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across the heat boundary layer was estimated from a
surface renewal model. Estimates of the net heat flux
were determined from direct measurement of latent and
sensible heat fluxes and longwave emission. Heat trans-
fer velocities were computed and scaled to gas trans-
fer velocities using appropriate Schmidt numbers for
heat and gas. Frequency-wavenumber slope spectra of
small-scale waves (25-800 rad/m) were measured with
a scanning laser slope gauge. Surface films were mea-
sured using a surface microlayer skimmer and fluorom-
etry package. The field data show a strong correlation
between gas transfer velocity and mean square slope,
including observations made in areas with significant
surface films. Comparison of transfer velocities with
wavenumber-binned slope data indicate that the corre-
lation becomes increasingly linear and statistically sig-
nificant for wavenumbers above 100 rad/m; a poor cor-
relation is observed for wavenumbers below 50 rad/m.
Notable exceptions were observations made during rain
events, when mean square slope at higher wavenumbers
increased significantly without a concomitant increase
in transfer velocity as measured using thermal imaging.
Wave slope was generally negatively correlated with
surface film enrichment, as measured by microlayer-
subsurface differences in CDOM fluorescence. At low
winds, wave slope was reduced 1-2 orders of magnitude
by the presence of surfactant films and gas transfer ve-
locity was poorly correlated with wind speed. The po-
tential applicability of a robust transfer velocity-mean
square slope relationship to remote sensing of transfer
velocity fields will be discussed.
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This work presents an estimate of anthropogenic
CO2 in the Pacific Ocean based on measurements from
the WOCE/JGOFS/OACES global CO2 survey. These
estimates used a modified version of the ∆C* technique
originally proposed by Gruber et al. [1996]. Modi-
fications include a revised preformed alkalinity term
based on Pacific surface data, a correction for deni-
trification based on N* estimates, and an evaluation
of the disequilibrium terms using an optimum multipa-
rameter (OMP) analysis. The total anthropogenic CO2
inventory over an area from 120◦E to 70◦W and 70◦S
to 65◦N (excluding the South China Sea, the Yellow

Sea, the Japan/East Sea, and the Sea of Okhotsk) was
44.5±5 Pg C in 1994. Approximately 28 Pg C was lo-
cated in the Southern Hemisphere and 16.5 Pg C was
located north of the Equator. The deepest penetration
of anthropogenic CO2 is found at about 50◦S associ-
ated with the Subtropical Convergence. The shallowest
penetration is found just north of the equator. Very
shallow anthropogenic CO2 penetration is also gener-
ally observed in the high latitude Southern Ocean. One
exception to this is found in the far southwestern Pa-
cific where there is evidence of anthropogenic CO2 in
the northward moving bottom waters. In the North Pa-
cific, deep ventilation within the Kuroshio Extension
and the subsequent circulation in the subtropical gyre
generates a strong zonal gradient in the anthropogenic
CO2 penetration depth with the deepest penetration
in the western Pacific. Relative to the Atlantic and In-
dian Oceans, the Pacific has the largest total inventory
in all of the southern latitudes despite the fact that it
generally has the lowest average inventory when nor-
malized to a unit area. The lack of deep and bottom
water formation in the North Pacific means that the
North Pacific inventories are smaller than the North
Atlantic despite the larger area in the Pacific.

URL: http://cdiac.esd.ornl.gov/oceans/glodap/
index.html
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The WOCE/JGOFS hydrographic survey in the
South Pacific Ocean is used as the basis for estimat-
ing the advective transport and storage of both nat-
ural and anthropogenic carbon. The mass transport
fields are determined from a box-inverse model which
adjusts an a priori estimate of the flow field in order
to satisfy imposed constraints for selected geographic
regions. The a priori estimate of the geostrophic veloc-
ity is based on the observed density distribution and
carefully selected initial reference levels. A priori esti-
mates of the surface Ekman transports are determined
from annual climatological wind fields. A solution is
found which is consistent with both the expected error
in the initial transport fields and the uncertainty of the
imposed constraints.

The observed carbon distribution is partitioned into
natural and anthropogenic components based on analy-
sis incorporating oxygen, nutrient and transient tracer
observations. Rates of local oceanic anthropogenic car-
bon accumulation are estimated from a simple model
assuming exponential growth of the perturbation. The
South Pacific Basin is found to be a moderate sink of
anthropogenic carbon, storing approximately 0.4 PG
C/yr. Both air/sea flux and advective convergence are
important components of the overall balance. A signifi-
cant portion of the convergence is due to southward Ek-
man transport of tropical waters rich in anthropogenic
carbon.
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The World Ocean Circulation Experiment provided
the first three-dimensional description of the Pacific
Ocean radiocarbon distribution. Measurement of the
U.S. samples has been completed. Estimates of the
bomb produced component were made using a new al-
gorithm based on the strong linear correlation between
natural radiocarbon and potential alkalinity. Unlike
previous methods, the new algorithm works at all lati-
tudes and can be used to approximate pre-bomb surface
values.

The meridional distribution of bomb radiocarbon
is similar that found for both chlorofluorocarbon and
anthropogenic CO2, however, notable differences ex-
ist, particularly at high southern latitudes. The differ-
ences are indicative of the fact that radiocarbon has a

much longer air-sea equilibration time than either CO2
or CFC. Measurable levels are generally restricted to
the upper kilometer of the water column with deep-
est penetration found near 40 North and South and
the highest concentrations somewhat equator-ward of
that latitude. Unlike GEOSECS, the highest concen-
trations were frequently found in the upper thermocline
rather than at the ocean surface. For the first time, evi-
dence was found of slight bomb contamination in newly
formed bottom waters adjacent to Antarctica.

The bomb produced radiocarbon inventory is mini-
mal at high latitudes and has a relative minimum near
the Equator. Maximum inventory values occur around
30 North and South latitudes with the north show-
ing somewhat higher values at individual stations. On
depth or density surfaces the bomb distribution is con-
sistent with generally accepted flow patterns and is
strongly influenced by convection and/or convection of
mode and intermediate waters.
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The testing of thermonuclear bombs in the late
1950’s and in the following decade has produced vast
amounts of radiocarbon (14C), which was released to
the atmosphere. Subsequently, this ”bomb 14C” has
entered the natural reservoirs of carbon, including the
ocean. Measurements of 14C in the ocean show clear
evidence of elevated 14C content that can be attributed
to bomb testing, and this tracer offers a unique oppor-
tunity to study how carbon is taken up by the ocean.
However, the distributions of bomb 14C and anthro-
pogenic CO2 are not related in any simple way, because
their atmospheric time-histories and gas exchange equi-
libration times are very different.

Here we investigate how bomb 14C and anthro-
pogenic CO2 in the ocean are related to each other
with the use of a suite of 3-dimensional ocean circula-
tion models (GCMs) participating in the Ocean Carbon
Model Intercomparison Project (OCMIP), which man-
dates the use of a standardized marine biogeochemistry
model. A topic of interest is how the simulated distri-
butions of bomb 14C and anthropogenic CO2 are af-
fected by the relative strengths of parameterized verti-
cal and horizontal mixing. The contrast in the distri-
butions of the two tracers can be accentuated by the
different model circulations. Preliminary analysis indi-
cates that mixing in the Southern Ocean in particular
plays an important role in their distributions. Another
topic of interest is whether the penetration depth of
bomb 14C is a good indicator of anthropogenic CO2
invasion for this decade. This expectation is borne
out from the rough equivalence between the time since
the injection of bomb 14C into the ocean until the
recent large scale field surveys (Joint Global Ocean
Flux Study and World Ocean Circulation Experiment)
and the characteristic time constant of the atmospheric
CO2 growth rate. As a result, the penetration depth of
bomb 14C may intersect the more or less constant pen-
etration depth of anthropogenic CO2 in this decade. If
the ratio of the two penetration depths is demonstrated
to be relatively robust amongst the different OCMIP
models, the penetration depth of anthropogenic CO2
and thus its inventory can be estimated from the pen-
etration depth of bomb 14C determined from observa-
tion.

The investigation of both of these topics illustrates
significant model differences. We expect these differ-
ences to provide useful insights into the strengths and
weaknesses of the GCMs, which will aid our ongoing
efforts to improve these models and their predictive ca-
pabilities with regard to anthropogenic CO2 uptake by
the ocean.
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We present a new technique to infer concentrations
of anthropogenic carbon in the ocean from observ-
able tracers and illustrate the technique using synthetic
data from a simple model. In constrast to several re-
cent studies the technique makes no assumptions about
transport being dominated by bulk advection and does
not require separation of the small anthropogenic sig-
nal from the large and variable natural carbon cycle.
Mixing is included naturally and implicitly by using ob-
servable tracers in combination to estimate “age spec-
tra,” the distributions of transit times from the surface
to interior points. The time-varying signal of anthro-
pogenic carbon in surface waters is propagated directly
into the interior by the age spectrum without having to
consider background natural carbon. The age spectrum
technique provides estimates of anthropogenic carbon,
as simulated directly in the model, that are more ac-
curate than techniques relying on single tracer “ages”
(e.g., CFC age) to represent transport. In general, the
age spectrum technique works best when at least two
tracers are used in combination, and the tracers have
significantly different timescales in either their surface
temporal variation or radioactive decay. Possibilities

are a CFC or CCl4 in combination with natural ∆14C

or 39Ar. Even for a CFC alone, however, the age spec-
trum technique results in less bias for anthropogenic
carbon estimates than use of a CFC age.
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Dissolved Chlorofluorocarbons (CFCs) were mea-
sured on hydrographic sections in the Pacific Ocean in
the 1990’s as part of World Ocean Circulation Exper-
iment (WOCE) Hydrographic Program. This program
has provided a time-dependent tracer data set of un-
precedented size and quality. These data are being uti-
lized to examine the pathways of ventilated waters into
the interior of the ocean, to estimate the rates of ocean
circulation and mixing processes, to estimate the up-
take of anthropogenic carbon dioxide and to help val-
idate numerical ocean models. In this study, CFC in-
ventories in selected isopycnal layers in the North Pa-
cific Subtropical Thermocline are determined using the
WOCE data set. A turnover time for each layer is de-
rived using these inventories and models of the time-
dependence concentrations of CFCs in the correspond-
ing winter outcrop region. These results are compared
with turnover times derived using mean CFC ’appar-
ent ages’ in the layers, and with estimates of renewal
times based on subduction rates derived using climato-
logical data. The turnover times calculated using CFC
inventories and mean CFC apparent ages in general are
substantially faster than those calculated from subduc-
tion rate estimates. The inherent assumptions for each
method of estimating turnover times will be presented
along with efforts to utilize the differences to better
understand the circulation in the North Pacific Sub-
tropical Thermocline.
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The Pacific Ocean exhibits strong variations at sea-
sonal to decadal time scales, and the changing Pacific
climate has direct impacts on marine ecosystems and
carbon cycle. A physical-biogeochemical model has
been developed and used to investigate physical varia-
tions, ecosystem responses, and biogeochemical conse-
quences. The lower trophic level ecosystem model with
multiple nutrients and plankton groups, embedded into
a three-dimensional circulation model, is forced with
observed the air-sea fluxes between 1950 and 1998. The
physical-biogeochemical model is capable of reproduc-
ing many observed features and their variability in the
Pacific Ocean. Linkage of the ecosystem components
to the carbon system provides a model estimated air-
sea flux of carbon dioxide that is comparable with the
observations. Analyses of the modeled results for the
North Pacific will be presented with focus on the vari-
ability at decadal time scale. The abrupt shift in the
Pacific climate system occurred during the mid 1970s,
the modeled responses to such climate shift will be dis-
cussed. The model exhibits some different behaviors
between the North Pacific and the equatorial region,
and the modeled results from these two regions will be
presented with emphases on comparison before and af-
ter the mid 1970s climatic shift.
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Ecosystem models are often coupled to one-
dimensional physical models to simulate the key pro-
cesses that take place at specific areas of the Ocean.
With the availability of long-term time series obser-
vations at stations such as the Hawaiian Ocean Time
series (HOT) station in the North Pacific, the one-
dimensional ecosystem modeling became very appeal-
ing. These observations are one-dimensional with high
vertical resolution that allows a thorough comparison
with the model outputs. Furthermore, it is compu-
tationally inexpensive and therefore it allows the re-
searchers to test very quickly some given hypothe-
sis. On the other hand, these one-dimensional mod-
els do not permit to take into account horizontal ad-
vection and diffusion that can be important even for
the oligotrophic part of the North Pacific. We ana-
lyze the differences in the behavior of an eleven compo-
nent ecosystem model for HOT when coupled to a one-
dimensional and a three-dimensional circulation model
between 1989 and 1993. The 1D physical model with
restoration to the observed temperature profiles agrees
well with the 3D model driven by NCEP flux data. Pre-
liminary results of the ecosystem model reveal that the
1D modeled deep-chlorophyll maximum (DCM) agree
very well with the observed DCM except for 1991 when
the modeled DCM is much larger than the observed
DCM. On the contrary, the 3D results agree very well
with the observations and show a decrease of DCM in
1991. Similar results are found for the primary pro-
ductivity. We are analyzing the 3D nitrogen/carbon
budget around HOT to determine the causes of these
differences.

OS32I-09 1555h

Simulated Air-Sea CO2 Fluxes in the
Pacific: Multidimensional Statistical
Analysis of Model Performance

James C. Orr1,2 (33-1-69-08-77-23; orr@cea.fr)

Kenneth G. Caldeira2 (1-925-423-4191;
kenc@llnl.gov)

Karl E. Taylor3 (1-925-423-3623;
ktaylor@pcmdi.llnl.gov)

OCMIP Group

1Laboratoire des Sciences du Climat et de
l’Environnement (LSCE), CEA Saclay Bat. 709 -
Orme, Gif-sur-Yvette F-91191, France

2Lawrence Livermore National Laboratory (LLNL),
Mail Stop L-103 7000 East Avenue, Livermore, CA
94550, United States

3PCMDI, P.O. Box 808, L-264, Livermore, CA 94551-
0808, United States
As part of the the Ocean Carbon-Cycle Model In-

tercomparison Project (OCMIP) thirteen groups have
used climatologically forced, global ocean models to
simulate preindustrial, modern, and future air-sea CO2
fluxes. These same groups have also made tracer simu-
lations of CFC’s, C-14, and He-3 to provide a means to
evaluate modeled circulation. We have quantitatively
analyzed model performance relative to the observed
climatology of air-sea fluxes. For this analysis we have
used a new type of diagram, recently developed for at-
mospheric model intercomparisons, to summarize the
contributions of the different spatial and temporal com-
ponents to the overall error. This “Taylor” diagram is
based on the geometric relationship between the cor-
relation coefficient, simulated and observed variances,
and the centered pattern RMS difference. In the Pacific
basin, models are more satisfactory in the the tropics
and subtropics than they are in the higher latitudes.
Similar analysis of the OCMIP-2 tracer results, which
is ongoing, should help place upper and lower limits on
modern air-sea CO2 fluxes particularly where spatial
and temporal data coverage is poor.

URL: http://www.ipsl.jussieu.fr/OCMIP
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A significant strengthening of the trade winds over

the tropical Pacific ocean as an El Niño fades is a sign
of a La Niña period. As a consequence upwelling along
the equator increases and the thermocline in the east-
ern part of the tropical Pacific shifts upwards bringing
more nutrients into the surface layer. We investigated
two extreme thermocline settings in the eastern equa-
torial Pacific with a 10 compartment biological model
embedded in a 3-D ocean general circulation model.
The minimum and maximum depths of the thermocline
match with observed La Niña and El Niño situations in
1988/89 and 1992. Those ENSO events have a signifi-
cant effect on the silicic acid supply of the open ocean
upwelling zone in the equatorial Pacific. Enhanced sili-
cic acid availability during the modelled La Niña situ-
ation leads to elevated diatom productivity. Changes
in biological productivity due to a thermocline shift
could be used as an analogue for productivity changes
between the last glacial maximum and today.
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Nitrate availability is generally considered to be the
limiting factor for oceanic new and export production
and this concept is central in our observational and
modeling efforts. However, recent time-series obser-
vations off Bermuda and Hawaii indicate a significant
new production in the absence of measurable nitrate.
Here we estimate global new production in nitrate-
depleted tropical and subtropical waters with tempera-
tures higher than 20 degree (Celsius) from the decrease
in the salinity normalized total dissolved inorganic car-
bon inventory within the surface mixed layer corrected
for changes due to net air-sea carbon exchange. This
method yields a global new production of 0.8 giga ton
carbon per year, which accounts for a significant frac-
tion of the recent total new production estimates in the
tropical and subtropical oceans, with the remainder be-
ing supported by upward nutrients into the euphotic
zone through eddy diffusion and turbulent mixing pro-
cesses. Our modeled value is the first global-scale es-
timate of new production in the absence of measurable
nitrate. We hypothesize that it is attributable to nitro-
gen fixing microorganisms, which can utilize the non-
limiting nitrogen and thereby bypass nitrate limitation.
This reported new production is significantly higher
than published global nitrogen fixation estimates based
on extrapolation of sparse measurements of nitrogen
fixation.
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Ocean general circulation and biogeochemistry
models exhibit a much enhanced sensitivity of atmo-
spheric carbon dioxide to perturbations of the warm
surface water properties when compared to classical
box models (Broecker et al., Global Biogeochemical Cy-
cles, 13, 817-820, 1999). We demonstrate that this is
attributable to the action of the wind-driven circula-
tion and prescence of the ventilated thermocline in the
circulation models.

We use an ocean circulation and abiotic carbon cy-
cle model configured in an idealized sector with a cou-
pled atmospheric reservoir of carbon. We compare so-
lutions where the circulation model is driven purely
by buoyancy forcing against those with both buoyancy
and wind forcing. The model with wind forcing de-
velops subpolar and subtropical gyres and a ventilated
subtropical thermocline. The warm lens of the ven-
tilated thermocline is depleted in carbon relative to
the surrounding, cooler waters and inherits its prop-
erties from the mid-latitude surface ocean at the point
of subduction. It is several hundred metres thick and
represents a significant ocean carbon reservoir. The
sensitivity of atmospheric carbon dioxide to perturba-
tions of low and mid-latitude surface water properties is
significantly enhanced in the model with wind forcing,
relative to the model with only buoyancy forcing, facil-
itated by modulation of the carbon budget of the ven-
tilated thermocline. Many highly idealized box models
are analagous to the sector model with only buoyancy
forcing, having no representation of the ventilated ther-
mocline or its influence on atmospheric carbon dioxide.
On the other hand, the wind-driven gyres are partially
resolved in global general circulation models leading to
their enhanced their sensitivity to subtropical surface
perturbations.

The results of these models may be extrapolated to
speculate that a global-scale cooling of the ventilated
thermocline by 4 degrees during glaciation could reduce
atmospheric carbon dioxide on the order of 15 ppmv
by this mechanism. Thus, excluding possible changes
in the biological pumps, the subtropical thermocline
might exert a significant, but not dominant, influence
on changes in atmospheric carbon dioxide.
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Most historical data and many data currently be-
ing collected that are relevant to marine biogeogra-
phy are unavailable electronically. Putting them into a
form that can be stored and used electronically is time-
consuming but essential for many purposes. Historical
data provide a time dimension of centuries, producing
a baseline obtainable in no other way when environ-
mental change is occurring on a scale of decades. Even
point measurements of environmental variables can be
informative. Taxonomic identification of very few kinds
of organisms is possible by remote sensing. Assembling
information from museum catalogs – even electronic
ones – cannot produce comprehensive taxon lists ex-
cept, perhaps, for taxa with few members. The pre-
sumed difficulties of capturing non-electronic data are
primarily those of entry. The human effort involved in
entering these data is not so different from that needed
to manipulate electronic data (by converting, editing,
parsing, etc.) to make them useful for particular pur-
poses.

URL: http://www.kgs.ukans.edu/Hexacoral/
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Data assimilation is now being extended to inter-
disciplinary oceanography from physical oceanography
which has derived and extended methodologies from
meteorology and engineering for over a decade and a
half. There is considerable potential for data assimi-
lation to contribute powerfully to understanding, mod-
eling and predicting biological-physical interactions in
the sea over the multiple scales in time and space in-
volved. However, the complexity and scope of the prob-
lem will require substantial computational resources,
adequate data sets, biological model developments and
dedicated novel assimilation algorithms.

Interdisciplinary interactive processes, multiple
temporal and spatial scales, data and models of var-
ied accuracies and simple to complex methods are dis-
cussed. The powerful potential of dedicated compatible
data sets is emphasized. Assimilation concepts and re-
search issues are overviewed and illustrated for both
deep sea and coastal regions. Progress and prospec-
tus in the areas of parameter estimation, field estima-
tion, models, data, errors and system evaluation are
also summarized.
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Working under the hypothesis that more frequent
information would help to improve science and man-
agement practice, we have built a prototype opera-
tional advanced fisheries management information sys-
tem (AFMIS). AFMIS, which consists of ocean data,
a suite of coupled data assimilation models, and a
data and information management system, is designed
to be operated in near real time and is able to pro-
vide frequent (hourly to weekly), high resolution (1-
10km), multi-species fisheries nowcast and forecast in-
formation. In this implementation the Harvard Ocean
Prediction System (HOPS) ocean circulation model is
linked with a highly simplified fish model that simu-
lates fish movement as a combination of swimming to-
ward a preferred temperature–”advection”–and a back-
ground random searching–”diffusion.” To obtain some
of the data needed by AFMIS, we have partnered with
a fleet of 20 commercial ground fishing vessels, from
which selected fishermen obtain the in situ ocean en-
vironment and fisheries (up to 50 species) data. The
fleet observations, as well as Fleet Numerical Meteo-
rological and Oceanographic Center model meteorolog-
ical forcing data and satellite imagery, are being assimi-
lated into an ongoing weekly series of prototype AFMIS
nowcasts and forecasts. Since November 2000, coin-
cident bottom temperature and fish catch data have
been collected during about 4700 separate trawls. This
unique data set provides fish abundance estimates and
associated environmental data for up to 50 species,
with the target species of primarily yellowtail floun-
der during winter and codfish and/or haddock during
spring/summer. The fish abundance estimates exhibit
the typical three orders of magnitude range with a sig-
nificant number of zero catches. Our efforts to explain
these large variances in terms of physical environment
and fish behavior will be discussed.
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The Partnership for Interdisciplinary Studies of
Coastal Oceans (PISCO) is investigating how physical
oceanographic phenomena influence near-shore commu-
nity structure over large geographic scales. Many of
the important questions about the near-shore ocean en-
vironment remain unanswered and require data drawn
from both oceanographic and biological sciences. In-
tegrating these types of data presents an information
management challenge, because each discipline pro-
duces inherently different types of data. PISCO gen-
erates two broad and disparate types of data: physical
oceanographic data that are high volume, homogenous
measurements (e.g., current velocity and direction),
and biological data are often low volume, heterogeneous


