the study area was at a highly unsteady state after
the passage of typhoon. This study demonstrated that the shelf ecosystem became more
productive after a typhoon event, but more studies were required to explore the fate of these
newly formed organic substance and to determine the significance of such events to the marine
carbon cycle.
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Influences of wind variability on the matter exchanges between the Ria de
Vigo and the adjacent shelf.
A numerical hydrodynamic and primary production model is applied for the first time to
examine the influence of wind forcing on carbon and nitrogen interchanges between the Ria de
Vigo (NW Spain) and the continental shelf. The physical module include a three dimensional,
non-linear, baroclinic model used to study the residual circulation and the thermohaline
distribution of the Ría of at short time scales and under different wind stress regimes. Two
markedly different scenarios are chosen: northerly upwelling-favourable winds and southerly
downwelling-favourable winds. The numerical experiments carried on indicate that the
hydrodynamic regime of the Ría of Vigo is mostly a consequence of winds events. As could be
expected, moderately strong North winds reinforce the normal (positive) Ría circulation, while
winds blowing from the South, when sufficiently strong, reverse the typical circulation pattern
and reduce the characteristic outgoing velocities inside the Ría. The temperature and salinity
fields generated by the hydrodynamic model in both situations were compared with
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observations and found in good agreement, supporting the 3D velocity field distribution. The
coherence of the obtained hydrodynamic results has allowed the developed of a linked primary
production part. The primary production module is based on particle’s size, uses both carbon
and nitrogen units and simulates phytoplankton growth as a function of nutrient availability and
light regime. The phytoplankton biomass distribution inside the Ría and its exchange with the
adjacent shelf is described and discussed in the framework of the two different hydrodynamic
scenarios.
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Continental shelf pump working in East China Sea and Funka Bay
Based on our results (J. Oceanogr., 53, 9-17, 1997) that the East China Sea absorbs
atmospheric CO2 of 40 gC/m2/yr (= 1 GtC/3x107km2/yr) in net and transports dissolved
carbonate of 70 gC/m2/yr to the open ocean, we have proposed a term, Continental Shelf
Pump(CSP) (Tellus, 51B, 701-712, 1999). This indicates that the continental shelf zone has an
important role in the net absorption of atmospheric CO2. The CSP starts with cooling in the
shelf surface water more than in the open sea surface water, which forms the denser shelf water
and accelerates the absorption of atmospheric CO2 in the shelf zone. Rivers entering the zone
bring fresh water and nutrients. The fresh water also reduces f(CO2) of the mixed water, and
the nutrients as well as those added from other sources make organic C, reducing f(CO2). The
organic C is decomposed largely at the shallow bottom and the regenerated carbonate adding
directly dissolved CO2 is carried into the subsurface layer of the open sea by isopycnal
diffusion and advection. The isopycnal mixing still continue under the pycnocline even in the
warming season. This is the CSP. We have found that the CSP is working more strongly in
Funka Bay (around 42°N, 140°E) than the East China Sea. The bay has a characteristic water
exchange, which occurs twice a year and is otherwise limited. We observed the water column
inventories of phosphate and total carbonate as well as some auxiliary components regularly
almost once a month for 16 months at a station in Funka Bay (92 m deep). The total carbonate
budget corrected for biological change shows that the bay water increases in the total CO2 at a
rate of 86 gC/m2/yr except the fall flushing period. We have obtained 16 gC/m2/yr for the
absorption of atmospheric CO2 during the fall flushing period, assuming the flux is
proportional to the air-sea f(CO2) difference. Further, 23 gC/m2/yr is taken out by mixing
during the weak spring flushing period. The sum, a net absorption rate of atmospheric CO2,
exceeds 120 gC/m2/yr. This large value coincides with the observation that surface f(CO2)
values were always lower than the atmospheric f(CO2), especially in April at about 200 ppm.
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The carbon cycle at the ocean margin in the Northern Gulf of Biscay: The
OMEX-I Project
The aim of this presentation is to provide a synthesis of several multidisciplinary studies
performed during an EU-funded project entitled Ocean Margin EXchange (OMEX). The final
goal of its first phase was to construct a carbon cycle for the shelf break of the Northern Gulf of
Biscay. This margin is characterized by a steep slope adjacent to a broad continental shelf,
under limited influence of terrestrial input. Remote sensing images show the occurrence of cold
water masses at the shelf break induced by complex physical processes related to the presence
of a bathymetric discontinuity, the existence of strong internal waves and the occurrence of
frequent heavy storms. Nevertheless, primary production at the ocean margin is moderately
high, around 200 g C m-2 y-1, with a f-ratio about 0.5. Most of the resulting new production
there is respired either in the water column below the euphotic zone (~ 50 g C m-2 y-1) or at the
sediment-water interface (~ 20 g C m-2 y-1). Sediment trap measurements show that the
difference between new production and respiration (~ 30 g C m-2 y-1) may be attributed to
export of organic carbon to the slope and the open ocean. OMEX I benthic studies have shown
that organic carbon does not accumulate in significant amounts in sediments (~ 0.1 g C m-2 y-1)
and that there is no major depocenter of organic carbon in this margin area. A tentative
nitrogen cycle based on the carbon cycle is also described, demonstrating the importance of
vertical mixing at the margin. As expected, the primary production and thus the fluxes of
organic carbon decrease with distance away from the shelf break and is reduced to ~ 140 g C
m-2 y-1 at a distance of 150 km from the shelf break. Despite lateral inputs of organic carbon,
there is no significant accumulation of organic carbon in the sediments of the adjacent slope or
abyssal plain. The phase II of OMEX is still ongoing and is devoted to the upwelling region of
the Iberian margin.
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The northeastern Atlantic continental margins - Ocean Margin EXchange
(OMEX) project
The Ocean Margin EXchange (OMEX) project, supported by the European Commission in the
framework of its Marine Science and Technology Programme, is aiming to a better
understanding of the physical, chemical, biological and sedimentological processes at margins
in order to quantify fluxes of energy and matter across these boundaries. The OMEX-I phase
(1993-1996) investigations were concentrated in the northern margin of the Gulf of Biscay,
which links a broad continental shelf with the deep sea. An original and coherent carbon cycle
was established for this area. The OMEX-II phase (1997-2000) is designed to measure and
model the exchanges of matter and energy, along the Iberian Margin between a narrow
continental shelf and the open Atlantic Ocean. Key processes occurring at the Iberian Margin,
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including filaments and upwelling, relaxation and downwelling processes, are presented. The
central focus of this project is directed to the understanding of the various components of the
carbon cycle and associated elements. In particular, the nutrient transfer from deep water to
surface water and the resulting enhanced productivity, occurring at the northern Gulf of Biscay
and at the Iberian Margin, are investigated. The sources and sinks of organic and inorganic
carbon pools are investigated, across and along the ocean margin and from the air-sea interface
to the benthic sediments, via the water column and the nepheloid layers. Ultimately, our
understanding is tested by the ability to form balanced budgets of carbon and nutrients between
the continents, the coastal zone and the open ocean, and to formulate models.
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Dissolved and colloidal organic carbon in the East China Sea
Cross-flow ultrafiltration techniques have been used to extract colloidal organic carbon (COC)
(1000 Dalton-0.7 µm) from seawater in the East China Sea during July 1998. DOC and COC
were measured by high-temperature catalytic oxidation (HTCO) method. The DOC
concentration varied from 165 mol/L in the surface water near the Changjiang estuary to 39
µmol/L in 1000m depth at the slope of the southern (water depth ~2000m). DOC distributions
near Changjiang estuary and its eastern were controlled by water mixing. DOC downward
fluxes at 125o 59.57' E, 32 o 0.08' N near the cold eddy area and 124 o 59.57' E, 59.57' N on the middle
of the shelf were 1.3 x 10-4 mol C m-2d-1 and 2.1x 10-4 mol C m-2d-1 which account for 3% 10% of particulate organic carbon vertical fluxes. Concentration of COC (1000Dalton-0.7 µm)
ranged from 11 to 38 µmol/L which accounted for ~23% of the total DOC. COC concentration
and percent in total DOC was decreased with depth. However, at the cold eddy area on the
north of the East China Sea, resuspension caused DOC, COC concentration and COC percent
in total DOC increased at the bottom layer.

50

CARBON DIOXIDE FLUXES
AMAT1,2, ALEXANDRA, DIANA RUIZ-PINO2 AND ALAIN POISSON2
1

LSCE, Avenue de la Terrasse, 91198 Gif sur Yvette, France, E-mail: amat@ccr.jussieu.fr,
Fax: (33) 1 69 82 35 68, Tel (33)1 69 82 43 39, and 2 LPCM, Université Paris 6, Case 143, 4
place Jussieu, 75252 Paris, France. Poster

Impact of marine organisms on the CO2 air-sea flux
Two models were used to quantify the influence of oceanic non-calcifying and calcifying
marine organisms on atmospheric CO2. Due to their importance in the global carbon cycle,
coccolithophorids and corals were chosen as the main calcifiers and diatoms as the major
bloom producers. The GEOTOP (GEochemical Optical Turbulent Oceanic Physical) model,
including diatom and coccolithophorid growth in the surface mixed layer, was used to evaluate
the role of phytoplankton on CO2 air-sea fluxes. The CORAX (CORal Air-sea eXchange)
model simulates coral carbon growth (organic and inorganic) and allows evaluation of coral
feedback on CO2 fluxes. The role of these organisms on CO2 fluxes strongly depends on their
inorganic versus total carbon biomass ratio (γ), and is amplified by initial pCO2 concentration.
Whereas diatoms always act as sinks and corals as sources, coccolithophorids can switch role
between sinks and sources of CO2, from a γ ratio of 0.6. Application to a bloom situation where
diatoms and coccolithophorids succeed each other shows that the presence of calcifying
phytoplankton significantly reduces, by about 25%, the size of the CO2 sink produced by
siliceous primary producers. These results suggest that, to optimize global carbon models, we
have to separate global marine biota into relevant groups depending on their potential impact
on atmospheric CO2. A quantified biomass distribution of the various plankton species is also
needed for present day oceans. This is necessary to investigate how future climate change may
drive changes in species distribution, and what the feedbacks on atmospheric CO2 would be.
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The distribution of excess CO2 and pHexcess in the intermediate water layer of
the Northwestern Pacific
We show that in the intermediate water layer of the Northwestern Pacific the dependence
between pH25 (pH measured at the temperature 25 degree C) and the difference between
concentration of total alkalinity (TA) and total dissolved inorganic carbon (DIC) can be
described by linear relation with the coefficient of linear regression equal to 360 ((mol/kg/pH
unit). Base on the linear relation between these carbonate parameters the equation for the
calculation of excess CO2 and pHexcess signals, showing, respectively, the increase of
TCO2and decrease of pH in the seawater from the beginning of industrial epoch (middle of the
19 century) till the present time, from DIC- pH data is proposed and the distributions of the
excess CO2 and pHexcess at the isopycnal surfaces in the different zone of the NW are
calculated. We determine that annually about 0.6(1012 mol of excess CO2 supplies to the North
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Pacific subarctic from Okhotsk Sea and more than 0.4(1012 mol of excess CO2 from subarctic
to subtropics zone. Thus the increase of DIC content in the Pacific Subarctic (equal to about 9
± 2.5 · 1012 mol/year) is the result of mainly of excess CO2 exchange between surface and
intermediate water layer.

AZETSU-SCOTT, KUMIKO, ROBERT M. GERSHEY AND E. PETER
JONES
Department of Fisheries and Oceans, Bedford Institute of Oceanography, P.O. Box 1006,
Dartmouth, Nova Scotia, Canada, B2Y 4A2, E-mail: Azetsu-ScottK@mar.dfo-mpo.gc.ca,
Phone: (902) 426-8572, Fax: (902) 426-4147. Poster

Anthropogenic carbon dioxide fluxes between the Labrador Sea and
Adjacent Seas
The Labrador Sea is an important component of the thermohaline circulation. The region is one
of the deepest convection sites in the world, producing relatively homogeneous water mass,
Labrador Sea Water (LSW) in late winter. Further, almost all of the deep water formed in the
North Atlantic sub-polar gyre passes through this region, namely North East Atlantic Deep
Water (NEADW) and Denmark Strait Overflow Water (DSOW). Well ventilated LSW
transfers atmospheric gases including carbon dioxide, chlorofluorocarbons and carbon
tetrachloride to intermediate depths of the North Atlantic, reflecting the atmospheric
concentration at the time of formation. As LSW spreads across the North Atlantic Ocean,
atmospheric gases are sequestered into the ocean interior. A four-layer box model was used to
evaluate fluxes of anthropogenic carbon dioxide between the Labrador Sea and adjacent seas.
The four layers comprise the surface mixed layer, LSW, NEADW and DSOW. Water exchange
was estimated from salt and heat balances. Anthropogenic carbon dioxide was calculated from
total carbonate, total alkalinity and oxygen concentrations measured during 1993-1998 WOCE
cruises and a 1999 CLIVAR cruise. Calculated anthropogenic carbon dioxide concentrations
were incorporated into the model to estimate the oceanic uptake and the main transport of
anthropogenic carbon dioxide out of the Labrador Sea. Chlorofluorocarbons and carbon
tetrachloride were also incorporated into the model to support the carbonate data as well as to
date water masses.
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Spectrophotometric seawater pH in the Weddell and Norwegian Seas: A new
tool for monitoring carbon uptake by the oceans
We describe the Automated Marine pH Sensor (AMpS); a new continuous, automated
spectrophotometric method for shipboard pH measurements. The technique uses the acid-base
colorometric characteristics of thymol blue indicator and has a precision of better than 0.001
pH units with 20 measurements per hour. Accuracy is estimated to be 0.004 pH units after
compensating for perturbations through indicator addition. We will show recent results from a
CARUSO expedition to the Weddell Sea, Southern Ocean and ship-of-opportunity transects in
the Norwegian Sea and Storfjorden, Svalbard. These studies exhibit very detailed profiles of
seawater pH and highlight the incredible potential of this technique to provide insight into the
net uptake of carbon by the oceans.
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Quality control of oceanic carbon dioxide measurements using certified
reference materials
One of the first questions that should be asked of the analytical measurements carried out as
part of global carbon studies is, how reliable are they? This has been a principal concern of the
JGOFS program which required that measurements made at different times, by different
scientists, from different laboratories, both in the US and abroad, be comparable and correct; it
will be an important factor in the design of a Global Ocean Observing System. The key to
ensuring adequate reliability to achieve the final scientific and societal goals of such
observation programs lies in adherence to a carefully thought out quality assurance plan. One
aspect of a successful quality assurance plan is the regular use of reference materials: stable
substances for which one or more properties are established sufficiently well to calibrate a
chemical analyzer, or to validate a measurement process. We have been responsible for
producing, certifying, and distributing such materials for use in the JGOFS program. Surface
seawater is sterilized and bottled in bottles made from Schott Duran® glass sealed with greased
ground glass stoppers. Certification of the total dissolved inorganic carbon is carried out using
a vacuum extraction / manometric procedure, the certification of total alkalinity by an
acidimetric titration. These seawater reference materials are stable for a period of at least 2
years after bottling. They have been distributed widely and have been used as the basis of
collaborative studies as well as for the quality control of at-sea measurements, thus enabling
JGOFS goals.
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The impact of El Niño on the air-sea exchange of CO2 in the Equatorial
Pacific
As part of the JGOFS field program, CO2 partial pressure measurements were made in the
atmosphere and in the surface waters of the Equatorial Pacific from 1992 - 1998. The largest
variations were associated with the 1997-98 ENSO event. The lower air-sea CO2 fluxes during
the 1997-98 ENSO period were the result of the combined effects of both remotely- and
locally-forced physical processes: 1) development of a low-salinity surface cap as part of the
formation of the warm pool in the western and central Equatorial Pacific; and 2) deepening of
the thermocline by propagating Kelvin waves in the eastern Pacific. Both of these processes
serve to reduce pCO2 values in the central and eastern Equatorial Pacific towards nearequilibrium values at the height of the warm phase of ENSO. In the western Equatorial Pacific
there is a small but significant increase in seawater pCO2 during strong ENSO events (i.e.,
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1982-83 and 1997-98) and little or no change during weak ENSO events (1986-87 and 199192). The net impact of these interannual variations is a lower-than-normal CO2 flux to the
atmosphere from the Equatorial Pacific during ENSO. The annual average fluxes indicate that
strong ENSOs contribute about 0.2-0.4 GtC/yr to the atmosphere; whereas, during non-El Niño
years the Equatorial Pacific exchanges about 0.8-1.0 GtC/yr to the atmosphere. This difference
is enough to account for approximately one-third of the atmospheric anomaly during an El
Niño event.
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CO2 system in the Strait of Gibraltar: Fluxes of TIC
In the framework of the CANIGO-MAST 3 PROGRAM of the European Community, two
cruises were carried out in the Strait of Gibraltar in September 97 and February 98. pCO2,
Alkalinity and pH were measurement and from the thermodynamic relations inorganic carbon
was computed. The variability of salinity and carbon dioxide parameters in the water column at
short time scale can be related to the tidal cycle. High variability, both of atmospheric and sea
surface pCO2 were observed related to the sea surface temperature change. In September
cruise, the surface waters in the Strait of Gibraltar were acting on an average as a source of
carbon dioxide. A west/east contrast was observed for total dissolved inorganic carbon
concentrations well related to organic carbon distribution. Different flux models were applied
in order to determine inorganic flux in the area. Alkalinity and Inorganic carbon is added
during the residence time of seawater in the Mediterranean Sea, being exported through the
Strait of Gibraltar.
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Variations in CO2 outflux from the central and western equatorial Pacific
over 1990s
In the central and western equatorial Pacific, temporal and spatial variations in partial pressure
of CO2 in surface seawater (pCO2w), macro nutrients (NO2 +NO3 ), and SSS are dependent on
the east-west advection of western Pacific warm water. Longitudinal distributions of pCO2w
and SSS show steep changes at the eastern boundary of the western equatorial Pacific warm
water. The western equatorial Pacific warm water is characterized by low ∆pCO2p CO2–
pCO2air), low SSS, depleted nutrients, and high SST, and east of the boundary ∆pCO2 increases
with the increase of SSS, nutrients, and the decrease of SST. We reported a good relationship
between the pCO2w/SSS boundary and the SOI, which allows us to estimate temporal/spatial
variations in ∆pCO2 distributions in the central and western equatorial Pacific. The CO2 outflux
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in the central and western equatorial Pacific (5.5S-5.5N, 130.5E-160.5W) over 1990s was
estimated to be within the range from 30 to 250 Mt-C/yr. Because of a prolonged El Niño over
early 1990s, the average CO2 outflux over 1990s from the central and western equatorial
Pacific decreased considerably as compared with that of 1980s.
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Seasonal variation in the oceanic CO2 and its controlling factors in surface
seawater of the subtropical western North Pacific
Long-term increase in pCO2 in surface seawater (+1.8 microatm/year on the average) has been
observed in winter since 1984 in the subtropical western North Pacific along 137E. Large
seasonal variation in pCO2 due to seasonal variations in SST and NTCO2 has also been
observed in this region. We computed monthly values of surface pCO2 and TCO2 for each 1degree latitudinal zone between 15N and 30N using the empirical relationships between pCO2
and SST, a constant NTA derived from concurrent measurements of pCO2 and TCO2 we made
several times in this region, and climatological monthly data sets of SST and salinity.
Controlling factors on the seasonal NTCO2 variation including vertical mixing, horizontal
advection, air-sea CO2 exchange and biological activities were then analyzed using the CO2
flux evaluated from pCO2, vertical section of TCO2 along 137E observed in July 1994,
climatological monthly data of the mixed layer thickness, and the surface current velocity
obtained by the MRI’s OGCM. The result suggests that the decrease in surface NTCO2 from
February to August (ca. -30 micromol/kg) is attributable to the biological production and the
northward lateral advection, and its increase from August to February is mainly attributable to
the vertical mixing.
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Interannual variability in the global oceanic CO2 sink from 1979-1998:
Diagnostic studies using a global surface pCO2 climatology
Variations in atmospheric CO2 and 13CO2 growth rates suggest that terrestrial and oceanic
carbon uptakes vary between ±1 and ±2.5 giga ton (Gt) C yr-1 (2σ) on interannual time scales.
Here we have estimated interannual variability in sea-air CO2 partial pressure differences (∆
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pCO2 = pCO2SW-pCO2AIR) using regionally and seasonally varying temperature dependence of
pCO2SW and interannual anomalies in climatological sea surface temperature (SST). Intrinsic in
our analysis is the assumption that changes in sea surface temperature capture interannual
variations of pCO2SW caused by thermodynamics, biological processes, and water mixing.
Interannual variations in air-sea CO2 fluxes are then calculated using empirical wind speed-gas
exchange dependence together with climatological wind speeds for 1982-1997. The calculated
interannual variability of 0.2-0.6 Gt C yr-1 in our study is significantly smaller than the values
of 1.0-2.5 Gt C yr-1 deduced from atmospheric observations in conjunction with different
carbon cycle models. Our results suggest that changes in CO2 uptake by terrestrial biosphere
are probably the main cause of year-to-year variations in the rate of atmospheric CO2 increase
on interannual time scales.
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Observations of anthropogenic CO2 in the Southern Indian Ocean
The distribution of anthropogenic carbon dioxide in the upper ocean is analysed with data
collected in the South-Western Indian Ocean (OISO cruise in January-February 1998) and
compared with previous observations in the same region and season (GEOSECS in 1978 and
MINERVE in 1991). Since 1978, the increase of DIC concentrations is significant in the South
Indian subtropical surface waters (+35 µmol/kg or 1.75 µmol/kg/yr, close to that observed in
northern gyres, at BATS and HOTJGOFS-stations). The DIC increase in the South-Indian Gyre
is associated with a decrease of -0.56ä in δ13C values (-0.028ä/yr). In the sub-Antarctic Zone,
only δ13C shows a clear signal of anthropogenic origin, whereas in the Polar Front Zone, a low
signal is detectable for both properties, DIC and δ13C. These results are compared with an
anthropogenic CO2 estimate based on continuous sea surface fCO2 measurements obtained
with the same instruments in 1991 and 1998. In the subtropical, northern sub-Antarctic and
austral open ocean zones, the oceanic fCO2 increase over 7 years is about +10 µatm when
atmospheric CO2 increase is +9 ppm for the same period. In the circumpolar waters of the
Frontal Zone and in the Seasonal Ice Zone, the anthropogenic signals are not clearly detected
because of relatively large interannual variability in both dynamics and primary productivity
during summer. Results from a new cruise (OISO-4 in January-February 2000) will be added to
complete these conclusions.
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Carbon dioxide in the North Atlantic Ocean--CARINA
Resulting from a workshop held at the HANSE Kolleg in Delmenhorst in June 1999, the
international project CARINA has been initiated by the participants from 11 countries. The
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objectives are to put together all data and measurements of the carbon dioxide parameters
(dissolved inorganic carbon, alkalinity, partial pressure of CO2 and pH) from the different
groups, that work in the North Atlantic. Although greater international programs like JGOFS
will eventually lead to a comprehensive data collection, many more data from smaller national
programs exist, that may still be preliminary, but may be a valuable puzzle piece for the effort
to put together a comprehensive picture of the carbon system in the North Atlantic. A number
of working groups were established to address a number of different aspects of the carbon
system. These include data intercomparison and quality control, mapping of pCO2 surface
values, meridional transport of natural and anthropogenic carbon, seasonal variability of the
carbon cycle, carbon dioxide in overturning regimes, continuous registrations using ships of
opportunity, coordination of future national and international field programs.
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Estimated distribution of new production in the North Pacific using high
density data set of pCO2 measured by M/S Skaugran as a Japan-Canada
cooperative program
NIES (National Institute for Environmental Studies) and IOS (Institute for Ocean Science)
continued the ocean/atmospheric CO2 monitoring study using a cargo ship, M/S Skaugran
between US/Canada west coast and Japan for 4 and half years from 1995 March under
Japanese/Canadian JGOFS. Underway pCO2 system was operated by on board personnel and
discrete samples were taken for chemical analysis in the 68 crossings from March 1995 to
March 1999. More than one million data record of pCO2 in the North Pacific, north of 34 N,
gives spatially and temporally dense data set. The seasonal change of temperature effect
compensated pCO2 is approximated for the change of dissolved inorganic carbon. The seasonal
changes of pCO2 in the North Pacific are expressed by 75 grid functions for the north of 34 N.
The integrated signal of temperature effect compensated pCO2 change gives summer new
production and its distribution is given using the 75 functions. The map expresses the
difference of new production in the western and eastern Pacific. In the western North Pacific,
high production area, larger than 150 mgC/m2/day, covers from high latitude to 40 N.
However, in the eastern Pacific, high production area appears only in the northern north, north
of 50 N. The new production and its distribution agreed well with the values derived from the
amplitude of nutrient change measured by the same monitoring. The monitoring is continuing
with new instrumentation on board M/S Alligator Hope, servicing Tokyo and
Seattle/Vancouver from November 1999.
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Time series from the Fugløya-Bjørnøya section. A study of the interannual to
annual changes in the carbon system variables
We will focus on the marine regional climate change in the Nordic Seas and it's importance to
understand the cyclic change observed in inorganic carbon on an annual to interannual
perspective. These changes seems to correlated to observed changes in surface water
temperature which driving force might be the North Atlantic Oscillation (NAO). Our aim will
be to focus on the link between observed changing climate (NAO) and it's impact on the carbon
chemistry and to evaluate these changes importance for biological production and fisheries.
The Institute of Marine Research, Bergen, Norway has since 1980 performed hydrographic
surveys across the Fugløya - Bjørnøya section North of Norway. Variables such as
temperature, salinity and nutrients were measured on a yearly routine basis. Since 1992, these
surveys were expended to also include seasonal coverage with several cruises each year. We
will use the general link between nutrients and carbon variables to estimate the effect on carbon
transport and air/sea exchange of CO2 and try to interpolate these results to cover a longer
period of time. These data will identify changes in the chemical signature of the Atlantic Water
that feeds into the Barents Sea. This is an important component of pre-formed deep water, and
brings in heat which make it possible for large commercial fish stocks to survive in the area.
Because of the general cooling of the North Atlantic Surface water, this area is on a regional
scale an important sink for CO2. The present status of our understanding of the variability
observed at Fugløy-Bjørnøya will be presented in the poster.
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Carbon dioxide air-sea flux at ESTOC
A carbon - nitrogen cycling ecosystem model is applied to the ESTOC-station (29 N, 15.5 W)
continuously for the years 1987 to 1996. SST rather than wind stress governs the development
of the mixed layer depth (MLD). Simulated primary production (30 to 97 gC m-2 a-1) at the
subtropical region near the Canary Islands is strongly related to the annual maximum of the
MLD in winter. Nevertheless the CO2 air-to-sea flux over the year exhibits a large amplitude
the net amount nearly vanishes (-0.5 to 7.6 gC m-2 a-1).
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Assessing the consistency of ocean CO2 flux compilations with atmospheric
concentration measurements using an inverse model
Information on the sources and sinks of CO2 can be inferred from both atmospheric and
oceanic observations. To produce a consistent view of sources and sinks of CO2 one needs to
apply techniques that utilize these different estimates. We have used the Bayesian synthesis
atmospheric inverse technique to combine ocean flux data with atmospheric CO2 data to
estimate sources and sinks of CO2. For our inversions we have used atmospheric CO2
measurements from 65 stations, the long-term atmospheric O2/N2 trend and ocean CO2 flux
data from three different sources (Takahashi flux compilations of 1997 and 1999 and output
from a global ocean model). From inversions with the three different ocean flux data we
predicted a global ocean CO2 uptake of 2.0 to 2.5 GtC/yr. The 1999 Takahashi ocean CO2 flux
estimate of 2.1 Gt C/yr is the most consistent with this inverse result. However, in the high
latitude Southern Ocean (60-90S), all inversions predict a smaller oceanic uptake (0.0-0.3
GtC/yr), compared to the Takahashi 1999 estimate of 0.8 GtC/yr.
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Long-term measurements of carbon dioxide system in the East North
Atlantic: 1977-1997
From 1977, measurements of pH and alkalinity have been accomplished in the East North
Atlantic Ocean into the Spanish National Programs. The studied area is extended between 40º46ºN and 7º 30’-11º 30’W. The database which contains nutrients, thermohaline and carbonic
system data, will be completed, incorporating the TTO cruise surveyed in the same area.
Primarily results of pCO2 in surface waters along the latitude 42ºN for the period comprised
between 1982 to 1994 from the same data base, showed a strong seasonal variability producing
an amplitude of 20 µatm and a trend with time of 1.6 µatm.y-1. The Atlantic Ocean is
considered as the most important CO2 sink. On this basis and using the complete database, the
increase of inorganic carbon will be investigated in order to observe the incorporation of
anthorpogenic carbon and their evolution along these 20 years. The penetration of
anthropogenic carbon dioxide into the East North Atlantic Ocean will be studied using a back
calculation technique based on measurements of temperature, salinity, oxygen, nutrients,
alkalinity, and dissolved inorganic carbon. Primarily results obtained using this methodology
and integrated at spatial scale, produced a temporal trend of about 0.85 µmol·kg-1·y-1 in carbon
uptake for the upper 1000 meters.
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Preliminary estimates of the carbon dioxide fluxes between the ocean and the
atmosphere in the Colombian maritime areas from sea surface temperature
data obtained by AVHRR sensor of NOAA satellite
The methodology proposed by Stephens et al. (1995) for estimating the ocean-atmosphere
carbon dioxide fluxes using sea surface temperature (SST) data from AVHRR images of the
NOAA satellites was used to estimate the fluxes over the colombian maritime areas. These
estimated values of the CO2 fluxes are similar to the values estimated by authors who consider
only the physical processes. The preliminary results of the estimates using March 1998 November 1999 SST data are presented here.
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Carbon budgets for the JGOFS (India) study region in the Arabian Sea
The seasonal carbon budgets, for the upper 1000 m of JGOFS-India study region in the Arabian
Sea, are constructed using the carbon dioxide, column productivity and sediment trap data,
along with sinking fluxes estimated based on Th scavenging rates, collected during the cruises
carried out on board ORV Sagar Kanya. Horizontal water transports along the northern,
Western and southern boundaries, and vertical transports at 100 and 1000 m of the study region
have been computed from Modular Ocean Model (MOM) runs. Dissolved Carbon flows are
calculated from carbon measured and MOM generated water transports. The study region emits
0.032 Pg C y-1 on an average to atmosphere. It appears that ~75, 18 and 73% of
photosynthetically fixed carbon remineralisation occurs in the upper 100 m whereas ~24, 79
and 26% decomposes between 100 m and1000 m during NE-, inter- and SW monsoon seasons,
respectively. The surface box has been estimated to be negatively balanced by 0.077 and 0.040
Pg C during NE and intermonsoon seasons, respectively, while it is positively balanced by
0.007 Pg C during SW monsoon. These computations reveal that the surface box (100 m) of the
Indian study region is negatively balanced by 0.1 Pg Cy-1. As the total flow of carbon is about
0.8 Pg C y-1 the deficit carbon may well be within the uncertainties of our estimations.
Therefore, this box model results suggest that the carbon budget in the central and eastern parts
of the Arabian Sea (North of 10oN) is in balance while emitting the 0.032 Pg C y-1 to
atmosphere.
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Net air-sea fluxes of gases from inversions of water column data
Direct estimates of the net exchange rates of CO2 across the air-sea interface are associated
with large uncertainties caused by the high spatial and temporal variability of the air-sea partial
pressure difference and uncertainties in the parameterization of air-sea gas exchange. We have
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developed an inverse modeling technique that avoids these problems by estimating the net preindustrial air-sea flux based on the observed oceanic DIC distribution corrected for biological
cycling and the anthropogenic transient. The primary assumption made is that the ocean
transport is known sufficiently well from an ocean general circulation model. We invert ocean
temperature data to check the inversion scheme and to identify regions where model
deficiencies limit our ability to estimate the fluxes reliably. The resulting pre-industrial air-sea
fluxes agree very well with direct flux estimates in regions where both techniques have good
data coverage, particularly the North Atlantic. The inversion results do not show a large crossequatorial southward carbon transport in the Atlantic such as has been proposed by previous
studies (the transport obtained by the inversion is only 0.21 Pg C/yr). The technique is also
applied to oxygen data corrected for biological cycling to estimate the annual net air-sea fluxes
of oxygen. We find that the equatorial regions emit about 330 Tmol O2/yr, which is
compensated by uptake in the high latitudes of both hemispheres. The inversion result indicates
a small interhemispheric transport of oxygen in the Atlantic of about 50 Tmol O2/yr directed
toward the south. This transport is, however, compensated by northward transport in the Pacific
and Indian Oceans, resulting in a near zero global interhemispheric oxygen transport.
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Interannual variability of ƒCO2 in the Greenland and Norwegian Seas
The ƒCO2 in the Greenland and Norwegian Seas surface water varied significantly during the
period from 1995 to 1997. Comparison of ƒCO2 data from winter 1995 with data from winter
1997 showed that sea surface ƒCO2 decreased between these winters by 20 to 30 µatm in the
central Greenland Sea, and the CO2 uptake during the winters of 1995 and 1997 was 3.9⋅10-3 Gt
C month-1 and 5.9⋅10-3 Gt C month-1 (based on Wanninkhof's relationship for the gas transfer
coefficient), respectively. This difference in CO2 fluxes can be attributed to lower sea surface
temperatures and more extensive sea ice cover in 1997, and these observations were related to
increased convection in the Greenland Sea during winter 1997. Larger amplitudes in the
seasonal variations of CO2 flux were also seen during the other seasons in the period 1996-97,
compared to 1995. Over the years of investigation in the Greenland Sea, the carbon flux
showed an increasing trend of 9⋅10-4 Gt C yr-1 into the ocean, which may be related to the
anthropogenic input of carbon to the atmosphere. The Greenland and Norwegian Seas appear to
be sinks for atmospheric CO2 and together absorb approximately 0.12 ± 0.015 Gt C yr-1.
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The 13C Suess effect in the Indian and Pacific Oceans
The δ13C of dissolved inorganic carbon (DIC) decrease (the 13C Suess effect) in the Indian and
Pacific Oceans was calculated using a multiparameter linear regression comparison of 1970s
and 1990s δ13C of DIC, hydrographic and nutrient data. The multiparameter linear regression
approach expands our spatial coverage of oceanic δ13C changes, which is primarily limited by
the scarcity of δ 13C observations from the past. The surface ocean Suess effect along 80°E and
115°E in the Indian Ocean ranged from ~-0.1 permil decade-1 at 55°S to a maximum of ~-0.18
permil decade-1 at ~35°S, and decreased northwards to around -0.13 permil decade-1 at the
equator. Along 170°E in the South Pacific, the surface ocean Suess effect averaged ~-0.15
permil decade-1. In the North Pacific the surface ocean Suess effect decreased with increasing
latitude from about -0.25 permil decade-1 at 10°N to around -0.16 permil decade-1 at 42°N. We
will present estimates of the global average surface and depth integrated rate of oceanic δ13C
decrease by combining our results with δ13C changes calculated previously from station
reoccupations, from preformed δ13C versus chlorofluorocarbon age trends, and from timeseries' of δ13C of DIC.
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An assessment of the effect of sea-surface surfactants on global air-sea CO2
flux
It is well known that the presence of surfactants on the water surface, which are ubiquitous in
the global ocean, can reduce drastically the gas exchange rate across the air-water interface.
Using the recent published monthly global pCO2 data by Takahashi et al (1997) and the
satellite wind speed we assess the effect of surfactants on the global air-sea CO2 flux. Since
there exists no global map of surfactant coverage, and it is known that phytoplankton can
produce surfactants, we use primary productivity as an indicator of the presence of surfactants.
Global ocean primary productivity distribution maps estimated from SeaWIFS ocean color
images are used. It is found that the presence of surfactants suppresses more the uptake of CO2
by the ocean than its release to the atmosphere throughout the year. This results in decrease of
the net global CO2 uptake. Both seasonal and regional variations of the surfactant influence on
the CO2 fluxes will be presented.
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Potential sink capacity of the Pacific water in absorbing anthropogenic CO2
The Pacific water can absorb anthropogenic CO2 of about 1 GtC/yr more than the surface water
of the Atlantic, if the Pacific Deep Water forming in the Antarctic Ocean is 15 Sv. This is due
to the following three processes. (1) When the Pacific Deep Water forms from the upwelling
deep water in the winter Antarctic Ocean, the gas exchange at the surface causes the gain of O2
and the loss of CO2. This increases preformed P or N (equivalent to C) more than preformed C
in the Pacific Deep Water flowing northward and upwelling. The upwelling water first expels
much CO2 (mainly oxidative C), especially in the warm eastern tropical and subtropical Pacific.
After losing all the nutrients by photosynthesis and being cooled, the surface water can absorb
more CO2 by the amount equivalent to the excess preformed P or N. (2) The dissolution of
CaCO3 increases the CO2 absorption capacity of the water. The amount can be estimated from
the increase in alkalinity in the Pacific Deep Water. (3) The atmospheric CO2 level has
increased after forming the Pacific Deep Water in the preindustrial era. This increase also
makes CO2 more soluble. These three have nearly the same capacities. We refer the sum to the
potential sink capacity of water in absorbing anthropogenic CO2. This Pacific water’s large
capacity means reduction of the upwelling water during the El Nino events ultimately induces
the decrease in the amount of CO2 absorbed into the ocean. We have studied the CO2 system of
the Pacific water measuring the water column distributions of total carbonate, pH, alkalinity,
nutrients, 13C and f(CO2), especially in the North Pacific. We got the following results. (1) The
subtropical gyre water contains most abundantly anthropogenic (excess) CO2. (2) The North
Pacific Intermediate Water down to 500-1000 m or more also contains considerable excess
CO2. (3) On the other hand, the warm equatorial surface water is deficient in CO2. (4) The
upwelling water in the northern North Pacific also contains little excess CO2. (5) The excess
CO2 is accumulated more in the western North Pacific comprising younger and thicker North
Pacific Intermediate Water than in the eastern North Pacific. A part of CO2 absorbed in the
Pacific should be carried out of the Pacific by the surface return flow and accumulated in the
Atlantic.
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Primary productivity in the contemporary ocean
From its inception, the JGOFS focus on the role of ocean in the global carbon cycle, led, in turn
to need to develop a set of core measurements that could be used in global models.
Recognizing that the ocean is inevitably always undersampled, global models allow the
extrapolation of single point measurements to larger space and time domains. For primary
productivity, two extrapolation strategies have emerged. One, is based on classification of
oceanic regimes or "provinces". In this strategy, a set of algorithms is developed for each
province, based on the statistical analysis of photosynthetic parameters (e.g, the initial slope
and light saturated valued of the photosynthesis-irradiance curve) within a geographically
determined oceanographic area. These parameters are then used to calculate productivity within
each province as a function of chlorophyll, irradiance, and other ancillary data (e.g.
temperature). A second approach attempts to describe the variations in photosynthetic
parameters to one or more independent variables (e.g. mixed layer depth, temperature, light,
etc). This approach makes no reference to physical location of the sample, but rather assumes
common variables operate throughout the ocean. Both approaches are useful, and when
compared, yield similar global estimates of primary production. The second approach,
however, can be used prognostically as well as retrospectively if the distribution of the
controlling variables can be modeled. Over the past decade, several groups have developed
independent ocean productivity models. In conjunction with ocean color data, the models have
been used to derive regional and global estimates of primary production. The largest
uncertainties in the estimates are in the spatial distributions of production, not in the globally
integrated values. The spatial variability is largely due to the treatment of temperature and
mixed layer depth. These two variables affect the maximum daily-integrated production (Popt).
A comparison of models suggests however, that model sensitivity (i.e. the absolute value of
productivity calculated by the model) is largely controlled by the data sets used to parameterize
the models. Fundamentally, the model structures are high consistent (and were developed over
30 years ago). A key role for JGOFS is the access to common data sets for diverse regions of
the ocean with common measurement protocols. The radiocarbon data obtained from the
JGOFS process studies and from time series stations at Bermuda and Hawaii are invaluable for
testing model structure and parameterization schemes. The modelled carbon fluxes are
constrained, in turn, by biophysical limits and, on a global scale, by oxygen isotope
fractionation (the Dole effect). The models of primary production can be fed into higher order
models of export production. On regional scales N and S of 30 latitude, seasonal changes in
oxygen concentrations can be used to estimate export production. While the absolute values of
primary and export production can be calculated regionally as well as globally on weekly to
annual time scales, assessment of interannual and interdecadal changes in these fluxes is
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requisite to understanding how climatic changes will influence the ocean carbon cycle. We are
only just beginning to see changes in ocean biogeochemistry on such time scales. Uncertainties
in models requires that the ocean science community obtain continuous, high quality time
series observations in situ and from space for generations to come.
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Regional and basin-wide particle flux in the Atlantic
In this study measurements of particle flux in the Atlantic have been collated to determine
basin-wide patterns and regional variability in export characteristics based on empirical data
and relate these production using model estimates. A total of 81 years of sediment trap data
from 25 stations in the Atlantic have been used. The main results presented and discussed are:
• Calculation of annual fluxes by different methods vary by upto 50%, having a severe
influence on estimation of export,
• Interannual variability for selected stations is presented, published production estimates
from 3 models differ by upto a factor of 4 for individual stations,
• Where available, local estimates are compared to model values, existing algorithms relating
flux to production and depth are tested on the data and regional deviations from the global
mean are examined and discussed,
• Algorithms relating total production to POC flux and new production to PON flux are
presented and discussed.
• There are significant differences in export ratio and depth-dependent degradation rates on
both regional and seasonal scales. These are related to the absolute levels of flux and its
bulk composition and to primary production, and
• Principal Component Analyses based on the composition of sedimenting matter
(contribution of POC, PON, opal and carbonate) were performed. Stations within discrete
biogeochemical provinces (as defined by Longhurst) have common flux characteristics.
Provinces within domains have more similarity than those more remote to each other.
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Recent advances in modelling regional and global oceanic primary
production from satellite ocean colour
The CZCS ocean colour observations acquired over the 1979-1986 period have allowed global
estimates of the oceanic primary production to be derived in the mid 90’s. These estimates,
however, were obtained from “climatological” data sets, meaning that several years of data
were merged for ocean colour, and also for temperature and cloudiness which are important
auxiliary parameters for the computation of photosynthetic rates. The results obtained at that
time were therefore to be considered with caution, and also as part of a demonstration of
feasibility, awaiting for the availability of improved ocean colour data thanks to a new
generation of satellite sensors. We are presently in this new era with several sensors having

65

provided or providing data, from which oceanic photosynthetic rates can be estimated, which
are more tied to the actual state of the ocean. This is true with respect to the oceanic algal
biomass, as well as to the temperature and to the solar irradiation reaching its surface, which
are also available for the actual conditions where the primary production is estimated. Renewed
estimates of the global oceanic primary production are presented, as derived from various data
and for different years (1997-1999), as well as results from regional inter-annual studies, in
particular over the Mediterranean sea, and for the Equatorial Pacific showing the effect of the
1997 El Niño. These computations allow the advances in this field to be illustrated as well as
remaining or newly arising problems to be evoked.
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Biomarker (Alkenones) in surface water of the North Atlantic: regional
variability and a first approach to calibrate the paleotemperature index
Uk´37 based on water samples
Long chain di-, tri- and tetra - unsaturated methyl and ethyl ketones in particulate matter of
near sea surface waters on a transect across the North Atlantic were determined and compared
to direct measurements of the surface water temperature. The alkenone abundance ratio is
strongly dependent on the temperature of the water in which the algae grow. Therefore it
documents the sea surface temperature (SST) und hence gives a tool to infer SST of the past.
Our study was carried out in the framework of the German part of JGOFS. The transect covers
three hydrographic regimes - the subtropical gyre with mesotrophic and oligotrophic
conditions, an area with advection of Labrador Sea shelf waters and the northeastern region of
the North Atlantic with its smooth longitudinal temperature and salinity gradients along 20°W with a broad range of temperature and salinity relations. While distinct differences in the
alkenone abundances were determined, the comparison of the temperatures calculated with the
equation of Prahl & Wakeham to the directly measured sea surface temperatures was poor
especially in the low temperature regime (-3.3°C ± 1.5°C). We therefore will present a
modified equation, which is based on our alkenone results of particulate matter in the sea
surface water.
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The decoupling between primary production and shallow particulate export
in the worlds ocean
Understanding the balance between the uptake and removal of carbon in the upper ocean has
been a primary goal of the JGOFS Program. In particular, export of particulate organic carbon
(POC) on sinking particles is thought to be the main pathway for the rapid removal of C from
the surface ocean to depth. JGOFS scientists have developed methods which use the naturally
occurring and particle reactive radionuclide thorium-234 (half-life = 24.1 days) as a tracer of
POC export. These data suggest that much of the world’s ocean is characterized by relatively
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low particulate export/production ratios (<5-10% at 100m). However, of great importance to
the global C balance are sites and times where these cycles become decoupled, and
export/production ratios of 20-50% are found. Such high export events are often seen as a
delayed export response to blooms. These sites of high export are also frequently characterized
by food webs dominated by large phytoplankton, in particular diatoms. An overview will be
presented on production and particulate export from many US, Canadian and European JGOFS
study sites (including: NABE, EQPAC, Arabian Sea, AESOPS, BATS, HOT, ANT X/6,
PAPA) as well as from independent studies and unenclosed Fe enrichment experiments
(FeExII, SOIREE). These results will allow us to parameterize the controls and fluxes of
carbon needed to better understand the role of the ocean in the global C cycle.
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Comparison between satellite images of ocean color and biomass fields
simulated by a 3-D physical-biogeochemical model of the North Atlantic
Ocean
The world oceans absorb about 2 Pg-C of atmospheric CO2 each year. This net uptake of
carbon varies in time and space, and the variability is governed by both thermodynamic,
dynamic and biogeochemical processes. It is assumed that the marine biota plays a minor, or
even negligible, role in the ocean uptake of human generated CO2. However, the marine biota
is an essential player in the natural cycling of carbon in the oceans, and most likely also on
spatial and temporal scales associated with natural variations in the ocean climate. One way to
validate basin and larger scale biogeochemical models are by comparing remotely sensed and
simulated sea surface biomass fields. Remotely sensed ocean color fields are powerful in that
they may give a near synoptic picture of the amount of chlorophyll in the surface waters on
basin to global scales. In this work, a comparison between the CZCS, OCTS and SeaWiFS
ocean color fields and biomass fields simulated by a 3-D physical-biogeochemical model is
presented. The 3-D model, driven with both monthly mean and synoptic atmospheric forcing
fields, covers the Atlantic Ocean from Equator and northwards, including the Arctic Ocean.
The results of the comparison shows an overall agreement between observed and simulated
surface biomass. Differences between the satellite and model fields are discussed, and are
linked to weaknesses and uncertainties in both the remotely sensed and simulated biomass
fields. The associated fluxes of dissolved and organic nitrogen and carbon are given.
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El-Niño mediated changes in biological production in the north Pacific
Ocean as observed from ship and satellite data
We have developed a method to estimate nitrate and nitrate based new production in the sea,
using remotely sensed sea surface temperature and chlorophyll a as inputs. For the years 1997
to 1999, the method helped us observe significant interannual differences in the magnitude of
nitrate injected into the euphotic zone and its consumption by phytoplankton in the north
Pacific Ocean, which appeared to be associated with the El-Niño event of 1997. For the
western North Pacific Ocean, a long term (1964-1996) historical record of oceanographic data
helped support the notion that interannual differences in biological production in the region
could be driven largely by El-Niño /La Nina related changes in atmospheric and oceanographic
conditions.
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Primary production in the Antarctic Polar Front Zone in 1997 and 1998: On
deck ground-truthing and environmental regulation
Primary productivity was measured in the Antarctic Polar Front Zone south of New Zealand on
three cruises in 1997 and 1998 as part of the U.S. Joint Global Ocean Flux Study (JGOFS).
Concurrent in situ and on deck productivity measurements determined according to JGOFS
protocols demonstrated that on deck incubations received considerably more irradiance than in
situ incubations. This irradiance subsidy was responsible for creating artifactual
photoinhibition and artifactual photoenhancement depending on the daily irradiance conditions.
Using optical properties and in situ / on deck incubation replicates the on deck incubations
were ground-truthed relative to the in situ incubations. A global ground-truthing scheme and a
discussion on inherent differences between in situ and on deck incubations will be presented.
The in situ and ground-truthed on deck productivity measurements sampled areas north, within,
and south of the Polar Front during the austral spring, summer, and fall. The dominant spatial
property along this section was an inverse relationship between chlorophyll-specific primary
productivity (PBopt) and surface silicate concentration. PBopt increased and Si(OH)4 decreased
from south to north. Surface NO3 concentrations were greater than 10 µM both north and south
of the front and the trend of PBopt was uncoupled from the surface temperature change along
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this section. The large difference between PBopt in this high macronutrient region south of the
front is indicative of micronutrient limitation as suggested by other investigators.
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Global oceanic primary production from multiple satellite sensors
The methodology makes use of available satellite derived ocean colour products, global maps
of sea surface temperature and information on the spectral nature of the downwelling
irradiance, to compute synoptic maps of depth integrated primary productivity. The work
involves the parameterisation of well known light-photosynthesis relationships in the form of
satellite algorithms and considers the sensitivity of these algorithms to the available input
parameters and the validity and accuracy of the derived products. Global maps of
Photosynthetic Available radiation (PAR) at the ocean surface is obtained from an existing
radiative transfer model which have been modified to allow the assimilation of satellite data
from various sensors. The aerosol optical thickness using SeaWiFS parameters (Tau_865,
Eps_78) data are compared with in situ measurements from the National Climate Data Centre.
Wind speeds and cloud cover recorded by the Special Sensor Microwave/Imager (SSM/I) is
obtained from NASA's Pathfinder Program. Due to differences in the scale of the various
parameters, an interpolation procedure has been developed and implemented in the original
code. The averaged variation of PAR according to latitude and over the globe is computed
using a polynomial approximation. A sensitivity analysis showed that changes in the
instantaneous wind speeds, pressure, and relative humidity have small impact on the overall
PAR. The data were then used to compute the oceanic depth integrated primary production
using a model described by Behrenfeld and Falkowski (1997). The calculation was done for the
period Oct. 98 up to now, using SeaWIFS chlorophyll GAC binned data (9 km resolution) and
AVHRR sea surface temperature (MC-SST GAC data 18 km resolution).
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New production and silicic acid in the Norwegian Sea
New production and silicic acid uptake rates were measured in the Norwegian Sea and the
Greenland Sea. The results are from cruises in 1994 - 1997 (silicic acid uptake was measured
the two last years), and the rates were measured using the isotopes N-15 and Si-32. Diatoms
were more abundant close to the ice than in open waters. The concentrations of chlorophyll a
and biogenic silica showed a similar pattern. New production (f-ratio) was variable (0.05 0.98). Ammonium greatly affected the f-ratio, and f-ratio was less than 0.5 in waters containing
more ammonium than 0.5 mmol/l. The silicic acid uptake rate was high in samples dominated
by diatoms (Thalassiosira spp. and Chaetoceros spp.). Maximum specific silicic acid uptake
rate was 0.6 per day. Silicic acid uptake kinetics was measured at one station and the halfsaturation constant was 2.1 mmol/l.
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Siliceous phytoplankton off Mauritania (NW Africa): Results from a fouryear sediment trap study
Four years of observations (1988-1991) of downward fluxes of diatoms and silicoflagellates at
a trap site off Cape Blanc (CB), NW Africa, are presented. Significant intraannual flux
variations, and a strong decrease in export production from 1988 through 1991 are observed.
This diminution can be explained by the interplay of various coupled processes, including
seasonal and year-to-year variations in the offshore transport of nutrients and phytoplankton
through a chlorophyll filament. Results point to a significant decrease in the coastal upwelling
intensity over the 4 years. Diatoms parallel total mass fluxes, and dominate (as valves m-2 d-1)
the biogenic opal flux at all times. The specific composition of the trapped diatom assemblage
varies seasonally; however, on an annual basis, no significant qualitative variations were
observed. The dominance of neritic diatoms reflects the almost continuous (with stronger
intensity in spring/summer) offshore spreading of the coastal upwelling reaching the CB site
through the chlorophyll filament. The occurrence of pelagic diatoms and high silicoflagellate
fluxes suggests inshore transport of oceanic waters (mainly in winter).
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Measured and calculated primary production in the western equatorial
Pacific: comparison between mesotrophic and oligotrophic conditions
During the EBENE cruise (French contribution to JGOFS) in Oct.-Nov. 1996, a meridian
transect was described at 180°W by short stations each degree from 8°S to 8°N, and 5-day long
stations at 3°S and the equator during which primary production (14C) was measured in situ, in
parallel with chlorophyll a (Chla) and divinyl-chlorophyll a (dv-Chla) determinations
(spectrofluorometry) and cell counts (flow cytometry). On average, the same response of the
system was obtained at 3°S and the equator, since the mean vertical profiles of productivity
index (gC g-1Chla h-1) were not significantly different. In addition, rigorously similar 14C
experiments were performed on deck in simulated in situ conditions with samples taken at 20m
all along the transect. Total Chla (Chla + dv-Chla) in samples ranged from 0.056 to 0.307 mg
m-3 and NO3 varied between 0.013 and 2.57 µM, from oligotrophic stations north and south of
the transect to a rather low mesotrophic situation in the upwelling. Day-time production at 20m
was strongly related to Chla (r2 = 0.81), without any significant effect of nutrient concentration,
suggesting a continuum from oligotrophic to mesotrophic regime. Production was also linearly
related to cells abundance, particularly picoeukaryotic cells (r2 = 0.62). Hence, these
relationships between production and biomass make it possible to estimate primary production
using chlorophyll data with a good approximation. From Chla and dv-Chla distribution along
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the transect, and light penetration in the water column, production is calculated and ranges
from 0.30 to 1.20 gC m-2d-1 at 8°N and the equator respectively.
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Impact of oceanic small-scale dynamics on primary production
This study investigates the impact of small-scale vorticity dynamics (1-10 km, 1-10 days) on
the phytoplankton growth and distribution with a special focus on the formation of filamentary
plankton structures and their impact on the global primary production budget. A highresolution primitive equation model, including mixed-layer dynamics, is used to simulate a
turbulent mesoscale eddy field whose characteristics are close to those encountered in the
North Atlantic at 35N. A simple plankton model comprising 6 compartments is coupled to this
dynamics. Filamentary structures are quickly generated in the plankton field. It is shown that
the formation of these small-scale structures does not result from the classical direct cascade of
large-scale plankton structures, but is due to the phase relationship between the vertical
velocity and the formation of small-scale vorticity gradients. The rationalisation is based on
recent results obtained by Hua and Klein (Physica D, 1998).
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A novel approach for simultaneous assessment of gross and net O2
production
Gross oxygen production is estimated from the rate of air-sea O2 exchange, and the difference
between the triple isotope composition of atmospheric O2 and dissolved O2. Air O2 is different
than biological O2 because it bears a signature of 17O deficiency derived from photochemical
interaction of O2, O3 and CO2 in the stratosphere. In a lifeless situation, air-sea gas exchange
results in a ratio among 18O, 17O and 16O in dissolved O2, which is similar to air O2. In contrast,
in the absence of gas exchange, recycling of O2 by photosynthesis and respiration completely
eliminate the stratospheric signature. In the ocean, the measured isotopic composition varies
between these two extremes, and it depends on the ratio between the rates of gross primary
production to air-sea O2 exchange. Thus, gross production can be calculated from triple O2
isotope measurements if the rate of air-sea gas exchange is known. In a similar way, we
estimate the biologically driven air-sea O2 flux from the ratio of O2/Ar. In the absence of life,
air-sea gas exchange results in an equilibrium ratio. Deviations from equilibrium ratio indicate
biological consumption or production, and as a result, the biologically forced flux of O2 from,
or into the ocean. We have applied the method in BATS station near Bermuda, and estimated
the average gross production as 29-mol m-2 y-1 and the biological O2 flux as 0.7-mol m-2 y-1.
The net flux was always positive and indicates year round biological uptake of atmospheric
CO2.
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Fertilisation of surface seawater by atmospheric inputs of phosphorus:
investigations within the programme DYFAMED
Phosphorus concentrations were measured in rainwater and atmospheric aerosol at the coastal
sampling site of Cap Ferrat (NW Mediterranean). Airborne P concentrations ranged between
25 and 85 ng m-3 (average: 51 ng m-3), and exhibited low temporal variability, due to a
homogeneous anthropogenic background over the northern Ligurian coast. Enrichment factor
calculations indicated a significant contribution of anthropogenic land-based source emissions.
Using dry deposition velocities of 0.5 - 1 cm s-1, the whole atmospheric supply of P (wet + dry
contributions) accounts for 385 and 615 µmol m-2 y-1. The possible impact of atmospheric P
deposition on the surface marine layer was assessed. Assuming that seawater leachability of
urban-derived P is ≈ 50%, the total deposition of leachable (i.e. supposedly bioavailable) P
ranges between 200 and 300 µmol m-2 y-1. Although the atmosphere is globally a minor source
of nutrients (if compared with riverine inputs and marine vertical mixing), it might be the only
source of P in oligotrophic conditions. Assuming that P is a limiting factor in the
Mediterranean Sea, the typical significant rain event of June 19th 1997 (17 µmol dissolved P
m-2) potentially induces a new production of 0.02 g C m-2, which is a significant value in such
conditions. The atmosphere may actually fertilise offshore surface waters in the northwestern
Mediterranean during the oligotrophic season.
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Biogeochemical cycling in the oceans: Myths, assessments, and challenges on
the role of active transport by interzonal migrants in export flux
Vertical interzonal migration by zooplankton and nekton is a mechanism by which active
transport of carbon and nitrogen out of the surface layer in the oceans takes place. Most of the
attention on the estimation of export flux has, however, been centered on the assessment of
passive transport or sedimentation, active transport being considered to be minimal.
Information on active transport obtained during JGOFS and other studies is critically reviewed
and compared with estimates of sedimentation. The results support the view that active
transport by interzonal migrants (e.g. up to 45 g C m-2 y-1 and 11 g N m-2 y-1) is significant in
relationship to sedimentation rates, the importance varying with the type of migration strategy
involved and the food environment. Temporal and spatial variations in biomass and
biochemical composition of interzonal migrants, together with their mortality and metabolic
rates, should be analyzed/modeled in greater detail in order to evaluate more accurately annual
rates of active transport and, hence, total export flux in the oceans.
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Controls on variability of new production in the Equatorial Pacific
We conducted a multiple linear regression (MLR) analysis of data from nine recent cruises in
the equatorial Pacific to investigate how variability in new production was independently
related to various euphotic zone chemical and biological properties. These data cover a range
of hydrographic conditions in the region (e.g. El Nino, La Nina, Kelvin waves, tropical
instability waves) and were collected by different laboratory groups. This MLR analysis
showed that variability in nitrate, ammonia, primary production (or chlorophyll) and
temperature explain 80% of the variability of the total data set. To explore the causes of this
variability we developed a coupled nitrogen-iron mass balance model that addresses the
fundamental controls of new production. The starting points are mass balances for nitrogen and
iron. The model predicts constant upwelling and variable upwelling end-members. These end
members correspond to Kelvin waves (where upwelling driven by local winds is constant while
the nutricline shoals to the east) and tropical instability waves (TIW) (where upwelling varies
dramatically while the nutricline can be approximated as constant). We found that there was an
excellent match between new production, surface nitrate and modes of physical forcing
inferred to be in operation for the various cruises used in this analysis. We conclude that Kelvin
and tropical instability waves control much of the variability in new production in this region.
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Estimates of primary and export production at ESTOC
The European time-series station ESTOC is located 100 km to the north of Gran Canaria in the
eastern boundary current system of the subtropical North Atlantic. Standard parameters of
hydrography, nutrients, oxygen, chlorophyll a and DIC have been determined monthly at
ESTOC located 100 km north of the Canary Islands since 1994. In addition, particle flux was
measured, and export production was inferred from, moored traps, which were deployed at the
station since 1991 and seasonally with free-drifting traps since fall 1995. Primary production
rates were also determined seasonally in situ, and in addition, were inferred from modeled
production rates using surface chlorophyll values (after Antoine 1996, Global Biogeochemical
Cycles 10, 57-69). Here we will present rates of primary and export production in order to
calculate an export ratio for particle flux at ESTOC, and will compare these rates with
estimates obtained at BATS and HOT.
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Biological pump in the western North Pacific
Time-series and depth-series sediment trap were deployed in the Hidaka Basin, the northern
Japan Trench, the western North Pacific Basin, and the Equatorial Pacific ocean. The major
components of particulate materials were analyzed. Total mass fluxes were seasonally varied
and were large in spring season in the North Pacific. Opal was dominant in particulate
materials in the high latitudes in the western Pacific. The larger total particulate flux was
related to higher content of biogenic sulica in the western North Pacific Ocean. Mean opal
fluxes at the Hidaka Basin, the northern Japan Trench, the western North Pacific Basin were
56, 58 and 68 mg/m2day, respectively. CaCO3 was, on the other hand, major in the particles
collected at the Equatorial Pacific and mean CaCO3 content was 66 % The Org.C/Inorg.C
ratios of particulate materials normalized to1000 m were over 2 in the western North Pacific. It
was recommended that the western North Pacific is a most important area as a sink of the
atmospheric carbon dioxide.
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Biomarker record for prymnesiophyte export production in the Subtropical
Central Pacific
C37-39 alkenones, biomarkers of specific prymnesiophytes, most notably Emiliania huxleyi,
were analysed in particles collected in a one-year sediment trap (2800 m depth) time series at
station ALOHA (22°45’N 158°W). Alkenone flux sampled with 17 day resolution displayed
two distinct maxima during the year, one restricted to a single trap in summer (July 1992) and
the other captured by multiple traps in winter (February-March 1993). Growth temperature
(gT) estimates derived from analysis of alkenone unsaturation patterns (Uk'37) were
respectively, 23.4° and 22.4°C, values 1.5-2°C colder than sea-surface temperature at
corresponding times. This difference implies alkenone export production (AEP) originated at
both times from a subsurface photic depth. A deep chlorophyll maximum layer (DCML) within
the upper thermocline is a year round feature in this environment. Comparison of gT estimates
with depth profiles for temperature and algal pigment concentrations indicates AEP originated
beneath the surface mixed layer but well above the DCML in summertime and from within the
DCML in wintertime. The summer event coincided with a major bloom of diatoms containing
endosymbionts with nitrogen fixation capability. Whatever triggered the diatom bloom appears
to also have benefited production of phytoplankton without such physiological adaptation. The
winter event occurred when weather caused the DCML to shoal significantly, thereby
triggering AEP presumably through optimization of the light and nutrient field. These findings
not only provide insight to the ecology of alkenone-producers in the subtropical central Pacific
but also set limits on what can be gleaned paleoceanographically from stratigraphic study of
alkenones in underlying sediments.
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Temporal variability in export production in the SE Pacific Ocean: Evidence
from diatom fluxes
Flux and taxonomic composition of the siliceous plankton assemblage were determined using
sediment traps in the coastal upwelling dominated waters of the Peru-Chile Current off central
Chile (30°S) under "normal" (non-El Niño, 1993-94) and El Niño conditions (1997-98).
Independent of the year, the flux of biogenic opal and siliceous plankton (mainly diatoms)
attain their annual maximum within 3-5 weeks of the surface plankton bloom in late winter,
and show unimodal pattern of downward transport. This fact shows that the export of biogenic
opal and siliceous plankton is primarily controlled by the seasonal cycle of production off
northern Chile, and secondly that the flux of particulates parallels well the seasonal
productivity pattern of the surface waters. Both seasonal pattern of events stimulating
upwelling and succession of primary producers are persistent features almost unaffected by El
Niño-derived variations. However, on an annual basis, the export of diatoms and
silicoflagellates is ~75% lower under El Niño conditions than in a "normal" year, while
radiolarian flux is only reduced by ~40%. Regardless of the year, the trapped diatom flora is
made up of a combination of coastal and pelagic species. Qualitatively similar diatom
assemblages were trapped at 30°S under "normal" and El Niño conditions. Neritic resting
spores of Chaetoceros were the main contributors to the diatom flux, followed by pelagic
diatoms Fragilariopsis doliolus and Rhizosoleniaceae, mainly during the period of reduced
diatom flux (mid-spring through fall).
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Enhanced carbon export by salps during NE Monsoon in the Arabian Sea,
determined by 234Th tracer
Time-series measurements of 234Th have been used to derive carbon export fluxes at a Stn (21o
30’N, 64o E) in the Arabian Sea during February 1997 (late NE Monsoon). The sampling
period of 14 days was characterized by an extensive salp swarm in the surface 0-30 m, with
maximum concentrations upto 4500 salps m-2. Vertical profiles of total 234Th (particulate +
dissolved) show enhanced deficiencies relative to 238U that are related to removal onto sinking
particulate matter. Using a mass balance approach, average 234Th export in the upper 100 m
column is calculated to be 2300 dpm m-2d-1 during the 14-day period. The ratio of Corg/234Th in
the settling particulate matter, collected by free-floating traps deployed at 140 m depth,
averaged ~10 µmol dpm-1 during the salp event. We, thus, estimate a carbon export flux of ~23
mmol C m-2d-1 during the salp bloom from the upper 100m; which is about 30% of the
measured primary production (70-82 mmol C m-2d-1). The 234Th export fluxes reported by
Buesseler et al (1998) during the NE Monsoon of 1995 are similar to those measured in this
study. However, carbon export rates derived by them are less than 10% of the PP and Corg/234Th
ratios ranged between 2-5 µmol dpm-1. The relatively higher Corg/234Th ratios and carbon
export in our measurements during late NE Monsoon (1997) could be due to both spatial and
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inter-annual variability in the upper water column biogeochemistry of the north Arabian Sea
resulting from salp bloom. . Salp swarms are important feature in this region during winter
months (Dec.-Feb) and can be a significant pathway for carbon export from the euphotic zone.
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The POC associated flux of organic trace chemical substances in the
northeast Atlantic
The determination and understanding of the fluxes of natural and anthropogenic chemicals into
the deep ocean and their relation to surface biological and hydrographic processes are major
goals of many biogeochemical programmes. We have studied the particulate fluxes of biogenic
(amino acids, alkenones) and anthropogenic (e.g. Polychlorinated biphenyls) trace organics and
several trace elements in the northeast Atlantic. Time-series sediment traps were moored in
different depths at 33°N, 47°N and 54°N along 20°W between March 1992 and September
1997. Our results confirm the distinction of two biogeochemical provinces with a borderline at
approximate 40°N: the subtropical gyre and the North Atlantic drift region. We observed that
the flux of trace chemical substances follows the seasonal cycle of biological production in
surface waters, with a shifted flux maximum of about 2-3 month in these two provinces. The
transport of these compounds into the deep ocean is closely associated with the particle flux of
organic carbon. However, for a number of chemical substances no single relationship with
POC could be evaluated throughout the water column. We calculated the mass balance of
particulate fluxes of selected chemical trace substances from surface water into the deep ocean.
Our results are in accordance with published data of atmospheric deposition, fluvial inputs and
scavenged contributions from the dissolved phase onto the sinking particles.
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Vertical distribution of DOC, absorption and fluorescence in the Ionian Sea
DOC, absorption and fluorescence were measured in seawater samples collected at different
depths in 14 stations located in the Ionian Sea (Mediterranean Sea): DOC exhibited an inverse
correlation with salinity in most of the stations with values ranging from 39.4 to 80.3 µM
(average 60.5) in the surface waters, from 32.8 to 99.4 µM (average 51) in the mixing layer and
from 30.7 to 55 µM (average 42.9) in deep waters. Absorption coefficients, measured at 280
and 355 nm, and normalised fluorescence, excited at the same wavelengths, did not exhibit any
correlation among them as previously found in coastal and pore waters. On the contrary, an
increase of Fn355 with depth was observed in all the stations. This was also confirmed by the
trend of the ratio Fn280/Fn355 that showed a good positive correlation with temperature, with
highest values on the surface and lowest ones in the bottom waters, suggesting an enrichment
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of humic material with depth. Also quantum yields at 355 nm (φ355) showed a systematic
increase with depth, while φ280 did not exhibit any apparent correlation.
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Primary production, availability/uptake of nutrients and photo-adaptation
of phytoplankton in the three interconnected regional seas: Black Sea, Sea of
Marmara and Eastern Mediterranean
The transportation and uptake mechanisms of nutrients, light adaptation by phytoplankton and
primary production have been determined in the Black Sea, the Sea of Marmara and the eastern
Mediterranean for 1996-1998 period. The thickness of 1% light depth ranged between 20-35,
15-20 and 65-90 m in the Black Sea, the Sea of Marmara and the eastern Mediterranean
respectively. The Black Sea and the Sea of Marmara are highly productive and the eastern
Mediterranean is quite oligotrophic. Average depth-integrated chlorophyll-a concentrations and
primary productivity were determined as 14.2, 26.8, 3.2 mg m-2 and 487, 1521, 194 mgC m-2 d1
in the Black Sea, in the Sea of Marmara and in the eastern Mediterranean respectively. Bulk
of the primary production is accomplished at the upper few meters of the Black Sea and the Sea
of Marmara, although chlorophyll-a and fluorescence maxima are located at around 1% light
depth. A secondary chlorophyll-a maxima located just above the main nutricline and below the
euphotic zone was dominated by vertically migrating Rhizosolenia species in the coastal Black
Sea waters. 14C experiments showed that such populations have significant photosynthetic
capacity at low light levels. Deep chlorophyll maxima located at 1% light depth and has
significant contribution to primary production in the eastern Mediterranean. Primary
production in the nearshore waters of the Black Sea appeared to be phosphorus limited,
whereas the bioassay tests indicated nitrogen limitation in the deep regions. The nutrient
enrichment bioassay strongly supports that primary production in the Sea of Marmara is
nitrogen limited.
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New production in oligotrophic water: estimation based on diel cycle of
nitrate
New production can be estimated from accurate measurements of inventory change in nitrate at
nM levels in photic zone. A strong diel cycle was observed in nitrate concentration in response
to photosynthesis in Eastern North Atlantic during the GASEX-98 cruise. During a diel study
nitrate concentration was 92 nM in the morning and decreased to 12 nM at 6 PM. It increased
after dark presumably due to the diffusive flux from the nitracline. Oxygen showed a similar
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diel cycle with a change in concentration about 2 uM. The vertical eddy diffusivity was derived
from temporal changes in concentrations of a deliberate tracer, SF6, below the mixed layer.
Together with vertical nitrate distributions, the nitrate flux from nitracline throughout nighttime
can account for a nitrate concentration of 102 nM by morning, which is in good agreement with
measured nitrate of 92 nM at 6 AM. The new production estimated from changes of nitrate
inventory in the photic zone during the day is 28 mmole C/m2 d. Increases in mixed layer
nitrate were observed during storm events that deepened the mixed layer and brought the
nitrate to the surface. The storm induced nitrate disappeared within two days, indicating a rapid
uptake by phytoplankton. The relative importance of sporadic storm events versus daily
diffusive flux in supply nitrate to new production can be estimated based on nitrate inventory
change in the photic zone.
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Water column biogeochemistry below the euphotic zone
The biogeochemistry of the water column is largely driven by the biological pump of CO2, the
major pathway for exporting matter and energy from the photic zone towards deep layers, and
sediments. The upper layer of the ocean interior is the site for (1) active
remineralisation/respiration processes that result in rapid decrease of vertical profiles of POC,
PON, and BSi, and (2) for N2O production, microbialy produced either by nitrification or
denitrification. Estimates of export production are 8.8-16 Gt C y-1, i.e. 18-40% of up-dated
estimates of the global primary production. The export of CaCO3 amounts to about 16% of the
organic carbon flux. Estimates for the export flux of BSi are not well constrained and lay
between 50 and 80 % of the global marine production of BSi. The role of dissolved organic
matter in the C cycle has been reassessed, the export flux of DOC might represent as much as
60% of the total export flux. The high-export events appear to be related to the occurrence of
diatoms blooms and large cells in the photic zone. Because the cycles of C, N, and Si in the
euphotic zone are decoupled, the elemental ratios in the sedimenting material that can be very
different from Redfield’s. Vertical fluxes of particulate matter are not necessarily
unidirectional: zooplankters and micronektoners are responsible for active upward or
downward migrations that can bypass sediment traps. The « marine snow » is able to
« scavenge » particles that easily adhere to it forming aggregates. Polysaccharid-rich
transparent exopolymeric material greatly helps the formation of these aggregates. The regional
distribution of seasonal and annual fluxes of POC below 1000-2000 m is now well
documented. Globally, the open ocean flux of POC at 2000 m, normalised using the empirical
relationship due to Martin et al. (1987), is 0.34 GT C y-1, i.e. only <1% of the total net primary
production. The POC flux at 2000 m (outside the polar domains) ranges between 0.38 and 4.2
gC m-2 y-1; the monsoonal environments show the highest (1.7%) export ratio (calculated as the
export flux of carbon at 2000 m to the primary productivity in the surface layer) and the
Southern Ocean the lowest (0.1%). The ratio of Si / Ca to calcium in organism-assimilated
particles collected by sediments traps can be used as a proxy of the rate of removal of CO2
carbon from the upper ocean to the deep-ocean “sink”. Honjo (1997) has defined two types of
biogeochemical oceans: the “ silicic acid ocean ” (mostly the HNLC areas) corresponds to
about 40% of the world ocean with nutrient rich surface waters and opal rich particle rains and
sediments. The rest of the oceanic domain is the “carbonate ocean” (mostly the central gyres)
with nutrient poor surface waters and particle rains and sediments that are rich in CaCO3.
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A mechanistic model of deep-water remineralization: ballast and protection
of organic carbon by mineral constituents
Sinking particles are the major vehicle for selective transport of carbon and other bioactive
elements from the surface ocean to the ocean interior and sediments. Most of the carbon in
these particles is remineralized (returned to inorganic form) during transit through the water
column. Our hypothesis is that particulate organic carbon (POC) requires association with
inorganic mineral ballast (B) both to make particles sink rapidly and to protect the organic
carbon (OC) fraction against degradation. The implications of the association between OC and
B have not been included in models for the redistribution of carbon, even though dense mineral
material typically constitutes more than half the mass of particles sinking out of the surface
ocean. To include these effects, we hypothesize the existence to two classes of particulate OC.
The first class is intimately associated with and protected by mineral ballast, and is
remineralized when the ballast dissolves, while the second is exposed to degradation. The
fluxes of these two classes are modeled separately using simple exponential functions of depth;
the fitted curves are then summed to obtain the depth-distribution of total particulate OC flux.
Our results indicate that the ratio of OC flux to ballast flux (OC:B) reaches a limiting value in
deep sediment traps, and that this ratio may be fairly constant across different regions of the
world ocean. More complicated descriptions, most likely in the form of coupled nonlinear
differential equations of OC and various ballast types with depth, will undoubtedly be required
as both data and understanding of component processes are improved.
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Nitrogen cycling in the oxygen minimum zone of the Arabian Sea
The Arabian Sea is characterized by an area of low oxygen concentration covering most of the
central and eastern basin. The corresponding nitrate distributions show layers of nitrate
depletion in the upper layers, a pronounced nitrate maximum between 100m and 150m, and
low nitrate concentrations between 200m and 400m. The nitrate minimum is accompanied by a
secondary nitrite maximum located in the same depth range. The low nitrate concentrations and
the corresponding nitrite maximum are caused by heterotrophic bacteria that oxidize organic
matter. In this denitrification zone of the low-oxygen layer, nitrate is reduced to molecular
nitrogen, with nitrite accumulating as a stable intermediate of the denitrification process. The
pathways of nitrogen from nitrate to molecular nitrogen can be expressed as follows: NO3 ->
NO2 -> NO -> N2O -> N2. In order to study the nitrogen pathways in the oxygen minimum
zone and to estimate the vertical fluxes and denitrification rates, a reaction-diffusion model was
constructed and applied to the nitrogen profiles collected during the German JGOFS cruises in
May 1995 and March 1997. The model comprises the three compartments NO3, NO2 and N2,
and the parameter values were derived by finding a best fit between the predicted nitrogen
profiles and the observations. The estimated denitrification rates are of order 2 mmol N m-3 yr-1
, and the corresponding vertical diffusion coefficients range between 1.10-5 and 5.10-5 m2 s-1.
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Applied to a total denitrification area of 1.95 1012 m2, the model predicts denitrification rates of
order 5 TgN yr-1.
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What did we learn from the EUMELI sediment traps?
As part of the EUMELI-French JGOFS program, sediment traps have been deployed at the
mesotrophic and oligotrophic sites (site M: 18°N, 21°W, depth 3300 m and site O: 21°N,
31°W, depth 4600m) during about 2 years (Feb.91 till Dec. 92). The depths of trap deployment
were 1000, 2500, 4400 and 4590 m at site O and 1000, 2500 and 2890 at site M (failures of
trap systems and strong sub-surface currents prevented from collecting significant time-series
at 250m). In addition to mass, organic and inorganic carbon and major element fluxes, the
different following tracers were analyzed on these samples: Aluminium with regards to
Saharan dust inputs, biogenic barium as tracer of productivity, radionucleides as scavenging
and source tracers (210Pb, 228Th, 230Th, 226Ra, 228Ra), Rare Earth patterns and Neodymium
isotopic composition as source and dissolved/particulate exchange tracers, lead isotopes as
tracers of the transport of anthropogenic components and some trace elements as manganese,
copper and zinc. In addition, isotopic fractionation of Cu and Zn was evidenced in the
EUMELI trap material. Most of these works are already published. The major results and a
comparison of the biogeochemical constraints on flux behaviors deduced from these different
tracers will be presented in this talk.
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Biogeochemical cycling of 10Be in the ocean: A new constraint for deep-water
ventilation during the last millennium
Large-scale ocean circulation associated with deep-water formation at high latitudes is an
important process controlling the global carbon cycles, heat budget and climate on the Earth. In
this study, we present a geochemical model involving deep-water ventilation and particle
scavenging to simulate the distribution of 10Be in global oceans. As opposed to 14C which
resides in seawater long enough to allow its removal mainly by radioactive decay, 10Be is
removed from seawater on time scales of 102 -103 years by particle scavenging and hence
provides a useful tracer for ocean ventilation during the last millennium. Modeling results show
that the ventilation of the deep Atlantic is attributed mostly to the formation of the North
Atlantic deep water (NADW), whereas the NADW and the Antarctic Bottom Water (AABW)
equally flush the Pacific and Indian deep waters. These results are in good agreement with
those derived from 14C and nutrients. On the other hand, the deep-water ventilation time is
estimated to range from ca. 40 - 100 years in the N. Atlantic, 100 - 140 years in the S. Atlantic,
~376 years in the Indian, and 500-1000 years in the Pacific, which are consistently smaller than
with those from 14C and suggest a possible strengthening of the deep-water circulation during
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the last millennium. The model also gives effective particle flux of 130 -310 mg/m2/day, with
the high values occurred mainly in areas of high eolian dust input and the modeled particle
half-remineralization depths imply that increased ocean productivity could decrease the particle
remineralization in seawater.
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Biogeochemistry and fluxes of nitrous oxide in the Northern Arabian Sea
As a part of the Joint Global Ocean Flux Study (JGOFS), India, programme, we have
participated in five main phase expeditions to the Arabian Sea, and measurements of nitrous
oxide and methane have been carried out onboard the ORV Sagar Kanya (SK). The overall
seasonal variations in the sea water chemistry as well as the ocean-to-atmosphere fluxes of
nitrous oxide and methane have been well recorded during the first four cruises, namely, SK 91
(April-May 1994), SK 99 (February-March 1995), SK 104 (July-August 1995), and SK 115
(August 1996). Based on these observations, it was envisaged that during the later part of the
winter (February), the northern part of the Arabian Sea experiences highest degree of changes
in its physical, chemical and biological parameters, and the final cruise (SK 121) was
conducted in February 1997. During this expedition, the ship was remained stationary at
around 21N, 64E, where the upper ocean changes from its winter-time overturning due to
winter cooling to the strategically stable thermal layer, and the surface wind fields also varied
from about 10 m/s to near zero values. The N2O distribution in the sea water indicate that all
the changes occur in the depth band ranging from 150 m to about 600 m where the N2O
concentrations are about 45 nmol and 60 nmol, respectively. We will present the detailed
results on nitrous oxide in association with Oxygen, Nitrate, Nitrite etc. obtained during the SK
121 cruise (February 7, 1997 to February 23, 1997).
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A deep-water column carbon and mass fluxes model
The particulate flux transformation in the deep-water column is a key component of the carbon
cycle. However, the fate of the carbon, once exported from the surface mixed layer, and
reaching the sediments, are not yet well known. This study presents a 1D model (COLDO:
Oceanic Deep water COLumn) which simulates mass and carbon flux evolution in time and
with depth, including particles dynamics through the deep water. COLDO model quantify
sinking, aggregation, disaggregation, adsorption and remineralization processes. The model has
been calibrated and validated using 4 years (1987-1990) sediment traps data obtained at 200
and 1000m depth at the Oligrotrophic Mediterranean F-JGOFS permanent station
(DYFAMED). Both seasonal and interannual variability of mass and carbon fluxes are well
reproduced by the model. The flux of particulate carbon in the deep water compared to the
exported flux represents 70% and 43% at 1000 and 2000m depth. Only 30% of the exported

82

carbon reach the sediments. The loss of particulate carbon is explained by a disaggregation
process, which is two order of magnitude higher than aggregation. Simulated fluxes does not fit
with the empirical Martin’s relationship of organic carbon decrease with depth usually used by
the global carbon models. In the future, COLDO could be a good tool for study evolution in the
deep-water column of other trace elements such as silica, nitrogen, barium, aluminium and
trace metals. This kind of simple deep-water process model could be included in the 3D global
carbon model to perform CO2 oceanic predictions.
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Comparison of model and measurement-based approaches for estimating
anthropogenic CO2 distributions in the ocean
One component of the recently completed U.S. JGOFS field program was a global survey of
CO2 in the oceans. Inorganic carbon samples were collected and analyzed on nearly all of the
U.S. WOCE one-time survey and NOAA/OACES cruises conducted during the past decade. As
part of the JGOFS Synthesis and Modeling Project, these data are being synthesized into a
unified data set and used to make measurement-based global estimates of anthropogenic CO2 in
the ocean. The proposed method for the measurement-based estimates is the ∆C* approach.
This study will compare the ∆C* technique with the approaches of two other measurementbased techniques. The carbon synthesis team is also working with the Ocean Carbon Model
Intercomparison Project (OCMIP) to compare these results with model-based anthropogenic
CO2 estimates. The observed anthropogenic CO2 distributions will be compared to 3-D ocean
GCM distributions. Differences between the observed and model distributions will be
evaluated by applying the ∆C* techniques for estimating the anthropogenic components to
model derived properties. These estimates will then be compared to the anthropogenic
distributions directly estimated in the model. Special attention will be given to potential sources
of error in both the model and measurement-based estimates.
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The role of community structure in regulating export flux from the upper
ocean
The export of new production from the oceans’ surface waters is constrained in principle by the
rate of delivery of limiting nutrients and the ultimate need for balanced inputs and outputs.
Within these general constraints, however, carbon export can be substantially influenced by the
composition and size structure of the plankton community, through their effects on the timing
of export relative to nutrient inputs, the depth of flux penetration into the inner ocean, and the
carbon:nutrient ratios of particulate and dissolved material that exit the euphotic zone. This
presentation will briefly review the evolution and progress of community structure-flux
paradigms during the JGOFS era, focusing on the magnitude of variability that we can attribute
to biological processes and examples of regulating responses and relationships that remain
unpredictable.
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The two-state paradigm of pelagic food web variability: A product of JGOFS
observations
JGOFS process studies have greatly improved resolution of the natural modes of pelagic food
web variability and from these studies the two-state paradigm has arisen. One is a background,
balanced food web consisting of pico and nanophytoplankton, heterotrophic bacteria and
flagellates, and protozoan micrograzers and their predators; the other involves large
phytoplankton such as diatoms and their mesozooplankton grazers. When a physical
disturbance such as a mesoscale eddy or tropical instability wave delivers increased nutrients or
micronutrients to the euphotic layer, all microbial producers, large and small, increase their
productivity and growth. However, the mesozooplankton diatom grazers have an inherent
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reproductive time lag, so the diatom accumulation rate is uncoupled from the increase in
grazing rate for a few days. Diatom biomass accumulates dramatically during this period. The
two states, balanced and bloom, coexist while the nutrient transient is being taken up, but the
geochemical consequences of the two states are different. Diatom biomass accumulation fuels
increased export of carbon from the surface layer. JGOFS observations of episodes of high new
production and export in association with such diatom biomass accumulation support the
hypothesis that the diatom/mesozooplankton state has important geochemical ramifications.
This episodic appearance and disappearance of the diatom/mesozooplankton food web is the
major natural mode of variability by which pelagic food webs respond to nutrient pulses and
alter pelagic geochemical fluxes. Conversely, the balanced state is a recycling mode that
maintains geochemical homeostasis, particularly regarding carbon partitioning between the
atmosphere, upper ocean and deep waters.
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Modeling sub-euphotic zone zooplankton dynamics and their impact on
falling organic matter
We have developed models of the sub-euphotic zone zooplankton communities and their
impact on the organic carbon flux through the water column. The results generally agreed with
the observed distribution of particle flux through the water column. However, steady-state
models tend to predict that the flux reaching the benthos is relatively constant, regardless of
overlying primary production. Time-varying models can overcome this problem and highlight
the importance of biological interactions and population dynamics in determining the vertical
flux.
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On carbon cycling in the northern Arabian Sea during the Northeast
Monsoon
Winter cooling in the northern Arabian Sea sustains adequate supply of nutrients (nitrate and
phosphate) to surface waters over large parts of the northern Arabian Sea, but the rates of
primary production as well as carbon export from the euphotic zone are not proportionately
high during the Northeast Monsoon (NEM). A multi-disciplinary time-series study conducted
over a period of 13 days at 21oN, 64oE during the NEM of 1997 revealed substantial decreases
in chlorophyll stocks in the mixed layer following massive swarms of the tunicate Salpa. A
large increase in dissolved organic carbon (DOC) was also observed during the same period.
We propose that a relative deficiency of silicate as compared to nitrate during this season might
often limit the growth of diatoms, creating an ecological niche for suspension feeders that can
efficiently utilize abundant smaller plankton. This would not only lead to periodic removal of
chlorophyll thereby moderating primary production, but would also cause episodic build-up of
DOC in the upper layer at the cost of diminished vertical fluxes of particulate organic carbon.
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This carbon pool can then be temporally exported to the following Spring Intermonsoon
season.
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Factors controlling dynamics of dimethyl sulfide and dimethylsulfoniopropionate in the Northwest Pacific marginal seas
Distribution of dimethyl sulfide (DMS) and its precursor dimethylsulfoniopropionate (DMSP)
in the East China Sea, Jiaozhou Bay and the Zhifu Bay were investigated in the period of 19941998. DMS concentration varied from 0.27 to 52.25 nM with highest values occurring in the
aquaculture area. DMS concentration followed a seasonal pattern similar to that of chlorophyll
a (Chl.a), indicating its production were associated with biological activity. Although sizefractionated measurements showed that particulate DMSP in netplankton fraction were less
than that in nanoplankton and picoplankton fractions, some net-sized diatoms were proved to
be DMS or DMSP high yield species. Diatoms may play a central role in total DMS or DMSP
production in the coastal waters, especially in bloom period. No definite relationship existed
between DMS or DMSP and salinity, temperature, and nutrients other than nitrate. Nitrate was
found to be associated with DMSP or DMS production in two opposite ways depending on its
availability. When nitrate concentrations were insufficient, it became a limiting factor for
phytoplankton growth, and consequently DMS production. While inhibition of DNSP
production took place when nitrate was replete, as nitrate is a source of glycine betaine, a
competitor of DMSP as osmotic substance in the cells. The threshold in the study area was
around 1 uM N. Furthermore, significant correlations were also found between nitrogen
concentration and DMSP per unit of Chl.a.
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Cycling of biogenic carbon in oceans: regulation by food-web control nodes
The fate of biogenic carbon (BC) produced by phytoplankton (P) is significant in regulating the
global distributions of carbon dioxide. BC may respired in the euphotic zone (R) or exported to
depth (E). One approach to the cycling of marine BC is based on the quantitative equivalence
between phytoplankton new production and E, and regenerated production and R. We propose
an alternative model which depends on the coexistence of a pool of particulate organic carbon
(POC), in which P and R take place and from which particles are exported to depth, and a much
larger pool of dissolved organic carbon (DOC), from which there is export toward deep waters.
In the model, (1) P is partitioned into R and E, and (2) E is partitioned into dissolved (EDOC)
and particulate (EPOC) components. The latter partitioning is significant to the ultimate fate of
exported BC, i.e. remineralization at mid-depths and rapid return to the atmosphere, or
sequestration in deep waters. We found that phytoplankton, the microbial food web (MFW)
and large zooplankton are three FOOD-WEB CONTROL NODES of BC cycling in the upper
ocean. The size structure of the phytoplankton node governs the downward flux of
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phytodetritus (major component of EPOC). The MFW node is responsible for most of R, and it
regulates the magnitude of the very large pool of refractory DOC (which controls EDOC). The
large zooplankton node controls both the transfer of POC to large metazoa and the downward
fluxes of faecal pellets and vertically migrating organisms (EPOC).
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Biology of the Central and Eastern Arabian Sea: A synthesis from JGOFS
(India) Programme
From the extensive sampling and detailed analyses of a variety of biological parameters from
the central and eastern Arabian Sea, it seems that the food web here is primarily bottom-up,
although shifts in the chain occur. Biological production changes seasonally with the annual
cycle of the abiotic environment. Primary productivity and chlorophyll are the lowest in
production during intermonsoon (April-May) when the mixed layer depth (MLD) is shallow.
There is a 2 to 4 fold increase due to input of nutrients during winter in the northern Arabian
Sea as a result of cooling effects and during summer due to coastal and open ocean upwelling.
Abundance of bacteria and micro-zooplankton appears to be decoupled from primary
production and shows considerable increase during low productivity seasons/ areas.
Mesozooplankton biomass on the other hand, remains more or less invariable presumably
being able to shift from grazing on phytoplankton to microzooplankton with the change of
seasons. Surprisingly, in terms of carbon, microzooplankton standing stocks are the highest
followed by mesozooplankton. Their carbon demands are too high for a realistic explanation
owing to the lower stocks of both phytoplankton and bacterial carbon. An alternate explanation
is that microzooplankton is also able to draw energy from the non-living carbon component of
particulate organic carbon (POC) which is ca. 2-3 fold more than the standing carbon stocks of
other components put together.
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Variability in zooplankton community composition in a Southern Ocean
ecosystem - a tool for studying the carbon and nitrogen cycles
Metazoan grazers play a key role in Southern Ocean biogeochemistry. They exert major
influence on the fluxes of C and N within and from the plankton. Interannual changes in the
pelagic ecosystem around the island of South Georgia include profound changes in
zooplankton community composition. These changes can be treated as natural ecosystem
experiments. There is a wide spectrum of variability. At one extreme, the biomass of the large
euphausiid Antarctic krill is as high as 6 g dry mass (DM) m[-2], representing approximately
half of total metazooplankton biomass. In contrast, krill recruitment to the system is low in
some years, resulting in biomass of about 2 g DM m[-2]. However, higher copepod biomass in
these 'low krill' years results in more or less the same overall zooplankton biomass. Krill are

87

omnivorous, feeding facultatively either as grazers on microplankton or as predators on smaller
zooplankton, especially small copepods. The variability in zooplankton community
composition results in changes in potential carbon demand which reflect both the size-related
metabolic demands of the zooplankton and the trophic efficiency. 'Copepod years' would be
expected to have higher metazooplankton carbon demand than 'Krill years'. Data for the South
Georgia ecosystem show that there is marked interannual variability in phytoplankton biomass
and in nutrient drawdown. The consistency of the observations with predictions from impact of
zooplankton changes will be discussed.
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Microplanktonic respiration off central-north Chile (Coquimbo, 30ºS)
during 1994-1997
The first estimates of microplanktonic (<200 µm) respiration in the Humboldt Current System
southern than 23ºS are reported. Seven cruises (1994-1997) were conducted off central-north at
30ºS and from the coast to 120 nm. Oxygen consumption was estimated by the Winkler
method. Respiration rates between <0.01 and 60 µmol O2 l-1 d-1 were found through the water
column, presenting significant positive correlation with temperature, dissolved oxygen and
fluorescence. The vertical profiles of microplanktonic respiration showed a subsurface peak in
the first 50-m of the water column. The presence of a subsurface minimum oxygen (Subsurface
Equatorial Water) sets a clear vertical limit for aerobic respiration. Microplanktonic respiration
strongly diminished below a concentration around 134 µmol O2 l-1. Integrated respiration rates
(mixed layer) in the study area had an average value of 97.5 mmol O2 m-2 d-1 (range: 8.1 to
481.7 mmol O2 m-2 d-1). The respiration rates measured off Coquimbo are within the same
order of magnitude as those previously reported values for the HCS off Peru and Northern
Chile. There was no a clear coastal-oceanic gradient in microplanktonic respiration, which is
likely due to the narrow coastal shelf (< 9 Km) and the common intrusion of offshore waters to
the coastal zone. No significant differences were found between respiration rates observed
during El Niño conditions (i.e. January 1995, July 1995 and February 1997) with those under
non-El Niño conditions. The only significant inter-cruises differences in microplankton
respiration were observed in the oceanic stations (approx. 100 nm offshore). The highly
dynamical physical forcing off Coquimbo (i.e. upwelling, intrusion of oceanic water into the
coastal zone, coastal trapped waves) plays a fundamental role in the spatial and temporal
distribution of microplanktonic respiration. A comparison with other biological carbon fluxes
measured simultaneously in the study area suggests that microplanktonic respiration is the
highest non-phototrophic carbon flux both in the coastal and in the oceanic zone off Coquimbo,
and consequently, is a crucial factor for the flux of carbon to deep ocean. (*This work was
funded by the JGOFS-Chile grant (SAREC, Sweeden; CONICYT, Chile) and by the FONDAPHumboldt Program (CONICYT, Chile).

88

QUIÑONES, RENATO A., AND YOANNA EISSLER
Departmento de Oceanografía, Universidad de Concepción, Casilla 160-C, Concepción,
Chile, E-mail: rquinone@udec.cl, Fax: 56-41-256571, Tel: 56-41-203861. Contributed Paper

The relationship between planktonic community respiration and size in the
pelagic system off northern Chile during El Niño 1997-1998
A study of the size-distribution of metabolic activity in the pelagic ecosystem was carried out
off northern Chile (Antofagasta, 23oS) during pre-El Niño and El Niño conditions. The
metabolic size-spectra covered a body-size range from 0.7 um to 8000 um. Microplankton
(<200 um) was sampled using Niskin bottles and zooplankton by vertical tows. Metabolic
activity was estimated using the electron transport system activity technique. During El Niño
winter conditions total respiration rates of the planktonic community were considerably lower
than during pre-El Niño summer conditions. This decrease is particularly strong at the level of
the microplanktonic assemblages. Our respiration estimates for the whole community ranged
between 11.249-80.601 and 9.71-27.201 mg C m-3 d-1 during pre-El Niño summer and El Niño
winter, respectively. The distribution of respiration by size at the community level of
organization did not change between El Niño and pre-El Niño conditions. The slope of the
normalized metabolic size-spectra (NMSS) did not differ significantly between El Niño and
pre-El Niño conditions. However, the intercept of the NMSS did change between both periods
reflecting changes in total community respiration. Metabolic activity at the community level of
organization decreases as a power function of body size with an exponent of approximately 0.11 in the pelagic zone. The results of this study suggest that the linearity of the NMSspectrum and the numerical value of its slope may be characteristics of the pelagic ecosystem.
(*This research was supported by Sectorial/FONDECYT Nº 5960002-96 (CONICYT, Chile)
and by the FONDAP-Humboldt Program (CONICYT, Chile)
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Significance and interrelationships of microheterotrophs in central and
eastern Arabian Sea: Inferences from JGOFS (India)
Driven mainly by semi-annual reversals in monsoonal winds, variations in primary production
bring about considerable changes in the biogeochemical processes in the northern Arabian Sea.
Bacteria, thraustochytrid fungi and microzooplankton were quantified from central and eastern
Arabian Sea with a view to realize their role and importance in the flux of carbon from
euphotic zone. Uniquely, the microzooplankton carbon accounted for 27% (during winter
[December-February] and summer monsoon [June- September]) to 35% (spring intermonsoon
[April-May]) of the living carbon component. Though the bacterial carbon was minor (3-5%),
their production rates during intermonsoon often exceeded phytoplankton production implying
their pivotal role in nutrition to highly abundant microzooplankton during intermonsoon.
Varying synchronously with primary productivity, the osmoheterotrophic, unicellular
thraustochytrids showed a close coupling with particulate organic carbon (POC) suggesting
their capability to colonize, decompose and assimilate POC. Owing to larger biovolume and
high nutritive value, we believe thraustochytrids as very important food for micro and
mesozooplankton. Also, formation of particulate and dissolved organic carbon following
‘pulses’ of primary production in winter (and summer) is far more and, will continue to be
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available to microheterotrophs during the generally warmer October-November and SpIM
periods when they become predominant. Such preponderance of bacteria and
microzooplankton is very important in ushering a state of net heterotrophy. The consistently
significant relationships seen between bacteria and microzooplankton and, between
thraustochytrids and POC suggest close links between these components.
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Phosphate as a key factor controlling production and carbon export in the
Mediterranean Sea
A study of the microbial P cycle in the upper photic zone was carried out along a W-E transect
in the Mediterranean Sea during the PROSOPE cruise (Sept. 99, PROOF-JGOFS-France).
With respect to chlorophyll a, particulate phosphate and orthophosphates concentrations, a
gradient of the trophic level from the Strait of Gibraltar to the Ionian Sea was observed. This
was consistent with decreases in turnover times of orthophosphates (natural concentration
divided by bacterial and phytoplankton uptakes measured with 33P) and of Dissolved Organic
Phosphate (DOP turn over time was obtained from concentration kinetics of alkaline
phosphatase measured with MUF-PO4). Dissolved Organic Carbon (DOC) to Particulate
Organic Carbon (POC), DOC/POC ratio increased from West to East. This may be explained
by the increasing P limitation of the bacterial production (leucine method) suggested from
nutrient enrichment experiments. Using size fractionation (0.2-0.6 µm, 0.6-2 µm, 2-10 µm &
>10 µm) together with biomass evaluation and fluxes studies, we provide data to run a food
chain model in which P is considered as a key factor for the control of bacterial and
phytoplankton growth rates, and for the control of the carbon export from the photic to the
aphotic zone in the Mediterranean Sea. A shift, from a “ relative classical ” food chain where
silicic acid availability may play a central role in controlling P-flow through the food web at
most West located stations, to “microbial” food chain with DOC accumulation during the
stratified period in the East, is suggested.
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Influence of zooplankton community structure on export processes at the
Bermuda Atlantic Time-series Study (BATS) Site
The structure of planktonic communities has a significant impact on vertical transport and
cycling of elements in the sea. Zooplankton play an integral role in the flux of material out of
the euphotic zone at BATS via active transport by vertical migrators and by production of
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rapidly sinking fecal pellets. Zooplankton biomass in the upper 200-m at BATS on average
nearly doubles at night due to vertically migrating zooplankton. Much of this increased night
biomass is due to increases in the larger size classes (e.g., euphausiids and large copepods).
Migrating zooplankton can actively transport a substantial amount of dissolved inorganic and
organic carbon and nitrogen to deep water at BATS (via respiration and excretion), which can
be significant relative to the passive flux of sinking particulate organic matter measured with
sediment traps. A comparison of monthly zooplankton biomass (April 1994 to the present) with
primary production and organic carbon flux at BATS indicates a positive relationship, with a
lag, to production and a positive but weaker relationship to flux. Analysis of salp (pelagic
tunicates) bloom dynamics over the ten-year time series at BATS indicates fecal flux from
salps can constitute from 5% to >100% of the sediment trap flux. Thus, changes in zooplankton
species composition, vs. increases in biomass alone, may more dramatically affect the
composition and sedimentation rate of sinking particles and the flux of organic material to the
deep ocean.
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What controls the partitioning of bacterial production between protozoan
predation and viral lysis?
The high abundance and the rapid turnover of viruses are both by now well-accepted aspects of
the photic zone food web. Since this is a process diverting organic matter from the particulate
food chain into a 'viral loop', the biogeochemical consequences may be far-reaching. Yet there
seems to be no theory aspiring to explain the mechanisms regulating the partitioning of
bacterial production between protozoan predation and viral lysis. The situation is discussed
within the framework of an idealised Lotka-Volterra type of model. It is shown how this leads
to a theory where viral host specificity on one hand controls bacterial diversity, while
differences between the co-existing bacterial species on the other hand controls viral abundance
and bacterial loss by lysis. The ability of the model to describe observed features of bacteriavirus relationships such as an approximate 1:10-ratio in abundance and a 50:50 percent
partitioning of bacterial production, is discussed.
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The structure of the phytoplankton community in the Mediterranean sea
inferred from pigment signatures: potential implications for the biogeochemical cycle of carbon
Using an extensive HPLC-pigment data base (318 profiles, 4049 samples) collected over the
last decade in various locations of the Mediterranean Sea, we analyse the variability in standing
stocks and composition of phytoplankton and its potential influence on primary and new
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productions. Taxonomic pigments were used to define size-class markers of phototroph groups
(pico-, nano and micro-phytoplankton). Primary production rates were computed using a lightphotosynthesis model that makes use of the chlorophyll a profiles. New production was
estimated as the product of primary production by a pigment-based proxy of the f-ratio (new
production/total production). The computed daily primary production rates ranged from about
0.06 to 1.30 g C m-2 d-1. The total integrated (0-300 m) chlorophyll a content (Tchl a) varied
over one order of magnitude (from 10 to 96 mgm-2). Tchl a was significantly related (p<0.001,
n=318) to standing stocks of micro-phytoplankton (r = 0.90) but not related to picophytoplankton (r=0.18), a result which is in agreement with previous reports for other areas of
the world ocean. Surprisingly, Tchl a was also significantly related to nano-phytoplankton
standing stocks (r= 0.67, p<0.001) which appears to be a peculiarity of the Mediterranean Sea.
These findings and their possible consequences for the bio-geochemical cycle of carbon will be
analysed and discussed for the whole Mediterranean and for specific bio-geochemical
provinces (spatial and temporal). In addition, based on a methodology proposed here, an annual
carbon budget in term of total and new primary productions will be presented for the entire
Mediterranean basin.
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Particle flux and composition of sedimenting matter in the western Arabian
Sea during the SW-monsoon 1997
The export of biogenic material from the euphotic zone is an essential process for the
regulation of the biogeochemical cycling of elements. The magnitude and fate of carbon flux in
a marine system vary with changes in biology and hydrography of the system. Export of
particulate matter out of the euphotic zone was measured in the western Arabian See during the
southwest monsoon in 1997. On the SONNE cruise 120 (12. June – 17.July 1997) a cold water
filament was marked with a drift array, followed for 19 days and described under physical,
chemical and biological aspects. The drifter (LAGRANGE) was equipped with a sediment trap
just below the euphotic zone to document the vertical particle flux. The total particle flux
measured is high variable from 59 - 3514 mg m-2 d-1. The sedimented material consist of intact
and degraded faecal pellets, diatoms frustules and a high amount of foraminifers. Calcium
carbonate was the major constituent of the flux contributing, between 36 and 87% of the total
particle flux. Whereas organic carbon formed only 3 to 21% and silicate was below 5% of the
total particle flux. Faecal pellet flux ranged from <0,1 to 11,5 mgC m-2 d-1. This is
corresponding to 0,5 - 26% of the total organic carbon flux. The total particle flux and the
export flux due faecal pellets will be discussed as part of the high dynamic biological system in
a cold water filament off Oman from inshore to offshore during the SW-monsoon 1997.
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DEEP OCEAN FLUXES
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Deep ocean fluxes
Depending on the export production of the overlying surface waters and from the continental
margins, different regions of the sea floor receive quite variable quantities of organic material.
This has strong effects on the biological activity in the deep sea in general, the rate of turnover
of the organic matter, remineralisation at the sea floor and, lastly, on the amount of material
buried and preserved in the sediments. Preservation of organic matter is low and highly
variable and, therefore, the intuitively-obvious approach to reconstruct past changes in ocean
productivity from the organic carbon content of the sediments alone is not valid. Alternative
proxies are applied to determine past changes in ocean productivity related to varying
environmental conditions with a focus on climate change. Studies in the modern ocean have
established a direct linkage between the proxy and either export flux, concentration of nutrients
in the surface water or nutrient utilization efficiency.
From investigations of the present day ocean distinct temporal (seasonal) and spatial
productivity patterns are known which leave their mark on deep sea biogeochemical cycles.
Oceanic regions with spring blooms, monsoons, upwelling and ice melt are well known for
high and episodic sedimentation while the sea floor underlying oceanic gyres receives a very
low and mainly constant input. From benthic oxygen flux estimates it can be concluded that the
continental margins contribute about half of the total deep ocean POC flux. Correlations
between biomass of small organisms (in particular bacteria and meiofauna) and the general
level of organic matter sedimentation were found. A shift towards smaller organisms with
declining food supply is apparent. Bioturbation activity of larger organisms (macrofauna), an
important process enhancing carbon turnover and affecting burial, increases with higher food
input. Respiration or growth of small organisms is related to the annual level of organic matter
sedimentation, however, smaller differences in seasonal sedimentation patters can often not be
detected.
Two very different approaches to estimate total carbon flux and oxygen consumption at
the deep sea floor of the world ocean were compared. A value of 5.33x1013 mol O2 y-1 is
estimated from surface productivity and vertical carbon flux relationship while a value of
5.43x1013 mol O2 y-1 is estimated from sea floor benthic oxygen flux and organic carbon burial
rate compilation. This close agreement may be fortuitous, but the estimates support each other
and suggest that a reasonable assessment of global seafloor oxygen flux has been achieved.
Regional differences in both assessments point to methodological shortcomings by one or the
other method and to gaps in data coverage as well as an insufficient knowledge about transport
processes and biological utilization of organic carbon along continental margins.
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Variation of late quaternary sedimentation processes in the Arabian Sea
Variability of late Quaternary sedimentation processes has been investigated at sediment core
locations in the western, central, eastern, northern, and southern Arabian Sea. Late Holocene
bulk accumulation rates are compared to results from long-term sediment trap investigations
carried out approximately 1000 m above the sea floor. Modern accumulation rates of lithogenic
matter are very similar in surface sediments and sediment traps implying that near bottom
transport or scavenging processes from the nepheloid layer are insignificant. Detailed grain size
studies of lithogenic matter by laser diffractometry have, however, identified turbidites of 4060 cm thickness in the mid Holocene and in isotope stage two in the western, central, and
southern Arabian Sea at locations so far considered as turbidite free. Turbidites of a few
centimetres thickness were found in the eastern Arabian Sea. Source areas of turbidites
suggested by grain size analyses and the degradational status of organic matter are the
continental margins as well as the Indus discharge transported to the lower Indus fan through
the Indus canyon and channel systems. Grain size analyses of the pelagic sections of sediment
cores further indicate that high river discharge has occurred during isotope stage two probably
at the beginning of deglaciation. This could explain the unusually high terrigenous as well as
high biogenic accumulation rates, which have been reported also in other studies. These
findings seem to contradict climate models suggesting lower productivity during cold stages
due to the weaker SW monsoons.
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Geochemistry of Canadian continental shelf surface sediments south-west of
Vancouver Island: a transect across the oxygen-minimum
The oxygen minimum zone in the world ocean is caused by intense oxygen consumption
during the biological degradation of organic matter exported from the upper ocean coupled
with slow rates of reoxygenation. We expect diagenetic pathways in continental margin
sediments in the oxygen minimum to be affected by the low oxygen concentrations. We have
investigated the coupling of the Mn, Fe and S cycles in sediments at five stations on the
Canadian Pacific continental margin southwest of Vancouver Island. Located between 119 and
925 m depth, the stations intersect the oxygen minimum zone with bottom water oxygen levels
of between 14.3 and 106 µM. High resolution porewater profiles of O2, I-, Mn2+, Fe2+, and HSwere obtained by voltammetric micro-electrode profiling, in addition to nutrient and carbonate
chemistry as well as the distribution and abundance of reactive solid Fe and Mn phases. The O2
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penetration depth was restricted to the first 3 mm and porewater Mn2+and Fe2+ concentrations
were low at all sites. In bioturbated sediments overlain by well oxygenated waters, the cycling
of Mn and Fe across the oxic-anoxic boundary is efficient and reinforces the contribution of
dissimilatory metal-oxide reduction to total organic matter respiration. In contrast, in sediments
within the oxygen minimum the low oxygen concentrations prevailing at the sediment-water
interface cannot sustain an efficient cycling of metal oxides, dissolved metals are lost to the
overlying waters, and sulfate reduction becomes the primary pathway of organic carbon
mineralization. Zones where the O2 deficient water mass impinges on sediments are potential
sources of dissolved metals to the water column.
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Constraints imposed by redox tracers on carbon fluxes to sediments in the
central Arctic Ocean
Sediment cores provide evidence that the boundary between oxic and anoxic sediment in the
Central Arctic Ocean has been oscillating vertically by 45 cm or more. At the time of sampling
the boundary was within 2-6 cm of the sediment surface, but low abundance of rhenium
throughout the cores requires a predominance of oxic conditions. The oscillation is caused by
pulsed sedimentation of organic matter, possibly in the form of sinking mats of ice-algae
formed when sea-ice melts. The pulses activate the benthic ecosystem, consume oxygen, and
move the redox-boundary close to the sediment-water interface. Once a pulse has been
consumed, oxic conditions can be restored. The observed distribution of Re requires hiatuses in
organic carbon sedimentation of a minimum of six years alternating with periods of organic
carbon sedimentation of no more than 100 years duration. Such extreme redox oscillations have
not been reported elsewhere in the abyssal ocean and appear to be a fundamental characteristic
of the Arctic Ocean sedimentary ecosystem.
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An attempt to reconcile systematically a global ocean biogeochemical general
circulation model with observations of particle fluxes, water column tracers,
solid sediment compounds and pore water tracers simultaneously
A Singular Value Decomposition technique is employed in attempting to optimise
simultaneously several parameters of a prognostic 3-D biogeochemical ocean circulation model
with respect to observations from the present ocean. The Hamburg Oceanic Carbon Cycle
Circulation Model (annually averaged version) is used. It is based on the velocity field of the
Hamburg Large Scale Geostrophic Ocean General Circulation Model. Prognostic variables are
biogenic particle export production rates (POC, calcium carbonate, and BSi), tracer
distributions within the water column and the bioturbated sediment as well as the atmospheric
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carbon dioxide partial pressure. The model is fast enough to be run into equilibrium for
multiple sensitivity experiments including the bioturbated sediment. Relative to a model
control run, sensitivity studies are carried out concerning a series of biogeochemical parameters
(such as, e.g., redissolution rates and nutrient uptake kinetics). All results are compared with a
comprehensive data base of measurements from the water column (dissolved tracers, particle
fluxes) and the bioturbated sediment (solid and pore water concentrations). From the
experiments a linear response model for tracer changes is derived and optimised for governing
model parameters by an optimal fit to the observations. Though the method is crude, it can
serve as a useful tool to provide a ``first guess'' of model parameters for further sophisticated
data assimilation techniques. The method renders information about the number of parameters,
which can be determined uniquely at all, on the basis of the available observational data base.
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Mismatch between bacterial C-demand and C-supply by settling and
suspended POM in the deep Arabian Sea
In the deep ocean the biological C-pump is counteracted by bacterial degradation of settling
POC. The effectiveness of this process depends on growth and the hydrolytic capacities of
bacteria. Bacterial C-demand and enzyme activities were measured together with settling and
suspended POC during the 1995 SW-monsoon process study. Depth profiles of these variables
were determined at sediment trap stations along the cruise track from the equator to Oman.
Sediment traps were positioned at 115 m. Sedimentation rates were between 3.8 - 18.9 mg C m2 -1
d . Suspended POC ranged from 51 - 188 mg C m-3 at the surface and from 7.6 - 24.5 mg C
m-3 below 115 m. Integrated suspended POC below 115m was rather constant and made up
about 155g m-2. Bacterial C-demand (incorporation plus respiration) below 115 m was 91 - 169
mg C m-2 d-1. The C-supply from settling POC covered bacterial C-demands in the meso- and
bathypelagic zone by only 3.5 - 11.3 %. Suspended POC exceeded bacterial C-demands (even
if corrected by vital POC). Reduction of this pool by 0.1 to 0.7 % d-1 can be regarded as a
substantial contribution to POC conversion in the water column. Increasing cellular enzyme
activities in the deep indicated a high hydrolytic effort of bacteria under C-limitation. Potential
turnover times of suspended POC in the deep were up to 10.9 years and up to 7.5 years for its
PON constituents. The different factors involved in the calculations are critically reviewed and
potential contributions of settling and suspended POM (including TEP) to the bacterial Csupply are discussed.
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CaCO3 dissolution in the water column?
The production, transport and dissolution of calcite and aragonite shells plays an important role
in the global carbon cycle. For instance, CaCO3 related processes affect the ocean's CO2
concentration, which is involved in the regulation of atmospheric pCO2. It is generally assumed
that dissolution of calcium carbonate takes place at the seafloor. On the other hand, several
authors suggest water column dissolution of aragonite in the Pacific Ocean. We present a
simple model considering sinking and dissolution timescales to investigate under which
circumstances dissolution of calcium carbonate in the water column may be feasible. Our
analysis also includes considerations of metabolically mediated dissolution facilitated by CO2
release from organic carbon remineralization, which may generate an undersaturated
microenvironment around the particle. Constraints obtained through modeling experiments are
put into perspective with results from biological studies. In aggregates, metabolically mediated
dissolution is possible. With respect to aragonite, dissolution in the water column attributable
to the bulk saturation state alone is significant and may well contribute to the alkalinity
maximum in the undersaturated intermediate waters of the North Pacific Ocean.
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Modelling the marine carbonate pump and its implications on atmospheric
pCO2
The carbonate pump, in which marine organisms influence the carbonate system by building
calcite and aragonite shells, plays a major role in regulating atmospheric pCO2 on glacial interglacial timescales. The lysocline marks the boundary between dissolution and
accumulation of biogenic carbonate on the seafloor. The location of the lysocline and the
saturation horizon determine deep-water CO32- concentrations and thus the pCO2 of surface
waters. Hence, the ocean's ability to take up atmospheric pCO2 is influenced by the balance of
production and dissolution of calcium carbonate. Geologic records of the Atlantic lysocline
find it to be ca. 1 km shallower during the last glacial, while it was 0.6 km deeper in the Pacific
Ocean. These changes correspond roughly to an increased CO2 uptake of 20 ppm, much less
than the observed glacial - interglacial shift of 80 ppm. Carbonate dissolution driven by
metabolic processes in the upper sediment porewaters has the ability to influence atmospheric
pCO2 additionally by decoupling the lysocline from the saturation horizon. In our model, two
end-member scenarios show different reactions of the transition zone. On one hand, shallow
metabolic dissolution results in deepening of both the lysocline and the calcite compensation
depth (ccd). On the other hand, metabolic dissolution below the saturation horizon has the
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effect of deepening the lysocline while shoaling the ccd, thus narrowing the transition zone. In
this way, the lysocline does not constrain deep-water CO32- concentration. Metabolic
dissolution changes during the last glacial might be responsible for another 20 ppm
atmospheric CO2 drawdown.
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Deep ocean downward particle flux at the NABE site: The story since 1989
Since NABE in 1989 particle flux studies have continued in the same region of the Northeast
Atlantic. The objective has been to examine the limits and trends of interannual variability and
to elucidate the physical and biological factors, which control particle flux in the deep-water
column (3000 m depth). The biological community of the underlying sediment appears to have
changed markedly over this time period and the expectation was that explanation for this would
be found in the primary supply of organic material to the seabed. Similarly the quantity of
recently deposited phytodetrital material lying on the seabed in early summer declined
dramatically in 1995 and has remained at a very low level since. Daily meteorological data
have been used to drive a model of upper ocean biogeochemistry providing a derivation of
particle export from the upper mixed layer. These data and model results are compared to
downward particle flux measured using time series sediment traps at 3000 m depth (1800 m
above bottom). The model output is also compared to semi-quantitative estimates of the time
varying benthic load of phytodetrital material and midwater concentrations of marine snow
both derived using time lapse photography. The depth of winter convection varies by more than
a factor of two. Interannual variation in the measured timing of the major particle flux peaks
varies by one month and integrated annual flux by a factor of 1.5. The relationship between
modelled export production and measured deep-water particle flux during this ten-year period
is examined.
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Trapping efficiencies of deep sediment traps in the eastern North Atlantic
and in The Arabian Sea: Evidence from radionuclide Studies
Measurements of the vertical particle flux by means of time-series sediment traps are one of the
key methods within the JOINT GLOBAL OCEAN FLUX STUDY. These flux measurements
mostly rely on the assumption that the sediment traps sample the vertical particle flux
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reasonably well. We investigated to what extent trapping biases may influence our
understanding of the vertical particle flux. We measured the flux of natural radionuclides
(230Th, 231Pa, 210Pb) in bottom-tethered sediment traps deployed in the deep eastern North
Atlantic between 54°N 20°W and 33°N 20°W (L1, L2, L3), at the European continental margin
at 49°N (OMEX), off the Canary Islands (ESTOC) and in the Arabian Sea (WAST, CAST,
EAST). 230Th trapping efficiencies in the investigated sediment traps ranged between 9 % and
143 % showing a trend of increasing efficiencies with increasing water depth. No relation was
found between current velocities and 230Th trapping efficiencies. Our investigations suggest
that the observation of constant or even increasing particle flux rates with increasing water
depths in several of the sediment trap arrays investigated appears to be due to sediment trap
biases. The results indicate the correction for the trapping biases to be important for the
understanding of the regional differences in the particle flux. A comparison of the radionuclide
fluxes intercepted by the deep sediment traps in the Arabian Sea with the fluxes determined in
surface sediments suggests variable (on regional and temporal scales) near-bottom lateral
sediment transport.
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Atlantic carbon and alkalinity fluxes in an ocean carbon cycle model
(HadOCC)
The Atlantic Ocean is important in the thermohaline circulation ("the global conveyer")
because North Atlantic Deep Water (NADW) is formed in its high northern latitudes. As
NADW moves south through the Atlantic it gains carbon and alkalinity by the remineralisation
and dissolution of sinking biogenic particles. The carbon dioxide concentration in these waters,
at formation and after biogenic input, is a strong determinant of the amount of carbon stored in
the deep ocean. Although concentration measurements exist for total CO2 and alkalinity much
less is known about their fluxes and transports, so a modelling approach is required. The
Hadley Centre Ocean Carbon Cycle (HadOCC) model is an ocean general circulation model
within which are embedded a Nutrient-Phytoplankton-Zooplankton-Detritus ecosystem model
and carbon chemistry equations. The model was run both in ocean-only mode and as part of a
coupled carbon cycle simulation. Budgets of carbon and alkalinity in the Atlantic are presented.
It is shown that it is important to model the alkalinity field correctly in order to get the global
deep ocean carbon concentration right. The budgets are compared to the results of a simulation
where carbon and alkalinity concentrations were restored to observations.
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Flux budgets of trace elements in the eastern North Atlantic
On the basis of atmospheric input and particulate and dissolved element fluxes budgets of
selected particle associated trace elements (Al, Cd, Co, Cu, Fe, Mn, Ni, Pb, and Zn) were
estimated for the eastern North Atlantic. Particle fluxes were calculated for 3 positions (33°,
47° and 54° N, along 20° W) using the German JGOFS time-series sediment trap data from
1992 to 1996. Atmospheric fluxes were adopted or calculated from dry and wet deposition data
from several publications. One-dimensional advection and eddy diffusion models were applied
in order to estimate the vertical dissolved species fluxes from concentration profiles of
dissolved trace elements at the three JGOFS stations published by Martin et al., 1993 and
Saager et al., 1997. The balance of atmospheric input, vertical particle fluxes and fluxes of the
dissolved species allows the estimation of removal and regeneration rates and of lateral
input/output of the selected elements. For recycled elements and scavenged elements distinct
differences in vertical cycling and lateral input/output were found for the eastern North
Atlantic.
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An emerging paradigm for global ocean carbon and ecosystem modeling
Substantial improvements are required in the current suite of numerical models if we are to
better understand the present ocean biogeochemical state and predict potential future responses
to anthropogenic perturbations. At present, major impediments to marine biogeochemical
modeling include the inadequate representation of multi-element cycling and community
structure, large-scale physical circulation, mesoscale space and time variability, and mass
exchange between the open ocean and the atmosphere, land, and coastal ocean. A growing
consensus is emerging within the community that the previous generation of models,
characterized by simplistic geochemical treatments of biology and/or simple PZN
(phytoplankton, zooplankton, nutrient) dynamics, belie the ecological complexity of the real
system. At a minimum, numerical models must incorporate the major shifts in biogeochemical
paradigms (e.g. iron fertilization; size structure and trophic dynamics; nitrogen fertilization;
plankton functional groups) resulting from recent field studies, and we are on the road towards
an emerging set of truly coupled ecological-biogeochemical-physical models for the ocean.
Marine biogeochemical modeling is inherently data driven, and significant progress on any of
these topics will require close collaboration between the observational and modeling
communities. The desire for increasing complexity in models must be tempered by the
realization that models can quickly outstrip our ability to parameterize the appropriate
processes or evaluate the overall simulation. Inverse methods and data assimilation will
certainly help in this regard, but the true benefits will only be gained when the underlying
models rest on sound, mechanistic basis. The JGOFS field data sets collected over the last
decade and a half together with the emerging satellite products are invaluable in this regard in
two ways: first, the process level data provide the basis for developing new and improved,
mechanistically based parameterizations of specific biogeochemical processes; second, the
time-series, global survey and process study data sets are an excellent resource for testing the
overall skill of integrated system models through detailed model-data comparisons for the
mean state, seasonal cycle and interannual variability of ocean biogeochemistry. A selective
overview of the current state of basin to global ocean carbon cycle modeling will be presented,
drawing on examples from the Ocean Carbon Model Intercomparison Project, the global
NCAR climate ocean model, and eddy-resolving North Atlantic basin solutions of the Los
Alamos POP model. Several themes will be highlighted including atmospheric iron deposition
and limitation, geochemical functional groups, and mesoscale biological-physical variability.
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An iron and silicon-based ecosystem model of the global ocean
Observations have shown that large regions of the world ocean, like the central and eastern
Pacific ocean and the Southern Ocean, exhibit lower than expected chlorophyll concentrations
despite relatively high nitrate and phosphate concentrations. In these regions, termed as High
Nutrient-Low Chlorophyll (HNLC), limitations by other nutrients like silicate and iron have
been hypothesized, and further evidenced by in situ experiments. To explore these limitations,
we have embedded in the global ocean carbon cycle LSG-HAMOCC4 (Large Scale
Geostrophic-Hamburg Carbon Cycle model-version 4) a simple speciation of phytoplankton
and zooplankton with two phytoplankton size fractions (nanophytoplankton and diatoms) and
two zooplankton size fractions (microzooplankton and mesozooplankton). Additionally, this
model includes a simple parameterization of the dissolved iron and silicate cycles, using maps
of iron deposition provided by an atmospheric model. Without limitation by iron and silicate,
the model simulates excessive chlorophyll concentrations in the Southern Ocean and in the
Equatorial Pacific ocean which are typical HNLC region. However in the North Pacific Ocean,
low chlorophyll concentrations are explained by interactions between the mixing regime and
grazing by zooplankton. When iron limitation is included, the model succeeds in simulating the
main characteristics of the HNLC regions. Silicate limitation appears to be dominant in the
western equatorial Pacific ocean and in the oligotrophic regions like the subtropical gyres. We
will further discuss these results by presenting sensitivity tests performed with the model.
Furthermore, impact of the iron and silicate limitations on the carbon cycle and air-sea fluxes
of CO2 will be analysed.
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Nitrogen fluxes in oligotrophic marine environments computed with a onedimensional ecological model
The estimations of the upward flux of nitrogen into the upper layers of the oligotrophic open
ocean vary approximately by one order of magnitude (∼0.06-0.6 mol N m-2 year-1). Such
variability can be explained from local biogeochemical and physical processes affecting the
pelagic environment. In order to determine the effect of some of these relevant processes on the
nitrogen flux, a one-dimensional vertical resolved ecological model has been developed. The
nitrogen fluxes are treated as a scalar magnitude (mmol N m-3 s-1) flowing trough nitrate,
nitrite, ammonium, phytoplankton and zooplankton compartments. The model uses diffusive
and advective transports affecting both nutrients and biological communities. The nitrate
concentration in the bottom boundary below the euphotic layer as well as the duration of the
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vertical convection during the winter period have been found to be decisive factors for
explaining the wide variability in the values of nitrogen flux. The latitudinal variation altering
the day length and irradiance, the thickness of the mixing layer and the depth-dependent
turbulence have also been identified as important factors controlling the system dynamics. The
ratio of nitrate-based production to total production (f-ratio) shows strong decline during the
summer period just below the phytoplankton maximum. At this depth, a nitrite maximum is
found coinciding with radiation lower than 2% that of the surface. In general, good agreement
was found when validating the model results against data from representative oceanographic
stations in the subtropical North Atlantic and in the NW Mediterranean Sea.
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A vertical flux carbon budget model for the Arabian Sea
A coupled ecosystem model has been developed in an attempt to elucidate the complex
biogeochemical fluxes of carbon in the Arabian Sea as they vary both seasonally and spatially.
A 1 dimensional vertical hydrodynamic model has been coupled to a complex ecosystem
model and used to simulate the dynamics at three contrasting stations. The stations simulated
are characterised by seasonally upwelling, mixed layer deepening and a-seasonal oligotrophic
conditions and coincide with extensively measured stations on the two JGOFS ARABESQUE
cruises in 1994. The spatial and temporal trends in production, biomass and physical and
chemical properties were simulated well by the model, which is shown to be qualitatively
correct and quantitatively accurate in many respects. Modelled monsoonal systems are typified
by classical type food web dynamics, whilst intermonsoonal systems are multivorous and
oligotrophic systems dominated by the microbial loop. The model suggests that weak
entrainment blooms may be a feature of the oligotrophic station during the southwest monsoon.
F-ratios remain below 0.5, except at the peak of the monsoon and just below the deep
chlorophyll maxima. Nitrogen, light and grazing are all shown to play a role in controlling
primary production. Analysis of carbon fluxes indicates that physically driven outgassing of
CO2 predominates in upwelling systems (>0.5 g C·m-2·d-1 at the monsoonal peak) and exceeds
biologically induced drawdown in mixed-layer deepening regions (0.1 gC·m-2·d-1). Net air-sea
CO2 exchange is around zero in the oligotrophic region. Sedimentation losses, of a similar
order of magnitude are only associated with classical food webs.
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Physical-biogeochemical modeling in the Equatorial Pacific Ocean
The equatorial Pacific Ocean is the dominant oceanic source of carbon dioxide to the
atmosphere, an annual net flux of 1.0 Pg (1015 g) carbon. This net sea-to-air flux of carbon is
the results of complex interplay between physical and biological processes in the region. A
physical-biogeochemical model has been developed and used to investigate physical variations,
ecosystem responses, and biogeochemical consequences. The ecosystem model, embedded into
a three-dimensional circulation model, is capable of reproducing the low silicate, high nitrate,
low chlorophyll (LSHNLC) conditions in the equatorial Pacific upwelling region. Linkage of
the ecosystem components to the carbon system provides a model estimated sea-to-air flux of
CO2 that is comparable with the observations. The ecosystem responses to the tropical
instability waves have been documented to exam the transition from "balanced" to "bloom"
state of phytoplankton production. Several El Nino events and their inputs to the
biogeochemical processes in the region have been simulated. The physical-biogeochemical
model results show that consistent decrease of the sea-to-air CO2 flux during El Nino events.
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Modelling interannual variability of plankton and biogeochemistry in the
Tropical Pacific Ocean
The equatorial Pacific is the largest open ocean upwelling region and plays a major role in the
earth's biogeochemical cycles. The primary mode of the variability in upwelling, phytoplankton
abundance, and air-sea exchange of carbon in the equatorial Pacific is the El Nino - Southern
Oscillation (ENSO) phenomenon rather than the seasonal cycle. We used a 20 layer reducedgravity ocean general circulation model with an embedded two element (nitrogen and iron)
ecosystem model to assess ENSO effects on tropical Pacific biogeochemistry. Model results
show that phytoplankton growth in the equatorial Pacific is strongly iron limited and that the
ENSO-related phytoplankton variability (which is mostly in the netplankton) is primarily
forced by variability in the flux of upwelled iron, which undergoes large variations on
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interannual time scales. The model highlights the inadequacies of existing observations of iron
distribution in the ocean and iron fluxes from the atmosphere and at the continental margins.
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Hydrodynamic-biogeochemical 3D coupled model in a coastal area:
Application for a carbon budget in the Gulf of Lions (NW Mediterranean
Sea)
A nitrogen-based tridimensional model for Gulf of Lions is developed. The biogeochemical
model is composed by eight state variables: phytoplankton, zooplankton, nitrate, ammonium,
phosphate, dissolved organic nitrogen and two nitrogen particulate pools. Biogeochemical
processes that are taken into account by the model are new production, regenerated production,
recycling processes (nitrification, dissolved organic nitrogen, ammonium and phosphate
regeneration), grazing by zooplankton, phytoplankton aggregation and predation on
zooplankton by the greater grazers. Special characteristic of Mediterranean nutrient fields (i. e.
dissolved inorganic phosphorus deficiency regarding dissolved inorganic nitrogen) is
considered by including an explicit limitation of new production by phosphorus. The study
focuses on the validation of the biogeochemical model from the FETCH-MOOGLI experiment
performed during the 1998 spring bloom. The biogeochemical model is initialized by the field
measurements of the seven variables during a first set of sampling at the beginning of the
cruise. The hydrodynamic model is initialized from CTD measurements collected during the
experiment and forced by the outputs of the meteorological model ALADIN. Results of model
were compared to field results obtained during a second set of sampling three-week later.
Comparisons were made in terms of budgets of exported production during the experiment, and
in terms of meso-scale processes (as upwelling and gyres spotted by remote sensing).
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Physical control of biological processes in the Central Equatorial Pacific: A
data assimilative modeling study
A five-component (phytoplankton, zooplankton, ammonium, nitrate and detritus) data
assimilative ecosystem model is developed for the central equatorial Pacific (140W), in order
to investigate biological-physical interactions in this highly dynamic environment. Because
many of the biological processes included in the ecosystem model respond to environmental
fluctuations with time scales between 1 and 10 days, which are not typically resolved by basin
to global scale circulation models, the ecosystem model is forced using daily information (solar
radiation velocity, temperature) from the TOGA TAO mooring array. The adjoint method is
used to assimilate in situ cruise data as well as remotely-sensed ocean color data, in order to
recover parameters governing processes such as grazing, growth, mortality and recycling.
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Results of this study indicate that although the assimilation of biological data into a marine
ecosystem model cannot necessarily overcome inappropriate model dynamics and structure, it
can often serve to guide model reformulation. Much of the variability in primary production,
plankton and nutrient concentrations observed in 1992 during the U.S. JGOFS Equatorial
Pacific cruises is well reproduced in the model simulations. Many of the biogeochemical
differences observed between these cruises may not only be attributable to the presence or
absence of El Niño conditions, but also may be due to higher frequency mesoscale events such
as tropical instability waves or equatorially trapped internal gravity waves.
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Sensitivity of the NW African and Benguela upwelling systems to the sea
level change: a modelling approach using nitrogen isotopes
Coastal upwelling areas are places of a significant primary productivity and ocean-atmosphere
exchanges as carbon fluxes. As the upwelling circulation and the biological development are
strongly linked, any modification in the climatic conditions may have an impact on the entire
upwelling system and on the carbon cycle. Here we investigate the sea level change effects on
the circulation patterns and the biological response during the glacial-interglacial stages. Our
study deals with the NW African and Benguela coasts, which because of their different shelf
configurations would induce various responses to the sea level changes. In order to consider the
complex effects of the sea level changes, we are using a physical and biogeochemical coupled
model, simulating the upwelling circulation features and the biological development associated.
Our particularity is to model the nitrogen isotope ratio along the trophic food chain and in the
sedimentary output, which is a proxy of the nitrate utilization level and therefore of the entire
upwelling system evolution in time and space. Comparisons between sedimentary data and
model output allow us to judge the accuracy of the palaeoclimatic scenarii we test.
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Seasonal variability of global ocean chlorophyll: Comparison of CZCS and
SeaWiFS observations with a coupled general circulation-biogeochemicalradiative model
A coupled general circulation-biogeochemical-radiative model was used to understand the
nature of seasonal variability of chlorophyll and nutrients in the global oceans. Global
computed chlorophyll distributions compared very well with satellite data. Generally, large
scale chlorophyll features such as the location, size, and shape of mid-ocean gyres, equatorial
upwelling regions, high latitudes, and coastal boundary upwelling regions were in good
agreement with CZCS pigments. Moreover, the seasonal dynamics agreed favorably as well.
Seasonal shifts of high chlorophyll across hemispheres were in correspondence with the CZCS,
as were timing features of bloom-and-recede. The mid-ocean gyres expanded in the local
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summer and contracted in local winter in accordance with mixed layer shallowing and
deepening, respectively, and matched cycles indicated in the CZCS. Basin scale seasonal trends
were in agreement with those determined from the CZCS in every oceanic basin. Considering
that the model was initialized with homogeneous fields of chlorophyll, this suggests realism in
the physical, biogeochemical, and radiative dynamics included in the model, at least at synoptic
scales. The success of the model in producing a reasonable representation of chlorophyll and
nutrient distributions and seasonal variability in the global oceans was attributed to the
application of a generalized, processes-driven approach as opposed to regional
parameterization, and the existence of multiple phytoplankton groups with different
physiological and physical properties. These factors enabled the model to simultaneously
represent the great diversity of physical, biological, chemical, and radiative environments
encountered in the global oceans.
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A general ecosystem model for applications to primary productivity and
carbon cycle studies in the global oceans
A general one-dimensional multi-component ecosystem model that incorporates a skillful
upper ocean mixed layer model based on second moment closure of turbulence (Kanto and
Clayson, J. Geophys. Res., 1994) has been developed. The model is intended for incorporation
into 3-D coupled physical-biogeochemical ocean models for potential applications to modeling
and studying primary productivity and carbon cycling in the global oceans. The model has been
designed specifically to explore the impact of different parameterizations and various
ecosystem component choices. A primary objective is to explore the minimum complexity
needed to simulate the biogeochemical fate of the upper layers in a basin scale/global model for
specific applications such as studies related to primary productivity and upper ocean optical
clarity, and carbon cycling. The model has been tested against available ecosystem data from
Station PAPA and the BATS program. These results along with the model application to the
Black Sea will be presented.
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An ecosystem model for the Arabian Sea coupled with an eddy-permitting
ocean general circulation model
A nitrogen based, pelagic ecosystem model has been coupled with an eddy-permitting ocean
general circulation model (OGCM). The compartments in the ecosystem model are nitrate,
phytoplankton, zooplankton, and detritus. The OGCM is MOM version 2.1. The horizontal
resolution is 1/3x1/3. Vertically the model has 35 layers and 10 out of them are within the
upper 100m. Distinct seasonal variation can be found in the model result: during southwestern
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monsoon season, modeled phytoplankton increases along the western coast due to Ekman
upwelling or the effect of the Great Whirl; during northeastern monsoon season, phytoplankton
abundance of the model is large in the northern Arabian Sea because of the enhanced nitrate
transported by relatively deep vertical mixing. In the subsurface layer of the northern Arabian
Sea, a distinct maximum of nitrate is found although it does not exist in the data of Conkright
et al. (1994), which are used as the initial condition for nitrate. It is quite likely that this
maximum is related to the suboxic layer observed in this area. It is planned to investigate the
mechanism forming this maximum, using an artificial tracer, which behaves like the sum of all
forms of nitrogen.

KRIEST, IRIS
Institute for Marine Research, Duesternbrooker Weg 20, 24105 Kiel, Germany, E-mail:
ikriest@ifm.uni-kiel.de, Phone +49 431 597 3863, Fax +49 431 565 876. Poster

A comparison of data and results from a model of phytoplankton
aggregation and zooplankton grazing
The western Arabian Sea is a region, which may exhibit a strong seasonal cycle in
sedimentation, with high peaks of organic matter being exported during the southwest monsoon
season. It has further been discussed that zooplankton grazing has a large impact on the
development of phytoplankton during that time. An NPZD model that includes phytoplankton
aggregation is presented, that simulates both of these processes on two stations in the western
and central Arabian Sea. Model results for the western Arabian Sea show a strong seasonal
variability of the biological variables, with increased production and sedimentation during the
southwest monsoon. Aggregation of phytoplankton is important for the reproduction of the
typical pattern of sedimentation on this site, whereas it plays a minor role on the central station,
where the model exhibits a less variable cycle. The model shows a good fit to the data of the
state variables on both stations, whereas it underestimates the primary production data
especially during the intermonsoon season and on the more oligotrophic station in the central
Arabian Sea. The simulations suggest that there is a strong recycling loop on the central station
and in the intermonsoon season.
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Comparative biogeochemical modelling study: NABE (47N, 20W) vs.
ESTOC (29N, 16W)
We applied a one-dimensional physical-biological model with 8 compartments (ECO8) to the
temperate region at station NABE/BIOTRANS and to the subtropics at the ESTOC station near
Gran Canaria. A turbulence closure model of the Mellor-Yamada type driven by realistic
meteorological forcing data (ECMWF re-analysis) for the years 1989 – 93 delivered the depthresolved cycles of the ocean temperature and of eddy-diffusion coefficients for the two stations.
The nitrogen-based biological model, which includes the temperature dependence of biological
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rates, the (light-inhibited) nitrification and the splitting of particulate organic matter into a
slowly and a rapidly sinking fraction, proved to be capable to reproduce most important
characteristics of the two different ecosystems at NABE vs. ESTOC, e.g. a mean annual net
primary production of 160 vs. 35 g C m-2 a-1, a mean f-ratio of 0.24 vs. 0.17, a POC flux at
1000 m of 2.9 vs. 0.6 g C m-2 a-1, maximum near-surface concentrations of nitrate during
winter of 10 vs. 0.5 mmol N m-3, maximum chlorophyll concentrations at the surface of 5 vs.
0.5 mg Chl m-3. These results were obtained with the same basic set of biological parameters
for both stations.
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Monsoon-forced chlorophyll distribution and primary production in the
South China Sea: observations and a numerical study
The effect of monsoonal forcing on the chlorophyll distribution and primary production in the
South China Sea is simulated by a three-dimensional numerical model, which couples physics
and biogeochemistry. The model has a horizontal resolution of 0.4° in the domain 2−24.8° N
and 99−124.6° E and 21 layers in the vertical. The circulation is driven by monthly
climatological winds. The nitrogen-based biogeochemical model has four compartments:
dissolved inorganic nitrogen (DIN), phytoplankton, zooplankton and detritus. The chlorophyll
a (Chl a) to phytoplankton ratio depends on light and DIN availability. The model is tuned to
simulate the observed nitracline at about 100m depth and to match the mean sea surface Chl a
concentrations with CZCS-Chl a data in the central basin. The model successfully produces a
strong subsurface Chl a maximum. It also generates intense Chl a patches in the upwelling
regions north-west of Luzon and north of the Sunda Shelf in winter and off the east coast of
Vietnam in summer; upwelling at these locations is driven by the alternating monsoons. The
model results are in reasonable agreement with shipboard observations and with seasonal and
spatial variation of CZCS-Chl a data. The model predicts considerable seasonal variation in
primary productivity; the basin-wide average of depth-integrated primary production (IPP) is
highest in winter (508 mg C m−2 d−1), a weak peak in summer (364 mg C m−2 d−1), and lowest
during the inter-monsoon periods (below 300 mg C m−2 d−1). The winter-summer contrast is
much stronger in the upwelling regions. The modelled annual mean IPP (370 mg C m−2 d−1) is
close to the average value of 385 mg C m−2 d−1 from observations. The model also predicts an
export fraction of 14% from the primary production in the euphotic zone, which is yet to be
verified by field observations.
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Dynamical control of biogeochemistry and trophic chain in the Equatorial
Atlantic: Coupled modelling experiment for 1992-1999
One prominent feature in the biogeochemistry of the equatorial Atlantic is due to the equatorial
divergence. The nutrient enrichment by the upwelling is the strongest in the eastern part of the
basin where thermocline and nutricline are the shallowest. Variability in primary production is
mainly seasonal while internannual variations are weak , intraseasonal mesoscale activity due
to instability waves is significant in the eastern half of the basin during boreal summer. These
main features were depicted by in situ observations ( FOCAL/SEQUAL program), ocean color
remote sensing (CZCS SeaWiFS, Monger et al., 1998, Signorini et al., 1999 and simulated by
numerical experiments coupling a biogeochemical model to 3D dynamics Loukos and Memery
(1999), Sarmiento et al. (1993). This study is based on the on-line coupling of a 6 box
biogeochemical model (Nitrates, Amonium, Phytoplankton, Zooplankton, Detritus, Dissolved
Organic Matter; NNPZDDOM) to the OGCM OPA. The aims are; i) to assess the role of
regeneration and of dissolved organic matter biogeochemistry in the control of primary
production and phytoplankton biomass at the basin scale; ii) to understand the role of
mesoscale activity in the export of material out of the equatorial upwelling; iii) to use the
coupled experiment to force a simple trophic transfer model in order to predict the spatial
structuring of the food chain leading to the tuna populations fished in the region. Numerical
simulations were performed for the period 1992-99 for which well-resolved stress fields are
available and which includes the PICOLO cruises. Prelimimary results are confronted to
SeaWiFS/PolDER imagery, PICOLO bigeochemical observations and fisheries data.
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Global distributions of upper ocean CO2 and O2
A large effort is underway to compare model- and data-based estimates of the spatial and
temporal distribution of the global ocean's air-sea CO2 flux fields. This effort, known as Ocean
Carbon-cycle Model Intercomparison Project (OCMIP), is now in its second phase. Thirteen
global ocean models have followed standard protocols to insure that simulations are consistent.
For the preindustrial state, models have used a common simple biological scheme regulating
primary productivity and remineralization. Phosphate is restored towards observations in the
upper ocean (0 to 75 m). The organic matter is then distributed with a fixed ratio between DOC
and POC, the latter being remineralized below the productive zone according to an empirical
relationship while the former decays at a prescribed rate. Separate simulations with an abiotic
model allow us to distinguish both the biological and solubility components of the air-sea CO2
flux. For the anthropogenic perturbation, abiotic models were forced with observed
atmospheric CO2 from 1765 to 2000. General distributions of the model-predicted air-sea
fluxes are similar. Yet, models exhibit large regional differences, particularly in the Southern
Ocean. We will compare model estimates of the global distribution of modern air-sea CO2
fluxes (preindustrial plus anthropogenic components) to recent data-based estimates.
Furthermore, we will exploit new data sets for phosphate and oxygen as benchmarks to judge
the behavior of the standard OCMIP biogeochemical scheme. We are particularly interested in
how that one scheme is influenced by different global ocean circulation fields.
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3-D Modelling of the seasonal cycling of carbon and nitrogen in the world
oceans
The climatic consequences of the ongoing global scale CO2-experiment, together with the
contribution from other radiative active trace gasses and particles, can only be estimated by
means of integrated use of historical records and proxy data sets, in situ observations and
theoretical process studies, and comprehensive coupled climate models. The cycling of carbon
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in the ocean is one potentially important component of the climate system, and in this study a
coupled 3-dimensional physical-biogeochemical model have been used to study the cycling of
carbon, plant nutrients and oxygen in the world oceans. The global carbon cycle model focuses
on physical and biogeochemical processes with characteristic time scales ranging from a month
to a decade, and includes ecosystem dynamics as well as a description of the carbonic acid
system in seawater. The model represents an extension to existing global carbon cycle models,
where seasonal cycling of carbon and nutrients are ignored. Two additional differences
between existing carbon cycle models and the present model are that the present model uses
surfaces of constant density (i.e., isopycnic surfaces) as the vertical coordinate, and that the
upper oceanic mixed layer is explicitly modelled. The modelling activities are focused in
processes occurring on the seasonal time scale, and quantities like the global scale surface
concentration of CO2; the exchange of CO2 across the air-sea interface; and the planktonic new,
regenerated and export productions will be examined.
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Modeling distinct vertical biogeochemical structure of the Black Sea:
Dynamical coupling of the oxic, suboxic, and anoxic layers.
A 17-compartment, one-dimensional, vertically-resolved, physical-biogeochemical model is
used to explore quantitatively the processes governing the Black Sea vertical biogeochemical
structure, and to provide a unified representation of the dynamically coupled oxic-suboxicanoxic system. The model relates the annual cycle of plankton production to organic matter
generation and remineralization-ammonification-nitrification-denitrification chain of the
nitrogen cycle as well as anaerobic sulfide oxidation in the suboxic-anoxic interface zone. The
simulations, as validated by a specific data set for the jellfish Aurelia-dominated eutrophic
ecosystem of the late 1970's and 80's, reproduce reasonably well the observed annual plankton
structure involving a series of successive phytoplankton, mesozooplankton, the heterotrophic
dinoflagellate Noctiluca scintillans and the gelatinous carnivore Aurelia blooms over the year.
The model simulations indicate that the oxygen consumption in the remineralization and
nitrification together with a lack of ventilation of subsurface waters due to presence of strong
stratification are two main factors limiting biogeochemical activity to upper ~75 m of the water
column, which approximately corresponds to the level of nitrate maximum. The position and
thickness of the subsequent zone of about 20-30 m, known as the suboxic layer, is therefore
mainly controlled by the upper layer biogeochemical processes instead of oxygen-hydrogen
sulfide interactions near the anoxic interface. The quasi-permanent character of this layer
within the last several decades is maintained by a constant rate of nitrate supply from the nitrate
maximum zone. It is consumed to oxidize sinking particulate organic matter as well as
hydrogen sulfide and ammonium transported upwards from deeper levels.
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Factors controlling primary production at shelf and deep ocean sites in the
NE Subarctic Pacific
In the NE subarctic Pacific significant inshore and offshore gradients in plankton abundance,
productivity and community structure have been observed. Changes in the amount and
composition of planktonic communities affect the exchange of carbon dioxide between the
atmosphere and ocean, due to changes in the uptake of carbon by phytoplankton and in the
storage/sink of carbon (efficiency of the biological pump). To aid in the identification of
important processes regulating primary production and carbon fluxes in this region, we
compare two-end members of a coastal-oceanic transect, one in the open ocean (Ocean Station
'Papa') and one in the coastal ocean. The comparison is based on the analysis / modelling of
data collected as part of the Canadian JGOFS program in the NE subarctic Pacific and the IOS
line P time-series. The model used is a one-dimensional coupled mixed layer / planktonic
ecosystem model. Biological processes are substantially different at these sites as illustrated,
for example, by the lack of nutrient depletion and Fe limitation at Station Papa while seasonal
variability in nutrient and phytoplankton concentration occurs at the inshore site. Results are
discussed to address the processes regulating primary production and carbon fluxes at the two
locations and to examine the observed variability in relation to the forcing processes such as
light, nutrients and mixed layer depth.
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Reduction of atmospheric carbon dioxide by nutrient fertilization: sensitivity
to ocean circulation."
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Carbon cycle in the upper layer of the North Pacific using the three
dimensional model
The oceanic pCO2 shows spatial and temporal variations larger than the atmospheric
counterparts, caused by the mixed-layer development and biological productivity. A threedimensional ocean model including the bulk mixed-layer model is used to clarify roles of
physical and biogeochemical processes on the seasonal and regional variations in the carbon
cycle as well as its steady state. This model retains the following processes: air-sea CO2 flux,
the biological pump, mixed-layer development, and horizontal and vertical advections, which
are calculated from the climatological data. The biological pump is related to phosphate
concentration in the mixed layer and a seasonally variable coefficient as a function of the
latitude. The oceanic pCO2 is determined from total CO2 and carbonate alkalinity under the
assumption of the chemical equilibrium. In the mean balance, the biological pump is nearly
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cancelled by the advection effects in the subpolar region, and the minor residual takes the
atmospheric CO2 to the ocean. The advection effects in the subpolar region is mainly the
Ekman upwelling, increasing CO2 by transporting the high CO2 from the lower layer. To the
subtropical region, the large CO2 in the subpolar region is transported by the southward Ekman
flow. All three components are smaller in the subtropical region. The seasonal variability of
air-sea CO2 flux is controlled by the biological pump in summer and vertical mixing in the
mixed layer in winter along with the secondary effect of the Ekman upwelling which is
stronger in winter.
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Ocean carbon modelling: World perspective
Carbon occurs in the hydrosphere, or oceans, as well as in the atmosphere and in the biota. The
world’s oceans hold about 50 times more carbon than the atmosphere and 18 times more than
the terrestrial ecosystems - most of this oceanic carbon is in the dissolved inorganic form,
bicarbonate. The oceans in general do not get much affected by the shifts in the distribution of
carbon (atmosphere - terrestrial Ecosystems - oceans) because of the initial abundance. Direct
measurements of changes in the amount of carbon is contained by the spatial heterogeneity of
mixing of vertical layers in oceans. Most estimates of the uptake of terrestrial and fossil - fuel
carbon dioxide by the oceans have, therefore, been with models. At equilibrium, the oceans
might be expected to have absorbed about 60 times more of the released carbon than the
atmosphere, or 70-90 percentage of total emissions. The rate of carbon dioxide across the airsea interface is believed to have reduced the oceanic absorption of carbon dioxide by about 1020 percent. If this process continues, the concentration of atmospheric carbon dioxide will
continue to increase resulting in the amplification of climate change.
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Modelling physical-biological processes of the tropical oceans
Understanding and modelling the global carbon cycle depends on the knowledge of ocean
biology and its role in the uptake and release of carbon. Some of the most biologically active
areas are the tropical ocean basins. However, there are many difficulties in both making in situ
observations and in directly measuring physical-biological couplings. The advent of satellite
ocean colour sensors (e.g., the Sea-viewing Wide Field-of-view Sensor, SeaWiFS) provides an
unprecedented global view of upper ocean biology. However, like all satellite measurements,
these data are limited to the surface mixed layer. Therefore, understanding the underlying
physical and biological processes and their interactions remains a modelling problem. We
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present results of climatological seasonal simulations from our coupled 3-D model for the three
tropical ocean basins (Pacific, Atlantic, and Indian). The coupled model is composed of a 20layer upper ocean sigma coordinate model with a variable depth mixed layer, and a nine
component biological model with iron limitation and two size classes of phytoplankton and
zooplankton. Biological parameter values are kept constant across basins as much as possible
in order to demonstrate that the key processes determining ecosystem structure are represented
in the model. We demonstrate that the model reproduces the mean seasonal cycle of
chlorophyll as observed by SeaWiFS, and that it does not exhibit subsurface nutrient trapping.
We also examine the relative roles of mixing and advection (both horizontal and vertical) in
supplying nutrients to the euphotic zone.
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Uptake by phytoplankton in a two-nutrient environment: A proposed law
and supporting evidence
A general law is proposed for the uptake of nutrients by phytoplankton in the presence of two
nutrients. According to this law, the inhibitory effect of the second nutrient is linear for small
concentrations and it saturates for large concentrations. Recent observations on the uptake of
nitrate in the presence of ammonium (J. J. McCarthy et al, Deep Sea Res. 1999) are in good
agreement with the proposed law. One variant of the proposed law is incorporated in a set of
simulations based on the Fasham-Ducklow-McKelvie (FDM) model by replacing the usual
exponential inhibition law for nitrate uptake in the presence of ammonium. The set consists of
64 simulations for each of 4 stations on the JGOFS transect normal to the Oman coast and
CZCS data are used to estimate the relative scaled error in predicting seasonal variation of
chlorophyll a (M. K. Sharada & K. S. Yajnik, in Inverse Methods in Global Biogeochemical
Cycles, AGU, 1999). The proposed law is found to decrease the relative scaled error on an
average by about six percent.
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An ecological-chemical-physical coupled model applied to Station KNOT
A vertical one-dimensional ecosystem-chemical-physical coupled model was constructed and
applied to Station KNOT (station Kyodo of NOrth Pacific Task Team). The model has two
categories of phytoplankton, zooplankton, DOM, and POM together with nitrate, phosphate,
and silicate and also includes carbon cycles. The model was coupled with mixed layer model
for calculating diffusion coefficient. The mixed layer model was driven by SST, SSS data
observed by KNOT time series, which was interpolated using climatological data. The seasonal
cycles of phytoplankton and zooplankton showed good agreements with observations and also
incoming and outgoing of carbon dioxide was calculated which followed the tendency of
observed values.
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How much CO2 will the ocean absorb? Perspectives from three classes of
model
The oceanic uptake and transport of carbon dioxide is typically viewed as an interaction
between the so-called solubility and biological pumps. The former acts principally through
temperature effects on CO2 solubility and the location of sites of deep water formation, while
the latter acts through the distribution of primary production and the resultant biogenic flux to
the sea floor. Though the solubility of CO2 is relatively well understood, the wide variety of
biology in the oceans complicates the treatment of the biological pump for modellers. In this
paper, three very different models are employed to study the effects of biology in the preindustrial ocean. The first is a simple abiotic model with only the solubility pump represented.
The second models biology through restoration of a key growth nutrient to observations, while
the third models the biology explicitly with a compartmentalised ZPND model. The two former
models follow appropriate OCMIP-2 protocols. The carbon fluxes into these modelled oceans
are analysed, together with the distributions of carbon at depth. The results of including some
representation of biology are compared to the abiotic case, and the effects of treating biology
implicitly and explicitly are explored. The consequences of modelling carbon in these different
ways are also examined in anthropogenically-forced simulations.
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The impact of climate change and feedback processes on the ocean carbon
cycle
A central goal of the JGOFS programme is to assess and understand the sensitivity to climate
change of the ocean carbon cycle, and to “improve our ability to predict future climate-related
changes”. JGOFS has produced comprehensive biogeochemical datasets from all major
oceanographic regions. These datasets, which provide an unprecedented level of detail, enable
us to further define biogeochemical provinces, and to better understand the functioning of the
oceanic carbon cycle. They also, for the first time, permit us to focus on the complex
physicochemical and biological feedback mechanisms that may result from climate change.
The first aim of this presentation is the identification of feedback mechanisms (from basinscale to the cellular level), and their classification as positive (exacerbation/disruptive) or
negative (diminution/self-adjustive). After classification and identification, we need to assess
the relative magnitude and response times of such feedbacks. At present, it is difficult to
conduct such an assessment since the evidence for global warming remains equivocal, and
many of the datasets currently available have insufficient temporal resolution. We must
therefore examine the geological record and contemporary large-scale climatic perturbations
(such as El Nino) to assist with this task. We shall present several case histories from the
geological past, and from JGOFS programmes in the NE subarctic and N central Pacific. These
case histories will permit us to appraise the shortcomings of our current knowledge on the
magnitude and response times of feedback mechanisms. Robust numerical models will be
required to project potential biogeochemical changes and feedbacks in the future, and
developing credible hindcasts for the biogeochemical response to interannual to interdecadal is
an important step for evaluating the skill of ocean biogeochemical models. We will also outline
results from current coupled ocean-atmosphere models on the extent of secular climate change
predicted for the next century under greenhouse warming scenarios. In concluding, we shall
review the state of our knowledge, assess the cumulative effects of such feedbacks on climate,
and suggest where future modelling and field research should be focussed in order to better
understand the relationship between oceanic feedback mechanisms and climate change.
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Potential impact of climate change on marine production
In this study, using two different ocean biogeochemical schemes and two different atmosphereocean coupled general circulation models, we investigate the effect of future climate change on
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marine biomass. Two prognostic models of ocean biogeochemistry were imbedded in an
oceanic general circulation model (OPA), coupled to two different atmospheric general
circulation models. Those coupled models were used without flux corrections to simulate
climate response to increase greenhouse gases (+ 1% CO2/yr for 80 years). At 2xCO2, both
reduced nutrient supply and increased growing season resulted from increased stratification in
the upper ocean. Both effects lead to significant large-scale changes (from – 15 % in the tropics
to + 10% in the Southern Ocean for the zonal mean) and moderate global decrease (about –
5%) of marine export production. This conclusion is valid for both biogeochemical schemes
and both coupled climate models. Furthermore, from our simulations, we discuss the possible
detection of human impact through climate on marine biogeochemistry, especially on surface
chlorophyll and oxygen in ocean and in atmosphere. The question of the trends as well as
changes in seasonality will be addressed.
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An unexpected delay in the onset of particle export during an iron
fertilisation experiment in the Southern Ocean
While much has been learned about iron-limitation and low phytoplankton biomass in highnutrient, low-chlorophyll (HNLC) regions, less is know about the effect of Fe on particle
export. Here we present results from the first comprehensive study of particle dynamics during
a mesoscale iron fertilisation experiment (Southern Ocean Iron RElease Experiment: SOIREE).
We conducted time-series measurements of the natural particle tracer thorium-234 (half-life =
24.1 days) which indicated no change in this parameter between the iron-fertilized patch and
the control station. Application of a non-steady-state model for 234Th to evaluate particle export
from the upper 100 m revealed a 234Th flux of -40 +/- 760 dpm m-2 d-1. These results indicate
minimal particle export within 14 days after the initial infusion of iron. We attribute this lack of
response to colder water temperatures which were responsible for slower cell metabolism in
phytoplankton and hence slower secondary responses of grazers and/or particle aggregation.
Because of the significant delay in the onset of particle export, the magnitude of export
following SOIREE remains unconstrained, yet is key to our understanding of the ocean’s role
in carbon cycling over the last glacial/interglacial cycle. Most importantly, our results indicate
that short pulses of iron do not necessarily lead to a net export of carbon from the surface
ocean. Therefore, an iron-induced response in chlorophyll (increasing) or pCO2 (decreasing)
does not necessarily lead to a proportional response from the biological pump. These results
raise fundamental questions about the fate of organic carbon in iron-induced phytoplankton
blooms in the Southern Ocean.
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Predicted changes in dissolved oxygen in the Southern Ocean with climate
change
Climate models predict that rising greenhouse gases will change our climate. However, there
are few observations available to assess these model predictions. We have utilized simulations
of an ocean biogeochemical model under climate change to identify that dissolved oxygen is
sensitive to changes in ocean circulation in the Southern Ocean. Our simulations show a
decrease of dissolved oxygen in the Southern Ocean with climate change. The oxygen decrease
reflects the reductions in the subduction of deep and intermediate water in the Southern Ocean.
Our results demonstrate that dissolved oxygen is a valuable tracer for testing climate model
predictions of climate change. From Southern Ocean observations collected 28 years apart we
have observed a pattern of decrease in oxygen that is consistent with climate model predictions.
This provides credibility to the climate model predictions of a reduction in the subduction rate
of intermediate and deep water. However, additional analysis and observations are needed to
verify the model predictions.

SHANMUGANANDAN, SAMARAJALINGAM
Madurai Kamaraj University, Palkalainagar, Madurai-625021, Tamilnadu, India, E-mail:
iseh@pronet.net.in, Fax: +91-452-531056. Contributed Paper

Climate change and environmental impacts on marine fisheries: A study
with reference to understanding the marine ecosystem of Indian Ocean
region
Fishing has direct and indirect effects on marine ecosystem. Aquatic ecosystems contribute
more biomass than all terrestrial ecosystems combined. More than 30% of the world’s animal
protein for human consumption is derived from the sea. The climate change particularly
contributed direct and indirect consequences of increased solar UV-B radiation on aquatic food
webs. Another potential consequence of a decrease in marine primary productivity would be a
reduction in the capacity of the ocean to absorb carbon dioxide. It was also observed that a
hypothetical loss of 10% of the marine phytoplankton would reduce the animal oceanic uptake
carbon dioxide by 5 Gt (an amount equal to the annual emission of carbon dioxide from fossil
fuel consumption). The present study attempted to analyze the marine ecosystem and ocean
dynamics of Arabian sea and Bay of Bengal in the Indian Ocean region with reference to
understanding the productivity of marine fisheries as a consequence of climate change and also
to study the threatening major environmental concerns caused by human interventions
particularly in estuaries and coastal waters. The study also envisaged to probe into
identification of major dimensions of feedback processes as a result of climate change and its
impact of marine ecosystem particularly on marine fisheries of Bay of Bengal and Arabian sea
bordering the Indian Subcontinent with selected variables related to climate change, fish
productivity, environmental, socioeconomic and demographic variables. It was also inferred
from the study that the responsibility for depletion of aquatic resources has been put mostly on
the excessive development of fishing capacity and on the deteriorating condition of fish stocks
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owing to the pollution of sensitive waters. Small scale fisheries in developing countries played
a comparatively minor role, although at times the growing pressure of local demand
contributed to the overexploitation of coastal waters and posing a danger on marine ecosystem
besides the climate change associated with the variation in fish productivity.
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The role of the ocean in a climate change scenario using an atmosphereocean GCM with an interactive carbon cycle
The concentration of carbon dioxide in the atmosphere is controlled by atmosphere-ocean and
atmosphere-land exchanges. In both cases the processes involved are sensitive to climate
conditions. Such sensitivities in the carbon cycle suggest the potential for significant feedbacks
on climate change. Generally GCM (General Circulation Model) climate change simulations
have neglected the coupling between the climate and carbon cycle. With more accurate
modelling of the oceanic and terrestrial carbon cycles, such coupling in GCMs is now possible.
Results are described from introducing an interactive carbon cycle to a version of the
HADCM3 climate model. The interactive ocean/atmosphere/terrestrial carbon cycle model
includes an ocean carbon cycle model, a terrestrial vegetation model and freely evolving
carbon dioxide concentrations in the atmosphere. The ocean carbon cycle model includes an
NPZD ecosystem model to represent the biological pump. Carbon dioxide emissions are
specified spatially over the globe, differing from the usual approach of specifying the
atmospheric carbon dioxide concentration. A scenario run performed with the interactive
carbon cycle model indicates serious changes in the terrestrial sink for carbon dioxide. Dieback of the Amazon rain forests and the increased warmth in the soil releases more carbon
dioxide than expected, whereas the ocean takes up carbon dioxide at a steady rate. By the year
2100, the atmospheric carbon dioxide concentration reaches 300ppm above the expected value
for the chosen scenario. At this time, the ocean has taken up 26% of the anthropogenic carbon
dioxide emissions, whereas the land has become a strong source of carbon dioxide.
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Elevated CO2 concentrations slow down carbonate production in calcifying
marine phytoplankton
The present rise in atmospheric CO2 concentration causes significant changes in surface ocean
carbonate chemistry. By the end of the next century, the expected increase in atmospheric CO2
will give rise to an almost three-fold increase in surface water CO2 concentrations relative to
pre-industrial values (assuming IPCC's 'business as usual' scenario IS 92a). This will cause
CO32- concentrations and seawater pH to drop by ca. 50% and 0.35 units, respectively. Changes
of this magnitude may have significant effects on marine biogenic calcification. To test this we
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have examined the response of monospecific cultures of two dominant calcifying
phytoplankton species, the coccolithophorid Emiliania huxleyi and Gephyrocapsa oceanica, to
changes in carbonate chemistry. For this purpose the carbonate system of the growth medium
was manipulated to simulate mean surface ocean conditions between pre-industrial times and
the year 2100. Over this range, the ratio of calcification to organic matter production of E.
huxleyi and G. oceanica decreased by 23% and 50%, respectively. Scanning electron
microscopy indicates that malformed coccoliths and incomplete coccospheres increased in
relative numbers with increasing CO2. These results suggest that changes in seawater carbonate
chemistry expected to occur over the next century may slow down the production of calcium
carbonate in the surface ocean and its subsequent transport to the deep sea. CO2-related
changes in coccolith formation have profound implications for the oceanic carbon cycle, both
in the future as well as in the geologic past, and may influence the ecology of calcareous
phytoplankton.
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Temporal studies of biogeochemical processes in the world’s oceans
A major achievement of the Joint Global Ocean Flux Study (JGOFS) program is an improved
understanding of the time-varying fluxes of carbon and associated biogenic elements, both
within the ocean and the exchanges between the ocean and atmosphere. These
accomplishments derive from a network of ocean time-series stations located in representative
biogeochemical provinces from low-latitude, subtropical ocean gyres to high latitude coastal
and oceanic regions. The variable physical forcing mechanisms and concomitant ecological
responses in these key biomes provide the opportunity for a cross-site comparison of
fundamental patterns, seasonal/interannual variability and secular change. The most significant
biogeochemical features are: (1) the variations in the mechanisms of nutrient supply, especially
the ecological consequences of “pulsed” nutrient delivery, and the nutrification of low latitude
regions in the absence of turbulence (e.g., enhanced N2 fixation), (2) the relationships between
ocean physics and ocean biology, especially for community structure and trophic dynamics and
(3) the resultant physical and biological controls on the ocean’s carbon pump. With regard to
the latter, the bioelemental stoichiometry of the exported organic matter (C:N:P ratio), and
selective remineralization of particles beneath the euphotic zone (e.g., C vs. P regeneration
length scales) also constrain the strength of the biological pump as a mechanism for the net
sequestration of atmospheric carbon dioxide. The decoupling of production, export and
remineralization processes in time and space, and the detection of decade-scale, climate-driven
ecosystem perturbations and feedbacks combine to reveal a time-varying, biogeochemical
complexity that is just now becoming evident in our independent ocean time-series data sets.
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Transition from a spring bloom to oligotrophy over a short time scale in the
open NW Mediterranean
Time-series observations were made over a one-month period (May 1995, Dynaproc cruise) in
the open NW Mediterranean at a fixed station where horizontal advection remained weak
throughout the observational period. Changes in the dynamics of the pelagic ecosystem were
examined at time scales of a few hours to a few days. This study showed that, in this area, the
month of May corresponded to the transition period from spring bloom termination to an
oligotrophic system. This was supported by observed changes in various properties and
processes, such as biomass and the species composition of phyto- and zooplankton, the
standing stock of suspended particles, POC fluxes and export production. The dynamics of the
ecosystem were particularly modified during two major wind events, the first inducing an
upward advective shift of deeper waters, related to Ekman pumping. This oligotrophic
transition resulted from complex successive processes; we present and discuss it in relation to
food-web control and influences of meteorological forcings. A one-dimensional coupled
physical-biological model, taking into account vertical advection, has been applied to this
multidisciplinary data set.
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Modeling the seasonal variability of dissolved nitrous oxide and methane in
the Arabian Sea mixed layer
On the basis of our nitrous oxide (N2O) and methane (CH4) measurements during the German
Arabian Sea Process Study as part of the Joint Global Ocean Flux Study (JGOFS) in 1995 and
1997, we present a simple model for the temporal variability of N2O and CH4 in the mixed
layer. Time series of seawater temperature, mixed layer depth, and wind speed were used to
establish a box model in order to simulate the seasonal variability of N2O and CH4 at various
stations in the central, western, and eastern Arabian Sea. A comparison of the model results
with our measurements suggests that the mixed layer saturations of both N2O and CH4 might
be controlled by physical parameters such as seawater temperature and mixing from subsurface
layers. Our results indicate that the net annual N2O and CH4 emissions might be reasonably
predictable for large parts of the Arabian Sea.
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A decade of ocean physical and biogeochemical observations at the U.S.
JGOFS Bermuda Atlantic Time-series (BATS)
Understanding the relationship between Earth’s climate and the oceanic carbon cycle requires
an understanding of the time-variations of the carbon cycle and CO2 in the ocean, the exchange
of CO2 between ocean and atmosphere and the rate of uptake of anthropogenic CO2 by the
ocean. A decade of physical and biogeochemical observations at the Bermuda Atlantic Timeseries Study (BATS) site in the western North Atlantic offer a unique opportunity to investigate
the seasonal and interannual variability of mixing, primary production, carbon cycling,
community structure and organic carbon fluxes. We discuss the role of seasonal forcing,
mesoscale variability and episodic events on ocean carbon cycling and air-sea CO2 fluxes. On
interannual timescales, inverse relationships exist between temperature anomalies, and
anomalies of mixed layer depth, primary production and total carbon dioxide (TCO2). During
warm temperature anomaly periods (1989-90, 1994, 1996-97), rates of integrated primary
production were lower, mixed layers shallower and levels of TCO2 reduced. The coupling of
ocean physics and biogeochemistry was linked to variability of atmospheric forcing over the
Sargasso Sea and the phase of the North Atlantic Oscillation (NAO). We also demonstrate that
interannual variability of salinity and alkalinity was linked to the phases of El Niño-Southern
Oscillation (ENSO).
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Factors controlling the interannual variability of carbon dioxide in the
Antarctic Sector of the Southern Ocean
Measurements taken during the CARUSO (Carbon Uptake in the Southern Ocean) campaign
have revealed distinct interannual variation between the years 1996, 1998 and 1999. It is the
purpose of the study to separate and quantify the relative contributions of the physical and
biological carbon pumps and to determine what controlled any variations between the two
mechanisms. Here, we show how regions north of 60S show similar distributions in the fCO2
fields, whilst south of here there is considerable variation between the cruises. Using
concomitant hydrographic, TCO2, pH and nutrient data, we identify the major controls of
surface carbon characteristics.
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Seasonal and interannual variations in phytoplankton community structure
at station ALOHA
Temporal variability of phytoplankton community structure at Station ALOHA (22.75N,
158W) was investigated by monitoring photosynthetic pigment concentrations and
picophytoplankton abundances by HPLC and flow cytometry, respectively. Discrete samples
were collected from the upper euphotic zone (0-150 m) at ca. monthly intervals during 19911997. HPLC-determined fucoxanthin, zeaxanthin, 19’-hexanoyloxyfucoxanthin, and 19’butanoyloxyfucoxanthin concentrations were used as biomass proxies for diatoms,
cyanobacteria (primarily Prochlorococcus spp.), prymnesiophytes, and pelagophytes,
respectively. Flow cytometry provided direct abundance estimates for Prochlorococcus spp.,
Synechococcus spp., and photosynthetic picoeukaryotes. Intra-annual variability was examined
in the context of four periods: winter (December-February), spring (March-May), summer
(June-August), and fall (September-November). Pigment analyses revealed distinct seasonal
patterns, with highest diatom/pelagophyte, prymnesiophyte, and cyanobacteria levels observed
during winter-spring, spring and spring-summer, respectively. Lowest phytoplankton biomass,
as indicated by total chlorophyll a concentration, was usually found during the fall. Secular
changes were observed for Prochlorococcus abundance and zeaxanthin concentration; other
phytoplankton groups and pigments displayed little or no change. Pigment and flow cytometry
data indicate that Prochlorococcus abundance increased by approximately 2-fold during the
seven-year observation period. This observed shift in phytoplankton community structure is
coincident with enhanced ENSO activity during the last decade and may have consequences for
carbon export and fishery yields in this extensive oceanic province.
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An overview of biogeochemical variability at the U.S. JGOFS Bermuda
Atlantic Time-series Study (BATS) Site
The western North Atlantic subtropical gyre near Bermuda is the site of two long-term ocean
time-series; the U.S. JGOFS Bermuda Atlantic Time-series Study (BATS) site (1988-present)
and Hydrostation S (1954-present). Physical and biogeochemical observations at both sites
provide a unique view of the dynamics of seasonal, interannual and decadal variability. A
review of our observations of the strong seasonal patterns and interannual variability of mixing,
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production, biogeochemistry and organic carbon fluxes in the Sargasso Sea will be presented.
On seasonal time scales we observe temporal decoupling between production and export of a
significant portion of the organic matter produced within the euphotic zone. Interannual
variability of physical and biogeochemical properties demonstrates how changes in mixing and
stratification influence production, export and the sequestration of carbon and nutrients in the
upper ocean. Marked changes in upper ocean biogeochemistry have occurred over the last
decade, the causes of which may be linked to physical changes in the subtropical gyre, the
NAO or ENSO. Long term trends in inorganic carbon cycling provide a direct means of
determining the rate of oceanic accumulation of CO2 as well as information on natural
variability.
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A modeling study of carbohydrate ballasting (buoyancy regulation) by
Trichodesmium
Although ubiquitous in tropical marine waters, Trichodesmium and its primary copepod grazer
do not themselves seem to contribute directly to significant carbon export from surface waters.
This large cyanobacterium does, however, supply new nitrogen to the euphotic zone through
nitrogen fixation. Additionally, Trichodesmium may bring phosphorus (or other nutrients) to
surface waters via the hypothesized "Trichodesmium shuttle", in which the gas-vacuolate
cyanobacterium uses buoyancy regulation to access both nutrient-rich waters at depth and
well-lit waters near the surface. Thus stimulating production of other community constituents
(including large diatoms), Trichodesmium may significantly influence surface carbon export
budgets. An individual-based (Lagrangian) buoyancy model provides a mechanism for testing
and quantifying the nutrient supply by Trichodesmium and for testing the plausibility of the
phosphate-mining scenario. A carbohydrate-ballasting model previously proposed for
Trichodesmium is further developed through formal sensitivity analysis and enhancement of
biological realism (e.g., size-structured population, temperature-dependent respiration). In
order to explore the interplay of physical and biological processes in controlling population
distributions, this model is coupled to a Lagrangian mixing model. Sensitivity analysis
indicates that the model results are responsive to parameter specifications (e.g., colony
morphology) and indicates where experimental/observational efforts might be fruitfully
devoted. The biological-physical simulations indicate that physical mixing can be important in
stimulating the formation of surface "blooms" during subsequent periods of hydrographic
stability. These results have direct relevance to decadal-scale temporal shifts of physical and
ecosystem regimes of the subtropical gyres.
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New insights gained from high frequency interdisciplinary time-series
observations during JGOFS
High resolution time-series measurements of meteorological, physical, bio-optical, and
chemical variables have been made by our group and collaborators as part of the JGOFS
programs: Bermuda Atlantic Time-Series/Bermuda Testbed Mooring, North Atlantic Bloom
Experiment, Equatorial Pacific, and Arabian Sea. Similar measurements have been made by the
Hawaii Ocean Time-series (Dave Karl) and Southern Ocean (Mark Abbott) programs. Our
observations have provided interdisciplinary data sampled on time scales from a few minutes to
several months and often longer. Some of our more interesting scientific results and insights
are presented. During NABE, our data revealed considerable complexity in the seasonal
biogeochemical cycle. In particular, short-lived phytoplankton blooms and busts were common
and phytoplankton blooms accelerated the springtime formation of the rapidly shoaling mixed
layer. Eddies near Bermuda also have been shown to introduce nutrient-rich waters into the
euphotic layer where they can significantly drive phytoplankton productivity. Work in the
central Arabian Sea has documented the northeast and southwest monsoons and other shorter
time scale phenomena. Our data combined with deep moored sediment trap data (Honjo et al.)
have shown that upper ocean primary productivity is imprint in deeper sediment records of
exported organic and inorganic carbon with dominant correlations associated with the seasonal
cycle and eddy passages. The EqPac observational period captured both El Nino and "normal"
phases. Importantly, westward propagating tropical instability waves (TIWs) contributed to
large localized upwelling and phytoplankton cycles. These collective results underscore the
value of high frequency interdisciplinary observations, particularly when complemented with
multi-platform data sets.
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Ocean physics and nutrients variability in the tropical Pacific along the
dateline in November 1996
The EBENE (Etude du Broutage EN zone Equatoriale) cruise was carried out along the 180°
meridian in November 1996, providing a sampling of physics and biology close to the western
tip of the Pacific equatorial upwelling cold tongue during an episode of “La Nina” climatic
conditions. Results from that cruise are presented and compared with previous observations
and climatology in the area. Emphasis is placed on observations obtained during a 5-day fixed
station at 0°-180°E: a strong temporal variability of physical and chemical properties was
encountered, including warming, freshening and nutrient depletion of the surface layers. With
help of data from the TAO moorings array and satellites, that variability is attributed to
meridional advection of a different water mass, associated with Tropical Instability Waves
(TIWs) activity. The anomalous westward extension of the cold tongue at that time probably
allowed TIWs to propagate farther west than they usually do.
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N:P Ratios, nutrient limitation and decadal scale changes in the biological
pump in the subtropical north Pacific Ocean
It has been recently argued that the rate of productivity in the North Pacific Subtropical Gyre
(NPSG) increased by about a factor of two in the mid-1980s, and that the system has changed
from nitrate to phosphorus limitation because of the increased importance of nitrogen fixation.
The N:P ratio of the particulate biological material exiting the euphotic zone is enriched in N
with respect to Redfield Ratios (N:P = 24), but the dissolved N:P ratio in the top of the
thermocline is 16-17. Our measurements of dissolved organic nitrogen (DON) and phosphorus
(DOP) in the eastern NPSG indicate that surface-to-depth DOP gradients are steeper than those
of DON relative to Redfield ratios, but the phosphorus-rich dissolved organic flux is not
enough to compensate for the excess particulate nitrogen export. These results suggest the
system is not in steady state. A simple reservoir model of the upper subtropical ocean illustrates
the effects on the AOU of the upper thermocline that would result from an increase in carbon
export under conditions of nitrogen and phosphorus limitation. If the export is driven by
increased nitrogen fixation (the N limitation case) then there should be an easily-measurable
AOU increase. We compared the AOU from four cruises in the NPSG with high-quality
oxygen measurements from 1980 – 1997. The integrated AOU between the mixed layer and
400 m (σθ = 26.4-26.6) from 24º to 44º N increased by about 25 % between 1985 and 1997.
We suggest this is the maximum permissible increase in carbon export in response to increased
nitrogen fixation over the last decade.
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Interannual variability of spring chlorophyll in the North Atlantic
Enhanced vertical mixing may promote productivity in the euphotic zone through enhanced
nutrient supply or retard it by transporting phytoplankton below the critical depth (Sverdrup, J.
du Cons. Int. Explor. Mer, 18, 287, 1953). We extend this framework to consider patterns of
interannual variability in springtime surface chlorophyll and their relationship to the variability
of the physical environment. A highly simplified two-layer model of the seasonal boundary
layer reveals qualitatively different regional responses to anomalies in boundary layer mixing
activity. Regional regimes are characterized by the ratio of critical layer and mixed layer
depths: hc/hm. For small hc/hm (subpolar), anomalously enhanced mixing reduces springtime
surface chlorophyll and the opposite is true in regions where hc/hm is of order 1 (subtropics).
Variability in intermediate regimes is controlled by other factors. We demonstrate the success
of this framework in predicting regional response of the spring bloom to interannual variations
of meteorological forcing in a North Atlantic physical-biological model. This model is based
on a one-degree horizontal resolution general circulation model, forced by twelve-hourly
observed winds and heat fluxes for the period 1987 to 1995. Overlaid is a four compartment,
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nitrogen based ecosystem model. We further demonstrate the ability of the simple theory to
hindcastregional, interannual trends of remotely observed (CZCS and SeaWiFS) springtime
chlorophyll as a function of reanalysed meteorological fields. The success of the interpretation
suggests that much of the observed variability can be explained in terms of large-scale physical
forcing, linked to regional climate regimes.
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Sedimentation rates of faecal material, phytoplankton and
microzooplankton at 2,300 m depth in the oceanic area off Coquimbo (30ºS),
Chile, during 1993 – 1995.
Vertical fluxes of biogenic elements (carbon, silicate, carbonate) and their main sources (faecal
material, diatoms/radiolarians, and foraminifers/coccolithophorids, respectively) were studied
for three years (1993-95) using a sediment trap located at 2300 m depth off Coquimbo, Chile
(30ºS). The average (± std. dev.) flux of particulate organic carbon (POC) and faecal material
were 6.8±4.8 and 2.1±1.7 mgC m-2 d-1, respectively, n=72, while those for tintinnids, diatoms,
radiolarians, foraminifers and coccolithophorids were: 67x103, 2.5x106, 25x103, 68x103 and
26x103 ind. m-2 d-1, respectively (n=72). Total sedimented carbon and faecal matter sedimented
carbon showed a relatively good linear correlation fit (r2=0.44). This suggests that vertical flux
of POC in the study area is mainly in the form of faecal material. Faecal material from
euphausiids and appendicularians makes a large contribution to total faecal material carbon
sedimentation (65%), while that of copepods and protists makes a minor contribution (10%).
Overall, an average faecal matter carbon flux of 2.1-mgC m-2 d-1 was recorded, representing
35% of the total particulate carbon flux. The proportion of vertical carbon flux attributed to
faecal material varied from 17% in spring to 44% in summer to wintertime. Almost all the
protists bearing mineral skeletons such as diatoms, radiolarians, foraminifers and
coccolithophorids were devoid of cytoplasm, suggesting a major role in opal and carbonate
export but a minor role in organic carbon flux. Microscopical observation demonstrated that the
peak in biogenic silica and centric diatoms during the spring of 1993 was due to a mass
sedimentation mainly of two diatom genera: Chaetoceros and Bacteriastrum. Intra-annual
variability seems mainly due to seasonal changes in oceanographic conditions while interannual variability might be partly due to remote forcing such as El Niño events. This study was
funded by the German Bundesministerium through the project JGOFS-Chile, the Universidad
Austral de Chile (project DID S-199909) and the Fondap-Humboldt Program in Oceanography.
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Seasonal variations of the carbon dioxide system in the southwestern Indian
Ocean (20°S-60°S): a regional synthesis from in-situ and satellite data during
1998
Seasonal variations of carbon cycle in the South-Western Indian Ocean are studied from sea
surface and water column data obtained during three cruises OISO in January, August and
December 1998. In situ measurements are associated with SeaWIFS ocean colour data to
distinguish at regional scale the biogeochemical zones encountered during the cruises. Seasonal
variations of sea surface fCO2 are larger in the subtropical region (decrease of 60 µatm from
austral summer to winter), and less important in the Sub-Antarctic Zone and in the Polar Front
Zone. For DIC and alkalinity, the most important variations are observed in the Sub-Antarctic
Zone (from summer to winter, we notice an increase of 40 µmol/kg for DIC and, a decrease of
20 µmol/kg for alkalinity). In the Permanent Open Ocean Zone of the Southern Ocean, sea
surface fCO2 during mid-summer are weaker (a CO2 sink) than those observed in early summer
(a CO2 source). This is the opposite in the Seasonal Ice Zone. In each of these contrasting
sectors, we will discussed the dominant processes such as thermodynamics, biological, mixing
... that control the observed fCO2, DIC, alkalinity and nutrients variations. For that we applied a
1D-biogeochemical model initialised with January data and forced with monthly fields of SST,
wind and SeaWIFS derived chlorophyll.
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Zonal variability of the equatorial Pacific HNLC area
Carbon budget estimates for the equatorial Pacific rely on knowledge of both the functioning
and longitudinal extension of its enrichment area – a “High Nutrient-Low Chlorophyll”
(HNLC) system. Our knowledge on both aspects has increased significantly during the last 10
years, thanks to an important effort developed by different nations in the frame of JGOFS.
Considering a 1°N, 2°S equatorial band, it appears planktonic biomasses and fluxes are quasi
steady from the Galapagos Is. to the western boundary of the HNLC area, although variability
may increase temporarily with tropical instability wave activity and latitudinal displacements
of the divergence. From several field observations, the western edge of the HNLC area was
found clearly marked with a front in salinity, pCO2, nutrient and biological parameters.
Longitude of the front reflects the importance of the equatorial upwelling, which is a function
of the wind field and therefore, of the climatic situation. It is now possible to predict the front
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longitude from climatic indexes, such as the Southern Oscillation Index (SOI). Combining this
information with data on the biological pump within the HNLC area (1°N, 2°S) allows the
assessment of its role in the carbon budget of the equatorial Pacific with a reasonable
confidence.
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Interannual variability in ocean biology 1979-1999
Interannual variability in ocean biology is studied using a global model and observations. A
dynamic Ocean General Circulation Model was forced from 1979 to 1999 with daily to weekly
data. It reproduces relatively well the dynamic impact of El Nino in the Equatorial Pacific. The
biogeochemistry model represents the interactions between nutrients (phosphate), POC,
phytoplankton, zooplankton, and detritus. It was developed with special attention given to the
seasonal signal in surface chlorophyll and pCO2. The modeled interannual variability in export
biological production is found relatively weak globally with +/-0.3 PgC/yr, i.e. +/- 4% of the
annual mean, but with large regional changes. Modeled interannual variability is compared
with in situ and satellite observations in the equatorial oceans, and at the oceanographic
stations BATS and HOT. During the El Nino of 1997-1998, the model reproduces crudely the
changes in surface chlorophyll in the equatorial Pacific and eastern Indian Ocean of
approximately -0.2 and +0.3 mg/m3, respectively. Throughout the 1990's, the model
reproduces the variability in surface chlorophyll of BATS particularly well, and of HOT
particularly badly. We isolate and discuss the respective roles of radiation, nutrient supply, and
dynamic impact on the variability in biological production at the locations mentioned above, as
well as in the Southern Ocean.
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Oceanic primary production at the Caribbean Time-series Station (CATS)
Integrated, water column phytoplankton primary production was estimated at the CATS
(Caribbean Time-Series Station, 17°36’N, 67°00’W) using available algorithms that relate
phytoplankton photosynthetic pigment biomass and available photosynthetic radiation (PAR).
Both quantities may soon be operationally available from satellites thus permitting the
estimation of oceanic primary production at global scales. We measured vertical profiles of
chlorophyll-a fluorescence in situ and obtained chlorophyll concentrations by regression with
known samples and measured profiles of the underwater light field to obtain diffuse attenuation
coefficients in order to model the vertical propagation of PAR incident at the ocean surface.
Surface PAR irradiance was modeled by using satellite derived cloud cover estimates to reduce
extraterrestrial solar irradiance. Radiocarbon experiments using a Photosynthetron were
conducted to generate P vs E (photosynthesis vs irradiance) curves from which to obtain the
photosynthetic parameters α, the Maximum Light Utilization Coefficient and PBS, the Potential
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Maximum Photosynthetic Rate. This approach generated data useful for validation and
calibration of satellite derived oceanic primary productivity estimates.
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Phytoplankton distribution seasonality in the Agulhas Current region
The greater Agulhas Current consists of three parts: a source region, the Agulhas Current
proper (AC) and a system outflows. All have a decisive influence on the manner in which the
AC fulfills its task as a link in the global thermohaline circulation cell. In the outflows
subsystem, the AC retroflects as the Agulhas Return Current (ARC) which converges with the
Subtropical Convergence (STC). The variance seen in altimetric data and thermal images
revealed a seasonality associated with the retroflection influencing the frontal system (AF,
STC). Recent studies link this seasonality either to a local wind forcing or to fluctuations of
one of the AC source, the Mozambique Current. The analysis of two years of SeaWIFS data
shows clear evidence of a seasonal behavior in the frontal system south of South Africa and in
a region linked to one of the AC source areas. A simple trophic NPZD model has been
implemented in the 3D eddy-permitting model AGAPE (Agulhas As Primitive Equations) in
order to test some dynamical biogeochemical scenarios deduced from these satellite
observations.
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Temporal variability of hydrological conditions and related phytoplankton
pigments dynamics in the Mediterranean Sea: a nine years (91-99) study at
DYFAMED time-series station.
Monthly collects of hydrological and selected biogeochemical parameters have been
undertaken in the Northwestern Mediterranean sea in the course of JGOFS-France experiment
since 1991. These observations, as part of the DYFAMED (Dynamics of Atmospheric Fluxes
in the Mediterranean sea) Observation Service, were conducted on a site (43°25' N, 7°52' E)
located in the central zone of the ligurian sea. This site is protected from lateral coastal inputs
by the presence of the ligurian current flowing along the Riviera coast and anthropogenic
inputs are only brought through the atmosphere. At this site the advection is low and the
processes can be studied at the 1D vertical scale. During the nine-year observation, seasonal
variations of phytoplankton dynamics were characterized using the HPLC pigments approach,
and related to hydrological conditions and distribution of nutrients. The dependance of species
contributing to the biomass with hydrological conditions and nutrient availability is discussed.
Biogeochemical regimes vary from mesotrophy in spring (phytoplankton biomass dominated
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by diatoms and nanoflagellates) to summer/fall oligotrophy (with increasing importance of
picoplankton) before winter mixing. N/P ratio in the surface layers vary from a minimum of 10
for winter to 30-40 during oligotrophy period revealing the probable change of limiting factor
from N to P during the year and the consequences on dynamic of species. Interannual
differences were also observed in this nine-year series, but long-range trends (for example
increasing abundance of picoplankton) need to be confirmed by longer series. The recent
mooring of databuoys (meteorological data since march 99, and future marine buoy) will allow
the continuous survey of selected parameters between monthly detailed observations, necessary
to determine impacts of episodic events and high frequency processes.
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Seasonal and interannual variations of particle and carbon fluxes in the open
NW Mediterranean: 10 years of sediment trap measurements at the
Dyfamed station
As part of the DYFAMED program (DYnamique des Flux en MEDiterranée) the downward
flux of particles, carbon and other major elements has been studied since 1987 at several depths
in the open Mediterranean Sea with a sampling resolution of 7 to 15 days. The primary
objective of the experiment is the quantification of carbon export and the observation and
prediction of biogeochemical cycles of particles and associated compounds through long-term
study in the central Ligurian Sea, where biological productivity ranges from oligotrophic to
mesotrophic. Particulate and carbon fluxes displayed a marked seasonal pattern with highest
fluxes during winter and spring, and lowest in late summer and autumn. Mass fluxes were
generally maximal in winter and carbon fluxes maximal in late spring. Organic carbon flux
pattern closely followed that for total carbon. At 200 m depth, the mean particle flux measured
during the 10 years sampled was 82 mg m-2 d-1 (range, 5 to 335 mg m-2 d-1) and the average
carbon flux was 12 mg m-2 d-1 (range, 2 to 68 mg m-2 d-1). About 70 to 80% of the sedimenting
carbon was organic. Fluxes of all parameters generally decreased rapidly with depth (from 200
m down to 2000 m). On an annual basis, mean mass and particulate carbon flux leaving the
surface layers were 30 and 4.2 g m-2 a-1, respectively, of which 3.1 g m-2 a-1 was organic and
1.1 g m-2 a-1 carbonate carbon. Interannual variations were important and may indicate a fouryear cycle on fluxes. The directly measured POC flux represented less than 5 % of the primary
production. Since f value estimates are in the range 15-44 %, the data suggest that POC
represents only a fraction of carbon export from the euphotic zone, and that another significant
fraction is recycled and/or exported as DOC.
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Annual and inter-annual variability of the subtropical underwater at the
Caribbean Time Series: Biogeochemical significance
The Subtropical Underwater, underlying the Tropical Atlantic and Caribbean surface waters,
has been characterized as a high salinity-low nutrient water mass. However, data from the
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Caribbean Time Series (CaTS) station evidences significant periodical variations in salinity,
nitrous oxide and nitrate concentrations. Increases of the latter are often reflected in chlorophyll
a concentrations. We evaluate possible mechanisms responsible for the observed periodicity as
well as the potential role of these oscillations in modulating relevant processes such as primary
production and nitrous oxide evolution in the NE Caribbean region.
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Seasonal evolution of hydrographic properties during the US JGOFS AESOPS Expedition to the Polar Frontal Zone, 1996-1997
From October 1996 through March 1997, we participated on a series of 4 process/survey
cruises across the Antarctic Polar Frontal Zone (APFZ) of the Antarctic Circumpolar Current
as part of the U. S. Joint Global Ocean Flux Study (JGOFS) Antarctic Environments Southern
Ocean Process Study (AESOPS). This paper presents the seasonal evolution of the
hydrographic results from four seasonal process cruises in the APFZ and how they relate to
temporal evolution of the phytoplankton blooms and carbon flux in the frontal region. The
measurements include temperature, salinity, oxygen, nutrients (NO3, NO2, NH4, PO4, SiO2),
partial pressure of CO2 (pCO2), pH, normalized total alkalinity (NTA), and normalized total
inorganic CO2 (NTCO2) as a function of depth. This work provides a setting of basic
hydrographic and chemical conditions as they evolved seasonally along the 170° W parallel to
the southeast of New Zealand during 1996-1997 within which the remainder of the
biogeochemical studies carried out during AESOPS must be considered. These data allow us to
construct a coherent picture of the seasonal evolution of hydrographic and chemical properties
in the PFZ. The data are organized to illustrate variability in space and time of the key
parameters describing environmental forcing of the system, as well as the biogeochemical
response as the system evolved from late-winter to mid-summer near the peak of the
phytoplankton bloom, together with the response of the ecosystem as reflected by the increased
phytoplankton biomass (fluorescence) and consumption of nutrients.
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Seasonal changes in isotopic composition of N2O in the Arabian Sea
Preferential loss of isotopically light nitrous oxide (N2O) during denitrification results in huge
enrichment of heavier isotopes in residual N2O (δ15N and δ18O values, relative to air, up to 37.5
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and 83.6 per mil, respectively) within the suboxic subsurface layer of the Arabian Sea.
However, the isotopic composition of surface-water N2O is generally not much different from
that of the troposphere because the suboxic zone is separated from the surface layer by waters
of the upper thermocline whose dissolved N2O is isotopically much lighter (δ15N and δ18O
down to 2.9 and 16.6 per mil, respectively) (Yoshinari et al, 1997; Naqvi et al, 1998, 1999). It
has been speculated that the water upwelling in the eastern-boundary zones may be a source of
heavy N2O to the surface layer and the atmosphere (Kim and Craig, 1990; Yoshinari et al,
1997). We present here the first dual isotopic data sets on N2O collected during two contrasting
seasons - the southwest monsoon when intense upwelling occurs off Oman and the northeast
monsoon when winter cooling causes substantial mixing in the upper layer of the north-central
Arabian Sea. These show that the upwelled-water N2O does not have an isotopic composition
markedly different from that of the troposphere except when upwelling extends to the offshore
denitrification zone. By contrast, the ventilation of heavy N2O from the suboxic zone to the
atmosphere is much more important during the NE monsoon. The observed large spatial and
temporal changes in the isotopic composition of N2O emitting from the Arabian Sea imply a
variable isotopic flux from the ocean. The upper-thermocline N2O isotope minimum is not
observed during periods of weakened stratification. This feature, which is probably sustained
by N2O production through nitrification (Dore et al, 1998), requires the surface-water N2O
isotopic composition to be lower than that of the atmosphere. An examination of all the
available data, particularly the new data obtained by us, shows that the near-surface N2O values
are generally not bracketed by the isotopic-minimum and tropospheric end-members. This
indicates that N2O in the surface layer may not be as inert as has been believed so far and may
get involved in biologically- and/or photochemically-mediated transformations.
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Western North Pacific Ocean time series study at 44 N, 155 E (station
KNOT) as a JGOFS/NPTT (North Pacific Task Team) activity
Station KNOT (Kyodo North pacific Ocean Time series, Kyodo is cooperative in Japanese) has
been started its intensive phase of study from June 1998. Thirteen visits in 1998 (JuneDecember) and twelve visits in 1999 (May-October) were carried out by six different R/Vs.
The station locates at north of sub-arctic front and is usually occupied by surface water of
Oyashio origin having lower salinity than 33 pss. The 1998 time series gave the results of
seasonal changes for dissolved inorganic carbon (DIC), alkalinity, nutrient and primary
production from summer to winter. The seasonalities of DIC and nutrient were clear,
decreasing in summer and increasing in autumn, however, alkalinity showed smaller change
than 4 µM/kg during the observation. The summer (from early June to middle August) new
production estimated from the DIC change was about 200 mgC/m2/day. The primary
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production in July and August was about 300 mgC/m2/day and then decreased in autumn and
winter to about 100 mgC/m2/day. The 1999 time series started from middle May survey, which
encountered intensive phytoplankton blooming. High spatial variability was observed around
station KNOT, which showed change of chlorophyll concentration from 0.5 to 13 µg/L. The
primary production inside and outside the blooming showed change from 1700 to 300
mgC/m2/day. The analyses of 1999 data are going on and more accurate estimation of springsummer change in the carbon cycle will be revealed. The 2000 time series will start from
January-February cruise by R/V Mirai, which will give true winter picture of the rough ocean
in the western North Pacific.
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Characteristics of temporally-evolving Black Sea pelagic ecosystem and
biogeochemistry
The Black Sea is an excellent example for addressing natural and human impact on a marine
ecosystem. Its last two decades is identified as a temporally evolving, non-equilibrium
ecosystem, transformed from a highly diverse "healthy" state of the 1960s to its present low
biodiversity "eutrophic" state dominated by gelatinous carnivores. The available data indicate
that evolution of the ecosystem can be described in 5 distinct phases. The first phase, up to
mid-1970s, is an example of a typical healthy ecosystem with stable ecological balances. The
period from mid-70s to 1988 identifies the second phase as the "Aurelia-dominated
ecosystem". It is mainly controlled by the gelatinous carnivores Aurelia aurite, Pleurobrachia
pileus and opportunistic species Noctiluca scintillans. The Mnemiopsis-dominated ecosystem
between 1989 and 1991 encompasses the third phase in which Mnemiopsis exerted main topdown controll on the ecosystem with respect to Aurelia and Noctiluca. A new equilibrium took
place after 1992 in which both Aurelia and Mnemiopsis co-existed at proportional quantities.
Individual contribution of each was, however, reduced considerably as compared with their
peak phases. The ecosystem had positive indications of recovery in this era. The fifth phase
signifies the current state after 1998 in which a new gelatinous carnivore species Beroe ovata,
migrated from the Mediterranean, was acclimated to the Black Sea conditions and started
consuming Mnemiopsis. This had positive impact on the ecosystem as indicated by local
increases in the mesozooplankton biomass especially in coastal waters. On the basis of
available data and numerical model simulations, major changes in the functioning of ecosystem
as well as subsequent modifications took place in the vertical biogeochemical structure are
identified in the present study. The analyses provide a more definitive understanding for the
observed seasonal and long-term variations of the ecosystem in different phases of its
evolution.
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Assessment of methane source strength in coastal wetlands and oceans of
India
Atmospheric methane concentrations were measured on monthly basis for one year, in tropical
coastal ecosystems along the Bay of Bengal (mangroves, brackish water lakes) India. In
addition, CH4 emission studies were also conducted on the surface waters of the Arabian Sea,
as a part of the German JGOFS "Arabian Sea Process Studies". Monthly variations in CH4
emissions showed distinct trends in the unpolluted coastal wetlands (0.5 to 20.3-mg m-2 h-1) in
comparison to the polluted wetlands (1.9 to 45.97 mg m-2 h-1). Environmental forcing factors
such as salinity, sulfate content and localized anthropogenic stress were found to affect the
seasonality in CH4 emission in these coastal wetlands. The doubling of CH4 emission in the
polluted wetlands is significantly contributed by the inflow of domestic and industrial wastes
into these coastal wetlands. Correlation has been made with the nutrient input to the coastal
ecosystems, their retention and export characteristics. Arabian Sea has only a small portion of
shelf areas however; it is one of the most biologically productive regions of the world's oceans.
Mean CH4 saturations in the surface waters range from 103 to 107% in the Central Arabian
Sea. In the coastal upwelling areas, significant enhancement in CH4 saturation was observed
(156%) and 147% in the upwelling filament areas. Sea surface temperature was negatively
correlated with CH4 concentration in the upwelling area. From this study, it is estimated that
about 11 to 20 Gg CH4 is annually emitted from the Arabian Sea to the atmosphere, suggesting
that previously reported very high surface CH4 concentrations might be atypical due to the
inter-annual variability.
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Temporal variations of the HNLC zone in the western equatorial Pacific
(165°E) between 1984 and 1994
Monitoring and understanding temporal variations of the equatorial Pacific enriched area
(HNLC system) and its zonal extension is crucial in carbon budget estimates and pelagic
fisheries studies. From data of 21 trans-equatorial cruises made between 1984 and 1994 along
165°E, it can be shown that occurrence of the HNLC situation is occasional at this longitude,
although well predicted from the Southern Oscillation Index (SOI) according to Inoue et al.
(1996)’s relation. This data set also shows no significant correlation between surface
chlorophyll (Chla) or 0-500m mesozooplankton ash-free dry weight (AFDW) and surface
nitrate (when NO3 >0.1µM) in the strict equatorial band (1°N-2°S). Moreover, Chla is quasi
constant with time (mean = 0.235 ± 0.078 µg l-1) and within the range of other values measured
in the HNLC regime between 165°E and 150°W (0.221 – 0.242 µg l-1). In contrast to Chla,
mean zooplankton AFDW (1048 ± 279-mg m-2) is significantly lower at 165°E than on other
longitudes of the western and central Pacific (1°N – 2°S band). Interpretation of such results
relies on knowledge of HNLC ecosystem functioning and on differences in top-down controls.
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CO2 variations in the Canary Region
From October 95 the CO2 group of ULPGC has been studied the flux of CO2 between
atmosphere and Canary Oceanic region and has been participated on a series of research cruises
at ESTOC station localized at 29º10’N, 15ª30’W, at North of Gran Canaria, Canary Island. The
Canary Oceanic region is a peculiar area that is influence by both Canary currents and
Mediterranean waters. The structure of the Canary Current System is strongly influenced by the
seasonally varying trade winds and the resulting upwelling regime off North West Africa
before it also contributes to the North Equatorial Current. PCO2, Alkalinity, pHt, oxygen,
nutrients and chlorophyll were measured. In the vertical profiles a Mediterranean seawater
signal appeared at 1200m of depth. Near to the African Coast an Antarctic intermediate water
signal is observed at 900 m of depth. The CO2 parameters were combined with the nutrient data
to obtain the stoichiometric ratios of C/N, C/P, C/SiO2, and C/O2 of the waters. The pHt-25,
shows higher correlation with nitrate and phosphate and the alkalinity with silicate. The
contribution of C anthropogenic has been determined.
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Diel variability of suspended particles in oligo-, meso- and eutrophic oceanic
waters
During the PROSOPE cruise (PROOF-JGOFS-France, September 1999), depth profiles of
particle concentration and size spectra (1.5 – 100 µm) were routinely monitored at 3-hour
intervals with the optical counter HIAC. The measurements were made in 3 oceanic regions
differing by trophic status; eutrophic (Marocco upwelling, Chl a maximum at 15 m), mesooligotrophic (North Mediterranean Sea, Chl a maximum at 50 m) and ultra-oligotrophic (East
Mediterranean, Chl a maximum at 100 m). Each province showed strong variations both in
particle density and mean particle volume, which were reduced with depth. In the upwelling
zone dominated by autotrophic populations (mainly diatoms), the diel variations in particle
density were out of phase with those of particle size, which reflected a synchronized division
process driven by photoperiod. In the surface layer (0-30m, low Chl a concentration) of the
oligotrophic area (very stable physical conditions during 5 days of survey), regular diel
variations of the mean size were in phase with the particle concentration, and could not be
attributed solely to the autotrophic division. In the mesotrophic region, the mean particle size in
the surface layer showed similar diel variations with a maximum at the end of afternoon,
whereas the concentration varied significantly in some irregular fashion. The different patterns
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observed for the particle size and concentration in the three regions represented different
communities (autotrophic vs. heterotrophic) experiencing different biological processes
(autotrophic growth vs. prey-predator relationships) within different environments (stability vs.
biological-physical interactions). Decomposition of size spectra into sub-populations, coupled
with high frequency data acquisition of others parameters, will be necessary to further
investigate these temporal variations.
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Spatial, seasonal and interannual variability in the Ross Sea
Many polar regions are characterized by a seasonal cycle whereby a deep mixed layer becomes
stratified by thermal heating and freshwater input at the surface. The low density surface layer
becomes the site for phytoplankton growth and production during the austral spring and
summer, and the net seasonal production can be estimated by calculating the integrated nutrient
removal and comparing it to the winter concentrations. Such seasonal cycles have been
considered to be the dominant temporal scale in polar regions, but mesoscale (of chemical and
biological distributions) and interannual variations (largely of physical variables such as ice
cover) are also known. Historical data sets from cruises to the southern Ross Sea were
compiled and analyzed to assess the magnitude of interannual variations in seasonal
production. The variability of seasonal production among years is large, with production
varying at least two-fold between minimum and maximum rates. The influence of spatial and
seasonal effects on interannual variations is discussed. Seasonal variations in N/P ratios also
occur, which suggest that processes which influence this ratio (such as nutrient regeneration
within the surface layer) vary temporally. Interannual variations in N/P ratios also occur, and
the causes of these changes discussed. The Ross Sea exhibits a substantial amount of
interannual variability, and the causes of this variability are addressed relative to recent
findings of the controls of growth and production of Ross Sea phytoplankton. The magnitude
of this variability is also contrasted with other oceanic systems such as coastal upwelling
systems and oligotrophic central gyres, although a strict comparison of seasonal production
based on the same methods is impossible.
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A high-resolution record of denitrification in the Arabian Sea: Evidence for
an oceanic contribution to variations in atmospheric N2O concentrations
during Late Quaternary abrupt climatic changes
The nitrogen isotopic record of a sediment core from the Pakistan continental margin shows
water column denitrification in the Arabian Sea to be low or absent during most of the last
glacial and high during interstadials and the Holocene. The intensification of SW monsoonal
upwelling during warmer intervals enhances organic matter flux and degradation inducing midwater oxygen deficiency and triggering denitrification. Such a combination of upwelling and
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water column denitrification observed in the Eastern Tropical North Pacific (ETNP) is also
confined to interstadials and the Holocene during the last 60ka. Today, the Arabian Sea and the
ETNP together account for a large portion of the global marine water column denitrification.
Changes in N2O emissions from them could be responsible for a significant contribution to the
recently described stadial/interstadial variations in atmospheric N2O concentrations as deduced
from ice cores. Thus, fluctuations in atmospheric N2O appear to be associated with rapid
changes in oceanic processes related to the switching between a non-denitrification and a
denitrification mode. This has important implications for the greenhouse effect due to the
infrared-activity of N2O. Moreover, it provides a primary control mechanism for the oceanic
nutrient inventory, as denitrification is the major sink for oceanic nitrate.
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Seasonal variation of dissolved inorganic carbon at the western sub-arctic
Pacific time series site (KNOT)
Surface ocean total dissolved inorganic carbon (TC) has been measured from June 1998 as a
part of the western sub-arctic Pacific time series program. This time series station was named
“KNOT” (Kyodo Northwest Pacific Ocean Time series; kyodo is Japanese word meaning
collaborative) and located at 44°N, 155°E. The averaged concentration of TC in the surface
mixed layer was 2080 µmol/kg in June and decreased to 1974 µmol/kg in August 1998.
Nutrient also decreased in this summer season and the ratio of decrease of TC to decrease of
phosphate was close to Redfield ratio. This fact suggests that the most part of TC decrease
from June to August was caused by the biological uptake. The fugacity of CO2 (fCO2) in the
surface water was more than 350 µatm during summer season 1998. Despite the large decrease
of TC of more than 100 µmol/kg, fCO2 was not so decreased. This is due to the increase of sea
surface temperature of 9.1 K from June to August. Therefore, air-sea exchange of CO2 was not
a significant factor for controlling the surface concentration of TC in the summer 1998. The
mixed layer depth deepened from 11 to 70 m in August to December due to strong vertical
mixing. The surface TC concentration also increased in this fall season and was up to 2068
µmol/kg in December. This increase is mainly due to the entrainment of deepen water which
have much concentration of TC. Despite of this increase of TC, fCO2 was 320 – 350 µatm,
lower than atmospheric CO2 in this fall season. This is due to the decrease of temperature of
9.0 K from August to December and biological production. Therefore, the invasion of CO2 via
air-sea exchange in this fall season was estimated larger than that in the summer season. The
net biological production estimated from the decrease of TC in the surface mixed layer in the
summer season was about 200 mgC/m2/day. Simultaneously measured primary productions
were more than 200 mgC/m2/day but less than 300 mgC/m2/day. This fact suggests that the
ratio of new production to the primary production at KNOT is relatively high in the summer
1998.
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Variations in new production in the tropical Pacific during 1997-1999 El
Nino and La Nina from remotely-sensed observations
It has been suggested that the equatorial Pacific could support 18-56 per cent of the world's
ocean new production. Large interannual variability in phytoplankton biomass and biological
production that were observed in this part of the ocean during El Nino and La Nina cycles may
therefore have a significant effect on global biogeochemical cycles. Direct measurements of
new production along the equator have demonstrated that interannual variation in new
production in the western and central equatorial Pacific correlate well with the changes in the
ratio between the depth of the euphotic zone and thermocline/nitricline depth during the
eastward expansion of the Western Pacific Warm Pool, by changing the supply of nutrients into
the upper well-lit surface layer. SeaWiFS observations also show that significant changes in
pigment concentrations during El Nino/Southern Oscillation (ENSO) occurred not only in the
zonal equatorial band of the Pacific ocean, but also away from the equator. These off equatorial
fluctuations may significantly contribute to basin scale variations of biological production in
the tropical Pacific. Recently available satellite and buoy data provide the means to monitor
these processes over longer time periods and over the large area of the tropical Pacific ocean.
Here, we present a study of the variation in new production and phytoplankton biomass during
1997-1999 El Nino and La Nina conditions in the tropical Pacific basin. As an aid for
interpreting and understanding of these processes we use TOPEX/Poseidon dynamic height,
SeaWiFS observations of ocean color, and TOGA-Tao buoy array data. The results are
compared to shipboard observations and possible consequences for global biological
production are discussed.
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Interannual variations in the convective and Ekman supply of nutrients to
the euphotic zone over the North Atlantic
Interannual changes in export production are partly driven by changes in the dynamical supply
of nutrients to the euphotic zone. A one-dimensional mixed-layer model, driven by surface heat
fluxes, is used to predict the mixed-layer cycle. The convective and Ekman fluxes of nitrate are
diagnosed by combining the mixed-layer thickness cycle, and wind-stress data, with
climatological nitrate profiles. The model is firstly tested at the Bermuda Atlantic Time-series
Study site and secondly applied to separate stations over the North Atlantic for the last 35
years. Our model suggests that there has been significant interannual variability in the nitrate
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supply over the North Atlantic. Interannual changes in nitrate supply arising from convection
dominate over those from Ekman transfer. The variability is significantly correlated with the
North Atlantic Oscillation (NAO) index in the subpolar gyre and anti-correlated with the NAO
index in the western subtropical gyre. This convectively-induced variability should modulate
the response of the ecosystem and levels of export production wherever the nitrate supply is
limiting.
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Time-series biogeochemistry at Ocean Station P (50ºN, 145ºW)/Line P in the
subarctic NE Pacific Ocean: changes in a HNLC regime and relation to
climate events of El Niño
Ocean Station P (50ºN, 145ºW) in the subarctic NE Pacific Ocean is in high-nutrient and lowchlorophyll (HNLC) waters where an oceanographic time-series has been sustained since 1956
with physical, biogeochemical and biological observations in various periods. This paper
summarizes results of the biogeochemical time-series and repeat sections: long term trends and
episodic events related to climate events, particularly ENSO events. The observational program
includes biogeochemical time-series both in the surface waters and the water column chemistry
(CO2, nutrients, Chl-a, DMS, total Fe), and moored sediment trap time-series (fluxes of C, N,
Si and trace metals including iron). Some of interesting findings include (1) ENSO
enhancement of in apparent nitrate utilization in surface waters and detritus fluxes of POC,
PON, PIC (2) summer high DMS peaks in the upper ocean, (3) low Fe in the surface waters,
and possible Fe transport by eddies and atmospheric dust from Alaska, (4) pCO2 long-term
trend and short-term change in relation to Chl-a and light, (5) episodic events and sporadic
silicate limitation and (6) penetration of freons and anthropogenic CO2 into ocean interior, and
(7) warming and freshening trends and implications on biogeochemistry.
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Seasonal and spatial variability of CO2 and nutrients in North Pacific Ocean
(34º-54ºN) observed by the ship-of-opportunity M/V Skaugran for a JapanCanada Co-operation Program
A bilateral ship-of-opportunity program involving cooperation between the National Institute
for Environmental Studies (NIES) of Japan and the Institute of Ocean Sciences (IOS) of
Canada, used a cargo carrier M/V Skaugran to monitor important ocean parameters in the North
Pacific Ocean on cruise tracks between Japan and Vancouver, Seattle and Long Beach on the
west coast of North America. The parameters included shipboard continuous pCO2,
temperature, salinity and fluorescence maintained on board by personnel from NIES, and
discrete samples of DIC, TA, Chl-a, salinity, and dissolved nitrate, silicate and phosphate for
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IOS shore laboratory analyses. We describe in this presentation the results for the period 19951997 covering the North Pacific between 34º and 54ºN: the seasonal and spatial variability of
biogeochemistry in the upper ocean of the North Pacific. We discuss also the characteristics of
the carbon and nutrient cycles in different oceanic regimes, for example new production, the
stoichiometric ratios for C, N, Si, in the subarctic HNLC waters and oceanic uptake of CO2.
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JGOFS Data Management Task Team
The JGOFS Data Management Task Team (DMTT) is charged with implementing timely data
exchange between national groups participating in JGOFS, encouraging and developing data
management at the national level, and providing access of JGOFS data to the international
scientific community. Over the past several years, the DMTT and national groups have made
JGOFS data available online and on CD-ROMs. Online data are available through JGOFS data
management offices in Germany, Taiwan, and the USA, at the Marine Environmental Data
Service (MEDS) in Canada, and at l'Observatoire Océanologique de Villefranche-sur-Mer
(France). Nine CD-ROMs have been published containing data from the Arabian Sea Process
Study (JGOFS-India, JGOFS International Collection, Arabesque), North Atlantic (BOFS),
Southern Ocean (), Northwest Pacific (NOPAACS), and the Hawaiian time series (HOTS).
Canadian JGOFS will be releasing shortly “Canadian JGOFS Data Sets 1989-1998". The
primary challenge for the DMTT between now and the end of JGOFS is to guarantee the longterm future of a complete and readily identifiable JGOFS data set. Current DMTT activities are
focussed on supporting JGOFS Synthesis, encompassing both the supply of data to scientists
and the management of the products of Synthesis. Other DMTT activities include the
preparation of the JGOFS cruise inventory. This inventory contains information on more than
1,000 JGOFS and JGOFS-related cruises that have taken place since 1986, and the location of

143

the data. This inventory is the source of a JGOFS metadata catalogue at NASA's Global
Change Master Directory.
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Development of database and data dissemination systems for CGER/NIES
Global Environmental Monitoring
CGER-NIES has been conducting various global environmental monitoring: Greenhouse gases
concentration above ocean and at remote sites, CO2 exchange between atmosphere and ocean,
Water quality, Stratospheric ozone, U.V., in a wide East-Asia and West Pacific regions. To
allow wide, timely and convenient use of collected data, we developed the Database and Data
Dissemination System. As the monitoring data are expressed in almost all the forms: digits,
graphs or images, and the data volume differs drastically depending on the monitoring, the
database is managed by metadata file. The dissemination of data is carried out through Web for
all users, including NIES researchers. To disseminate the data through this system uniquely, the
users will be administrated by user I.D and the access levels for the data can be set separately
for each monitoring and for each user. NIES researchers who are in charge of the measurement
can access to the rough data, while the general public can access exclusively to the validated
data. To assist the proper use of the data, the general and detailed information will be attached
to the data file and sent to the users by self-extract file. This system has been in active service
from the beginning of this year for free of charge.
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Data management support provided by the Carbon Dioxide Information
Analysis Center for the U.S. Department of Energy CO2Ocean Survey
during WOCE/JGOFS Cruises
The Carbon Dioxide Information Analysis Center (CDIAC) at Oak Ridge National Laboratory
provides data management support for the Joint Global Ocean Flux Studies (JGOFS) carbon
dioxide (CO2) measurements taken aboard research vessels during World Ocean Circulation
Experiment (WOCE) Hydrographic Program cruises. The U.S. Department of Energy's Global
Change Research Program (DOE GCRP) sponsors both the CO2measurement operation and
CDIAC's data support activities, which include development of a data management plan, data
archival, data checking and evaluation, preparation of data documentation, and data
dissemination. All CO2-related data are checked before documentation and distribution. Staff
from Lamont-Doherty Earth Observatory (LDEO) assist CDIAC with data evaluations,
particularly larger-scale CO2data assessments. Through the November 1999, DOE GCRPsupported investigators had collected CO2measurements on 42 WOCE cruises. As of today,
CDIAC has received data from all of these cruises. Thirty of these data sets have been checked
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and 11 fully documented. This presentation will describe CDIAC's data management plan,
detail the quality checks performed by CDIAC and LDEO and offer sample results from their
use, describe CDIAC's data documentation, and identify the JGOFS CO2data currently being
processed by and available from CDIAC. The end products of the data management plan are
CDIAC numeric data packages or NDPs. Each NDP contains written documentation and
machine-readable data. CDIAC makes these NDPs available to anyone without charge in a
variety of forms, including floppy diskettes, CD-ROM, eight-millimeter tape and quarter-inch
tape cartridges. The data packages are also available from the CDIAC anonymous file transfer
protocol
(FTP)
area
via
Internet
or
World
Wide
Web
URL:
http://cdiac.esd.ornl.gov/oceans/home.html
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