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The Influence of Topography on
Shelfbreak Frontal Currents

Mark S. Reed1 (919-248-1920; reed@ncsc.org)

M. Susan Lozier2 (919-681-8199; s.lozier@duke.edu)

1North Carolina Supercomputing Center, 3021 Corn-
wallis Road, Research Triangle Pa, NC 27709,
United States

2Earth and Ocean Sciences, Duke University, Box
90230, Durham, NC 27708, United States

Flow instabilities of shelfbreak frontal currents can
provide significant temporal and spatial variability of
the front, which can lead to the mixing of coastal and
open ocean waters. Our recent study of the shelfbreak
current in the Middle Atlantic Bight found the current
to be highly unstable (with growth rates on the order
of one day) over a wide range of background conditions.
To test the applicability of these results to other shelf-
break frontal currents, we have assessed the degree to
which topography influences the nature and strength
of the instability of a baroclinic shelfbreak frontal cur-
rent. To characterize the frontal instabilities, a lin-
earized primitive equation stability model is employed
to determine the three-dimensional propagation of per-
turbations superposed on a two-dimensional mean flow
field, which varies continuously across the stream and
with depth. The role of topography in destabilizing or
stabilizing the flow is investigated for both retrograde
and prograde jets. Additionally, the role of stratifi-
cation in establishing the stability characteristics for
retrograde and prograde jets is investigated.

OS51E-10 1105h INVITED

Preliminary Results of a New Dye
Tracer Experiment at a Shelfbreak
Front

Robert W Houghton (845-365-8328;

houghton@ldeo.columbia.edu)

Lamont-Doherty Earth Observatory of Columbia Uni-
versity, 61 Route 9W, Palisades, NY 10964, United
States

A pilot cruise to study the coupling of the circula-
tion, mixing and productivity at the shelfbreak front
on the New England shelf was conducted July 9-18,
2001. This was the first of 3 cruises of an interdisci-
plinary collaborative project involving Houghton and
Marra (LDEO), Prater and Herbert (URI), and Hales
(OSU). An objective was to test the hypothesis that nu-
trient rich water from the bottom boundary layer that
detaches at the shelfbreak upwells along the front and
sustains the summertime chlorophyll maximum at the
base of the euphotic zone. A dye tracer and COOL
floats were deployed to define a Lagrangian reference
frame of the upwelling water while a pumping SeaSoar
was used to monitor the nutrient and bio-optical prop-
erties of this water. Presented here are very prelimi-
nary results of only the dye tracer portion of the ex-
periment.

Due to unanticipated technical limitations the
tracer, Fluorescein, was injected into the outer edge of
the cold pool at 50 m depth inshore of the front instead
of near the base of the shelfbreak front as intended.
In this region the isopycnal surfaces, virtually horizon-
tal, have density compensating cross-shelf temperature
and salinity gradients. The dye patch moved westward
along the shelfbreak with a mean speed of 0.17 m/s.
No significant upwelling or downwelling was detected.
The dye patch moved slightly offshore through the T/S
gradient on the isopycnal perhaps 2 km in 4 and a half
days. Vertical shear in the flow produced profiles with
multiple dye peaks and contributed to the lateral dis-
persion of the dye patch. From the rate of the variance
increase of the dye patch we estimate a vertical diffu-

sivitiy of 3x10−5 m2/s in a region where the buoyancy
frequency is 9x10−3 rad/s, i.e., period of 11 minutes.
Cross-shelf and along-shelf diffusivities are estimated

to be 0.3 and 6 m2/s respectively.
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The Onset of Seasonal Stratification in
the Southern Middle Atlantic Bight

Charles N. Flagg ((631) 344-3128; flagg@bnl.gov)

Environmental Sciences Department, Brookhaven Na-
tional Laboratory, Bldg 490D, Upton, NY 11973,
United States

The Ocean Margins Program was a multi-
disciplinary exploration of processes leading to the
transformation, retention, and export of biogenic ma-
terials on and from the broad continental shelf between
Cape Hatteras and Chesapeake Bay. As this area forms
the terminus of the equatorward coastal current, it was
expected to exhibit maximal cross-shelf transports.
The field effort took place from late winter through
mid-summer. During this seasonal progression, the

hydrographic structure undergoes a major transforma-
tion from unstratified winter conditions, to strongly
stratified summer conditions. This change has a major
impact on the chemical and biological processes in
the area. This presentation describes how the hydro-
graphic transformation takes place in an area where
five water masses vie locally for dominance and are
subject to strong wind stress, heat flux, and offshore
forcing. A total of eight hydrographic cruises made
repeated cross- and alongshelf transects in the area
providing snapshots of conditions. In 1996, the ship-
board hydrographic measurements were augmented
by an array of 26 moorings, supporting 126 temper-
ature and 118 salinity sensors. The mooring data
has been optimally interpolated to provide a detailed,
three-dimensional time history of the seasonal hydro-
graphic evolution. The results show that the region
is subject to large-scale intrusions from north and
south, both of which materially affect the timing and
development of stratified conditions. Intrusions from
the north are wind driven and provide cold, moderate
salinity, unstratifed water, delaying the development
of stratified conditions. Intrusions from the south
of warmer, generally more saline waters, driven into
the area by alongshore winds from the South Atlantic
Bight, and/or intrusions of Gulf Stream waters pushed
shoreward by frontal eddies, tend to promote stratifi-
cation. In 1996, an intrusion of saline water from the
south, combined with decreased winds from the north,
slowed the southward flow of cold Middle Atlantic
Bight water, and subsequently caused low salinity Vir-
ginia Coastal Waters to spread from the coastal plume,
out over the denser water from the north. With the
reduced alongshelf flow, solar insolation and sensible
heat fluxes were then able to warm the surface waters,
providing an initial stratification, which was then fur-
ther augmented by an outflow of low salinity coastal
waters.
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On vertical advection truncation errors
in terrain following numerical models:
Comparison to a laboratory model for
upwelling over submarine canyons

Susan E Allen1 (604-822-2828; sallen@eos.ubc.ca)

Michael S Dinniman2 (msd@ccpo.odu.edu)

John M Klinck2 (klinck@ccpo.odu.edu)
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V6T 1Z4, Canada
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23529, United States

3School of Oceanography, University of Washington,
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Submarine canyons which indent the continental
shelf are frequently regions of steep (up to 45 de-
grees), three-dimensional topography. Recent obser-
vations have delineated the flow over several subma-
rine canyons during 2-4 day long upwelling episodes.
Thus upwelling episodes over submarine canyons pro-
vide an excellent flow regime for evaluating numerical
and physical models. Here we compare a physical and
numerical model simulation of an upwelling event over a
simplified submarine canyon. The numerical model be-
ing evaluated is a version of the S-Coordinate Rutgers
University Model (SCRUM). Careful matching between
the models is necessary for a stringent comparison. Re-
sults show a poor comparison for the homogeneous case
due to non-hydrostatic effects in the laboratory model.
Results for the stratified case are better but show a
systematic difference between the numerical results and
laboratory results. This difference is shown not to be
due to non-hydrostatic effects. Rather, the difference
is due to truncation errors in the calculation of the ver-
tical advection of density in the numerical model. The
calculation is inaccurate due to the terrain following
coordinates combined with a strong vertical gradient
in density, vertical shear in the horizontal velocity and
topography with strong curvature.
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Observations of Current Driven
Upwelling About the Separation Point
of the East Australian Current.

Moninya Roughan1 (+612 9385 6902;

moninya@maths.unsw.edu.au)

Jason H Middleton1 (+612 9385 6747;
j.middleton@maths.unsw.edu.au)

1Centre for Marine and Coastal Studies, University of
New South Wales, Sydney, NSW 2052, Australia

A multidisciplinary experimental program was un-
dertaken during the 1998−1999 Austral Summer to in-
vestigate upwelling processes on the continental shelf of

New South Wales (NSW) Australia. The observational
program was conducted in the vicinity of the separation
point of the East Australian Current (EAC), which is
generally between Port Stephens and Coffs Harbour.
Oceanographic time series data was obtained from two
shore-normal arrays of current meters and thermistors
moored across the continental shelf at Smoky Cape
(30o55′S) and Diamond Head (31o44′S) for a 2 month
period. Two intensive hydrographic surveys were also
conducted aboard the RV Franklin during mooring de-
ployment and retrieval.

The observations show that the EAC dominates the
physical processes across the narrow continental shelf
at Smoky Cape. It is responsible for driving colder nu-
trient rich water through the bottom boundary layer
from the continental slope north of Smoky Cape into
the near surface waters in the coastal region south of
Smoky Cape. Furthermore, current driven upwelling
occurs on a more massive scale than that driven by lo-
cal wind forcing by an order of magnitude. North of
the separation point the EAC is the dominant cause of
upwelling, whereas south of the separation point local
wind forcing also plays a role.

The findings of this study have implications for the
prediction and possible management of algal blooms
which can occur as a response to substantial nutrient
enrichment events.

OS51F HC: 317 A Friday 0830h

The Science and Human Dimensions
of Purposeful Ocean Carbon
Sequestration

Presiding: K Caldeira, DOE Center for
Research on Ocean Carbon
Sequestration; L J Hansen, World
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Comparing pH impacts of oceanic CO2
injection and atmospheric CO2 release

Ken Caldeira1 (925 423 4191; kenc@llnl.gov)

Michael E. Wickett2 (925 422 0837; wickett@llnl.gov)

1Climate and Carbon Cycle Modeling Group,
Lawrence Livermore National Laboratory 7000
East Ave, L-103, Livermore, CA 94550, United
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2Center for Applied Scientific Computing, Lawrence
Livermore National Laboratory 7000 East Ave, L-
103, Livermore, CA 94550, United States

Direct injection of CO2 into the ocean has been pro-
posed as a means of diminishing the climate effects of
fossil-fuel burning. The release of CO2 to the atmo-
sphere from the burning of fossil fuels increases atmo-
spheric CO2 content and warms the planet.

Direct injection of CO2 into the ocean could pro-
duce significant reductions in deep ocean pH. However,
the release of CO2 to the atmosphere also drives a CO2
flux into the ocean, thereby also decreasing ocean pH.

We have performed simulations of direct CO2 in-
jection and atmospheric CO2 release using an ocean
general circulation model. We have computed the vol-
umes of ocean subject to pH perturbation as a function
of the magnitude of pH perturbation. We find that the
long-term, far-field effects of direct CO2 injection are
similar to the long-term, far-field effects of an equiv-
alent atmospheric CO2 release. However, direct CO2
injection produces a region in the vicinity of the injec-
tion site with a pH change greater than that produced
from atmospheric release. This is because atmospheric
release results in CO2 ingassing over the entire ocean
surface, thus diluting the CO2 impact on ocean chem-
istry.

To a first approximation, CO2 released to the ocean
or atmosphere ultimately adds the same amount of hy-
drogen ions to the ocean. Atmospheric CO2 release
introduces these hydrogen ions to the ocean over time
and spreads out them out spatially across the entire
ocean surface. Direct CO2 injection introduces them
to the ocean immediately and in a smaller initial vol-
ume of water. The advantage of direct injection is that
it avoids most of the climatic effects of atmospheric
CO2 release.

Direct CO2 injection can be engineered to mini-
mize near-field pH consequences. If the far-field conse-
quences of direct CO2 injection are unacceptable, then
atmospheric CO2 release is likely to be similarly un-
acceptable. Methods have been proposed to diminish
adverse impacts of CO2 dispersal in the ocean, includ-
ing the dissolution of calcium carbonate. Nevertheless,
ocean CO2 sequestration probably makes most sense
within the context of the evolution towards a carbon-
emission free economy.
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Field experiments on direct ocean CO2
sequestration: the response of
deep-sea faunal assemblages to CO2
injection at 3200 m off Central
California.

James Barry1 (831-775-1726; barry@mbari.org);

Brad Seibel1 (831-775-1862; bseibel@mbari.org);

Jeff Drazen1 (831-775-2012; jdrazen@mbari.org);

Mario Tamburri1 (831-775-1743;

mario@mbari.org); Chris Lovera1 (831-775-1892;

lovera@mbari.org); Peter Brewer1 (831-775-1706;
brpe@mbari.org)

1MBARI, 7700 Sandholdt Rd, Moss Landing, CA
95039, United States

Although carbon sequestration by direct injection
of liquid CO2 into the ocean holds promise for mitigat-
ing atmospheric CO2 levels, its biological consequences
are understood poorly, and are potentially large. Few
direct experiments on the tolerance of midwater and
seafloor organisms to changes in ocean chemistry asso-
ciated with CO2 injection have been performed. Sev-
eral factors, however, suggest that deep-living species
are more sensitive to CO2 injection than related groups
inhabiting the upper ocean. The evolution of deep-sea
faunas in the relatively invariant environment of the
deep ocean has likely led to the intolerance of many
species to perturbations in seawater chemistry associ-
ated with direct CO2 injection (e.g. pH reduction) that
may be more tolerable to shallow-living groups. Food
limitation and reduced metabolic rates typical in deep-
sea ecosystems may also limit the ability of many or-
ganisms to tolerate changes in pH (i.e. pH compensa-
tion) or CO2 (e.g. metabolic depression). We report
here on two field experiments at depths of 3200 and
3600 m to evaluate the biological responses of deep-sea
organisms to direct CO2 injection. Pools of liquid CO2
from 15 to 70 liters were deployed on the seafloor from
the ROV Tiburon operated by the Monterey Bay Aquar-
ium Research Institute, using a novel CO2 release sys-
tem. The survival and physiological responses of the
seafloor faunal community were evaluated near (∼1 m)
and distant (up to 30 m) from CO2 pools. Intertial
and tidally oscillation of near-bottom currents swept a
plume of CO2-rich water away from the pools as the liq-
uid CO2 dissolved, leading to periodically reduced pH
levels near 6.0 to 7.0 within about 1 m. Rates of sur-
vival for bentho-pelagic fishes (zoarcid sp. 1) and oc-
topus (Benthoctopus sp.), epibenthic megafauna (echin-
oderms: urchin sp. 1, holothuroid sp. 1, ophiuroid sp
1; molluscs: gastropod sp. 1) held in cages adjacent to
CO2 pools were very low near CO2 pools compared to
more distant sites after 5 weeks of exposure. Sediment-
dwelling macrofaunal crustacea (ampeliscid amphipod;
Haploops lodo), and meiofaunal organisms (flagellates,
ciliates, nematodes) collected in sediment cores showed
similar patterns of survival. In addition, the physi-
ological condition (gut fullness and tissue density) of
ampeliscid amphipods exposed to CO2 was poor com-
pared to control groups. A wide variety of field and
laboratory studies of a phylogenetically diverse suite
of deep-sea species from benthic and midwater habi-
tats, coupled with careful estimation of the degree and
areal extent of changes in seawater chemistry to be ex-
pected with any CO2 disposal scenario, is required be-
fore any realistic estimate of the impacts of sequestra-
tion on deep-sea ecosystems is possible.

OS51F-03 0900h

Into the Deep: Shedding Some Light on
the Political, Legal and Ethical
Aspects of Ocean Carbon
Sequestration

Lara J Hansen1 ((202) 778-9616;
LARA.HANSEN@WWFUS.ORG)

Susanne C. Moser2 ((617) 547-5552 ext. 244;
smoser@ucsusa.org)

1World Wildlife Fund, 1250 24th Street NW, Wash-
ington, DC 20037, United States

2Union of Concerned Scientists , Two Brattle Square,
Cambridge, MA 02238, United States

Purposeful ocean carbon sequestration is currently
being examined as a mitigation option of climate
change by a number of countries and private entities.
This approach includes both direct injection of carbon
dioxide into the water column and ocean fertilization.
Both of these approaches are predicted to impact, and
in fact are predicated on the manipulation of marine
ecosystems and food webs. The impact of ocean carbon
sequestration is not only a topic for applied biological
research but also relates to political, legal and ethi-
cal issues. This presentation highlights elements of all
three perspectives: the political relationship between
the exploration of carbon sequestration technology and
involvement in international climate negotiations; the
legality of carbon sequestration in the context of major
national and international marine and environmental

protection laws and agreements, including the Kyoto
Protocol; and the bioethical/science ethics questions
relating to using the oceans as a repository for anthro-
pogenically generated waste products and proceeding
despite a very limited understanding of consequences.
The goal of this overview is to consider the context
in which purposeful ocean carbon sequestration is pro-
posed and how prudent decisions may be made as the
debate over ocean carbon sequestration proceeds.

OS51F-04 0915h

Evaluating Carbon Sequestration
Efficiency in an Ocean Circulation
Model by Adjoint Sensitivity Analysis

Chris Hill1 (617 253 6430; cnh@plume.mit.edu)

Veronique Bugnion1 (vero@wind.mit.edu)

Mick Follows1 (mick@plume.mit.edu)

John Marshall1 (marshall@gulf.mit.edu)

1M.I.T, 54-1511, Cambridge, MA 02139

We demonstrate the application of an adjoint sen-
sitivity method to develop three-dimensional maps
of injected-carbon sequestration efficiency and mean
tracer residence time in an ocean general circulation
model. The adjoint approach provides a computa-
tionally efficient tool for characterizing both temporal
and spatial variations of sequestration efficiency over a
complete model domain.

We examine the properties of a tracer which repre-
sents small perturbations to the background ocean car-
bon distribution and which has possible sources at all
interior grid points of the model. The carbon-anomaly
tracer is lost to the atmosphere at the ocean surface
with an equilbration timescale of one year. In these
experiments, for simplicity, the tracer sources are as-
sumed sufficiently small that the partial pressure of
carbon in the atmosphere is not significantly changed.
We define sequestration efficiency as the percentage of
injected carbon tracer that remains in the ocean af-
ter an elapsed time during which there is a continuous
tracer injection source. It is mapped over the whole
model domain as a function of the elapsed time. The
mean residence time, defined as the average period that
impulsively injected tracer remains within the ocean,
is also mapped over the whole model domain. Both ef-
ficiency and mean residence time are derived directly
from adjoint model variables.

In the particular configuration of ocean model used
we map the efficiencies of sources at 935m and find
Pacific basin injection sites to be more efficient over
decadal and centennial injection timescales. For mil-
lenial timescale injections, Atlantic injection sites are
more efficient at this depth. These results can be inter-
preted in terms of the ocean model circulation and the
competing influences of wind-driven gyres and merid-
ional overturning circulation. Mapping the mean res-
idence time highlights areas of deep water formation
in the North Atlantic as regions where impulsively in-
jected tracers are most effectively sequestered in the
ocean, again reflecting the role of the meridional over-
turning circulation.

The adjoint sensitivity approach allows us to map
the efficiency and mean residence time at each model
grid-point at only a few times the computational cost
of a single perturbation experiment. Using an explicit
perturbation approach to obtain similar maps would re-
quire some tens of thousands of model integrations. We
have demonstrated this approach for a simple injected,
carbon-like tracer but it can be extended to examine
the relationships between a broad range of ocean phys-
ical and biogeochemical processes in the natural and
perturbed system.

OS51F-05 0930h

An Effective and Less Environmentally
Harmful Way to Store CO2 in the
Ocean

Greg H. Rau1 (925-423-7990; rau4@llnl.gov)

Ken Caldeira2 (kenc@llnl.gov)

Kevin Knauss2

1Institute of Marine Sciences, University of Califor-
nia, Santa Cruz, CA 95064, United States

2Energy and Environment Directorate, Lawrence Liv-
ermore National Laboratory, Livermore, CA 94550,
United States

If it becomes necessary to purposefully capture and
sequester fossil-fuel-generated CO2, ocean storage via
i) ocean fertilization and enhanced biological uptake
and ii) deep-sea injection of captured CO2 are meth-
ods that are being actively researched. However, these
approaches have potentially serious environmental con-
sequences, and may ultimately be ineffective in keeping
CO2 from the atmosphere. As an alternative we pro-
pose that CO2-rich power-plant gases be hydrated with
seawater to produce a carbonic acid solution that in

turn is reacted on-site with limestone to form Ca2+

and HCO−
3
. This calcium bicarbonate solution is then

released and diluted in the ocean where it would add
minimally to the existing, large pool of these ions in
the sea. Such a process simply speeds up natural, abi-
otic carbonate weathering and dissolution which will
otherwise consume anthropogenic CO2, but over many
millennia.

Using a model of ocean chemistry and transport we
show that this process would increase ocean alkalinity,
effectively neutralizing CO2 acidity and isolating an-
thropogenic carbon from the atmosphere. Relative to
atmospheric release or direct CO2 injection into the
sea, this method would greatly expand the capacity of
the ocean to store anthropogenic carbon while mini-
mizing environmental impacts of this carbon storage on
ocean biota. Indeed, our calculations indicate that re-
leasing the carbonate-dissolution effluent to the oceans
would be less damaging to the marine environment than
releasing an equivalent amount of CO2directly to the
atmosphere.

This sequestration method is also less energy in-
tensive and less expensive than abiotic CO2 capture
and direct ocean or geologic injection schemes. We
calculate an energy penalty that may be <2% with a
CO2 capture efficiency which may exceed 50%. Esti-
mated sequestration costs could be as low as $12 per
tonne CO2 sequestered, dependent on reactor config-
uration and on limestone and water availability and
transport. These compare with $90 to $180/tonne CO2
and >>20% energy penalties estimated for direct ocean
CO2 injection. Our initial benchtop-scale experimen-
tal simulation of this process indicates that carbonate
dissolution could contribute significantly to mitigating
adverse impacts of fossil-fuel burning.

OS51F-06 0945h

Dissolution rate of Liquid CO2 at 3600m
Depth as Determined by pH
Measurements
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1Southampton Oceanography Centre, University of
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2Monterey Bay Aquarium Research Institute, 7700
Sandholdt Rd., Moss Landing, CA 95039, United
States

We have taken advantage of the unique properties
of hydrate film formation to measure directly the dis-
solution rate of liquid CO2 on the ocean floor at 3600m
depth, and 1.55 degrees C. We used the ROV Tiburon
to transport and dispense, by actuation of an accumu-
lator system, approximately 2L of liquid CO2 into a
small hole on the sea floor made by a push core. A pH
electrode (Sea Bird Instruments SBE-18) held in the ve-
hicle arm was then positioned directly above the domed
mass of CO2, and scanned closely over and around the
mass without detection of local pH gradients.

The electrode, protected by a slotted metal cage
with an open circular end of 3cm diameter, was then
slowly lowered. Contact of the metal cage with the
CO2 surface produced a significant deformation of the
liquid-hydrate interface such that a large pocket of wa-
ter formed, thus enabling the changing pH to be mon-
itored. The electrode was inserted some 3 cm below
the liquid CO2 surface. This surface deformation is too
great to be caused by simple elastic stretching of the in-
terface. Rather it represents a rapid re-building of the
hydrate film as described for laboratory experiments by
Aya et al. (2001). In this model cracks appearing in the
film are annealed by penetration of unsaturated water,
and CO2, which quickly form new hydrate molecules.
Once full insertion was complete, the vehicle arm was
locked and the pH change was monitored for 15 min-
utes.

The pH change observed was 4.19 pH units, the
local alkalinity was taken from survey data as 2442
micro-mol/kg, and these data were used to calculate
a CO2 accumulation rate within the water pocket of
2913 micro-mol/kg/sec. The volume of the pocket, and
surface area of hydrate exposed through the slots in
the electrode cage, were used to estimate a CO2 dis-
solution rate of 1.7 micro-mol/cm2/sec. This can be
compared to the estimate of 3 micro-mol/cm2/sec de-
termined from the shrinking rate of a rising stream of
CO2 droplets at a depth of 800m (Peltzer et al., 2000).

Establishing the accuracy of pH measurements
made with a large electrically noisy vehicle is extraordi-
narily difficult, but there can be little doubt that very
large changes in CO2 were observed within the water
pocket created. The maximum CO2 concentration ob-
served was close to 2 molar. The CO2 equilibrium value
controlled by hydrate formation under the conditions of
the experiment is 0.6 molar, indicating that supersat-
uration by about a factor of 3 was observed. This is
most unusual, for hydrate nucleii are clearly present at
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the interface. The results suggest that pH extrema be-
low hydrate equilibrium values can be temporarily ob-
served, and also that eventual massive hydrate forma-
tion from rapid crystallization of the solution is possi-
ble. Such an event was seen in an adjacent experiment.

References: Aya, I. K. Yamane, R. Kojima,
T.Yamamoto, & H. Nariari (2001) Proc. 11th Intnl.
Offshore & Polar Eng. Conf., Stavanger, Norway.

Peltzer, E.T., P.G. Brewer, G. Friederich, & G. Re-
hder (2000) Preprints ACS Div. Fuel Chemistry, vol.
45, No. 4, 794-798.
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Modeling Carbon Partitioning in
Response to Iron Enrichment in the
Equatorial Pacific Ocean

Richard T. Barber1 (252-504-7578;
rbarber@duke.edu)

Fei Chai2 (207-581-4317; fchai@maine.edu)

Mingshun Jiang2 (jiang@athena.umeoce.maine.edu)

1Duke University, Duke Marine Lab, 135 Duke Marine
Lab Road, Beaufort, NC 28516, United States

2University of Maine, School of Marine Sciences, 5741
Libby Hall, Orono, ME 04469, United States

In situ iron-enrichment experiments in the equato-
rial Pacific Ocean and the Southern Ocean have shown
that additional iron to high-nitrate, low-chlorophyll
(HNLC) waters triggers a series of changes in the pro-
ductivity and growth of phytoplankton. The logistic
constraints on the length of observation have prevented
these otherwise successful efforts from resolving the
full temporal and spatial pattern of carbon partition-
ing. The use of an ocean ecosystem model developed
for the equatorial Pacific Ocean will contribute sub-
stantially to understand ecosystem responses on much
larger spatial scale and longer time scale. The biogeo-
chemical model consists of ten compartments describ-
ing two size classes of phytoplankton and zooplank-
ton, detrital nitrogen and detrital silicon, silicate, to-
tal CO2 and two forms of dissolved inorganic nitro-
gen: nitrate and ammonium, which are treated sep-
arately, thus enabling division of primary production
into new production and regenerated production. This
ten-component biogeochemical model is embedded into
a three-dimensional ocean circulation model based on
the Modular Ocean Model (MOM), and forced with cli-
matological COADS monthly wind and heat flux. In
the eastern equatorial Pacific, multiple iron-enrichment
experiments in an area of 360,000 square km are sim-
ulated by changing the iron-dependent photosynthetic
efficiency in the given spatial domain. With this 3D
physical-biogeochemical model it is possible to inves-
tigate the physical, biological and geochemical conse-
quences of varying the size of the enriched patch and
frequency of enrichment.
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Changes in atmospheric carbon dioxide
and biological productivity induced
by patchy ocean fertilization

Anand Gnanadesikan1 (609-258-6619;
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Richard D Slater1 (609-258-1313;
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1AOS Program, Princeton University, Sayre Hall PO
Box CN710, Princeton, NJ 08544-0710, United
States

Ocean fertilization with micro and macro nutri-
ents has been proposed as a means of purposeful car-
bon sequestration. Many studies of this process have
assumed long-term or large-scale fertilization. The
present study considers cases where fertilization is ap-
plied over a small region (1 model grid box) in the trop-
ical Pacific Ocean for a short time. We demonstrate
that for macronutrient depletion experiments, very lit-
tle of the carbon exported to the deep ocean ends up
coming out of the atmosphere. There can be significant
long term reduction of new production, exceeding the
oceanic CO2 uptake by as much as a factor of 30. The
results are exceedingly sensitive to the profile of rem-
ineralization. Since the air-sea CO2 fluxes associated
with this scenario are distributed over large space and
time scales, they are small in comparison with the nat-
ural fluxes, and would thus be impossible to measure
directly. Macronutrient addition experiments differ sig-
nificantly from macronutrient depletion experiments in
terms of atmospheric CO2 uptake, impact on produc-
tion, and sensitivity to remineralization. However, they
are likely to be similar in the challenges they present
for verification.
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Diagnostic indicators were used to assess the impact
of Fe-limitation on algal species composition. Photo-
synthetic efficiency of PS II and the Flavodoxin-index
provided physiological evidence of the effects of vari-
able Fe-concentrations on algal species composition in
the eastern Equatorial Pacific Ocean. Algal species
composition was determined using Chemtax analysis of
HPLC pigment data. Highly dynamic spatial variabil-
ity in the algal assemblage was observed in this region
with cyanobacteria and Phaeocystis populations dom-
inating the low Fe offshore HNLC region. Threshold
Fe values inducing Fe-limitation (as evidenced by the
Flavodoxin index) were in the range of 0.2 to 0.4 nM
and were dependent on the algal species composition.
Cryptophyte and haptophyte algal populations domi-
nated in the low Fe waters off the Peru upwelling com-
pared to large diatom blooms in the high Fe region near
the Peru coast. Dynamic physical forcing, however, led
to significant variability in the algal species composi-
tion and physiological health of the population in the
upwelling region. Effects of ambient Fe-concentration
on the photosynthetic efficiency and Fe nutritional sta-
tus of algal populations will be discussed.
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There has been a recent resurgence of interest in
using ocean iron fertilization as a strategy for miti-
gating the buildup of anthropogenic CO2 in the at-
mosphere. Relieving ocean phytoplankton communities
from their iron limitation in regions where macronutri-
ents are abundant would stimulate additional growth
and increase the export of organic matter to depth.
This would lead to a drawdown of the surface ocean in-
organic carbon content, which would be compensated
by net uptake of CO2 from the atmosphere. However,
Fuhrman and Capone [1991] pointed out that the ben-
efits of such a strategy would likely be partially off-
set by an increase in the oceanic emission of N2O,
which has a much stronger greenhouse warming poten-
tial than CO2. They argued that this is primarily a
consequence of an increase in the rates of nitrification
associated with the breakdown of the additional organic
material transported to depth. This negative feedback
could be accelerated by the fact that hypoxic zones ap-
pear to have very high yields of N2O, and such zones
are expected to increase strongly as a result of iron
fertilization, particularly when done at low latitudes.
We investigate the consequences of iron fertilization
on oceanic N2O emissions with a simple box-diffusion
model (HILDA) as well as a 3-D ocean biogeochem-
istry model (POBM), in which the production of N2O
is modeled according to Suntharalingam et al.[2000].
Initial results obtained from the box-diffusion model
indicate that the location and duration of the fertiliza-
tion has a dramatic impact on the magnitude of the
negative feedback associated with N2O. While the neg-
ative feedback in high-latitudes was found to be small,
fertilization in low latitudes led to a significantly high
offset of the radiative forcing benefit from the atmo-
spheric CO2 reduction by the increased oceanic emis-
sion of N2O. We are currently repeating these experi-
ments with the 3-D ocean biogeochemistry model and
will report and discuss the results.
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We report the results of a field incubation experi-
ment demonstrating a substantial shift in the species
composition of Equatorial Pacific phytoplankton as-
semblages exposed to CO2 levels of 150 and 750 ppm
(dissolved CO2 ∼ 3 - 25 mM). In all samples, the phy-
toplankton community was dominated by diatoms and
Phaeocystis sp. But the relative abundance of these
phytoplankton taxa differed significantly between CO2
treatments. Taxonomic pigment analysis and direct
microscopic examination of samples revealed that the
abundance of diatoms decreased by ∼50% at low CO2
relative to high CO2, whereas the abundance of Phaeo-
cystis increased by ∼60% at low CO2. This CO2-
dependent species shift was associated with a signifi-
cant change in nutrient utilization, with higher ratios
of N:Si and N:P consumption by phytoplankton in the
low CO2 treatment. Despite the significant changes
in species composition and nutrient consumption ra-
tios, total primary productivity and biomass accumula-
tion did not differ significantly between the CO2 treat-
ments. Our results suggest that CO2 concentrations
may influence competition among marine phytoplank-
ton taxa and could affect oceanic nutrient cycling. We
discuss the ecological and biogeochemical implications
of our preliminary findings and suggest directions for
future research.
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The efficiency of iron fertilization in reducing atmo-
spheric carbon dioxide depends on the detailed ocean
circulation. When nutrients are depleted, the biological
pump becomes efficient so that carbon is pumped into
the deep ocean. The efficiency of the biological pump
depends on the high latitude convection and on the lo-
cation of deep upwelling in the model. Fertilization can
have interesting nonlocal effects which are strongly de-
pendent on circulation. Thus, a Southern Ocean nutri-
ent depletion while increasing the high latitude produc-
tivity of the ocean, could result in a decrease in oceanic
primary productivity in the low latitudes.

We attempt to explain the efficiency of fertilization
through an analysis of the competition between the sol-
ubility pump, gas exchange pump, biological pump, and
circulation. The influence of circulation on the pumps
and on the resulting CO2 flux distribution is examined
in a series of five pre-anthropogenic simulations with
different circulations due to varying horizontal and ver-
tical diffusivities. The model used is the Princeton
GCM with carbon chemistry consistent with OCMIP
2 requirements. Depletion runs are compared to the
standard, undepleted scenarios.

In the undepleted case the change in mixing has con-
siderable yet opposite effects on the solubility and bi-
ological pumps, i.e., a compensation mechanism takes
place. Thus, changing the circulation has a small in-
fluence on the total air-sea carbon flux distribution.
Rather, we find that imposed boundary conditions de-
termine to a large extent the total air-sea carbon flux.
Preliminary results suggest that changing the circula-
tion has a stronger influence on the total air-sea carbon
flux distribution in the depleted cases compared to the
undepleted cases. GCM results are analyzed and com-
pared to the results of an eight box model simulation.


