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MODELLING OF OCEAN STORAGE OF CO2 
- THE GOSAC STUDY 

  
 

Background to the Study 
 
One of the techniques that could be used to limit the increase in the concentration of CO2 in the 
atmosphere is capture and storage of CO2, particularly from large point sources such as power stations 
or large industrial plants.  Most of the development work on CO2 storage is currently focussing on 
storage underground, in depleted oil and gas reservoirs, deep saline aquifers and unminable coal 
seams.  However, there is also some interest in storage of CO2 in the deep ocean, particularly in 
countries which have limited access to secure underground storage reservoirs.   
 
Deep water in the ocean is known to remain isolated from the surface for long periods of time. Any CO2 
that is injected into the deep ocean would typically be transported far from the point of injection on deep 
ocean currents before reaching the surface, where it would be lost to the atmosphere through air-sea gas 
exchange. This would typically take several centuries.  Due to the long timescales, simulations in models 
provide the only means to evaluate the efficiency of CO2 storage in the deep ocean. 
 
This study used computer modelling to predict the retention time of CO2 injected into the deep ocean.  
The same scenarios were modelled by 8 different research groups using their own diverse range of ocean 
circulation models.   The study funded by IEA GHG was an extension to a project called GOSAC (Global 
Ocean Storage of Anthropogenic Carbon), which was funded by the European Community. 
 
 

Study Description 
 
The following modelling groups took part in the study: 
 

1. AWI (Alfred Wegener Institute for Polar and Marine Research), Bremerhaven, Germany 
2. CSIRO, Hobart, Australia 
3. IPSL (Institute Pierre Simon Laplace), Paris, France 
4. LLNL (Lawrence Livermore National Laboratory), Livermore, California, USA 
5. MPI (Max Planck Institut für Meteorologie), Hamburg, Germany 
6. PIUB (Physics Institute, University of Bern), Switzerland 
7. PRINCEton (Princeton University [AOS, OTL] / GFDL), Princeton, NJ, USA 
8. SOC (Southampton Oceanography Centre) / SUDO / Hadley Centre (UK. Met. Office), England 

 
Descriptions of the models used by each group are included in the main study report. 
 
Each of the groups modelled CO2 injection at the following seven sites: 
 

• Bay of Biscay 
• New York 
• Rio de Janeiro 
• San Francisco 
• Tokyo 
• Jakarta 
• Mumbai (Bombay) 
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The criteria for selecting the sites was that they should be close to deep ocean, close to areas where 
substantial quantities of CO2 will be produced and they should represent diverse parts of the world’s 
oceans. 
 
367 Mt/y of CO2 (100 Mt/y of carbon) was assumed to be injected at each of the 7 locations for the next 
100 years.  To put this in context, the total quantity of CO2 currently emitted to the atmosphere from fossil 
fuel use is currently about 23,000 Mt/y.  The total annual quantity of CO2 assumed to be injected into the 
ocean in this study is therefore equal to about 11% of current annual emissions.  The effects of the CO2 
injection were modelled until the year 2500. 
 
Three injection depths were modelled: 

• 800m 
• 1500m 
• 3000m 

 
 

Results and Discussion 
 
Efficiency of CO2 storage 
 
The efficiency of CO2 storage in the ocean can be defined in different ways.  The definition of efficiency 
that has been used in most of the simulations in this study is the Global Efficiency, which is defined as the 
total mass of injected CO2 that remains in the ocean divided by the total mass of CO2 that has been 
injected.  The concentration of CO2 in the atmosphere is assumed to be the same in scenarios with and 
without ocean injection of CO2.  The concentration is fixed according to scenario S650 of the 
Intergovernmental Panel on Climate Change (IPCC)’s Second Assessment Report, in which the 
concentration of CO2 in the atmosphere becomes stabilised at 650 ppm. 
 
Global efficiencies of CO2 injection at 800, 1500 and 3000m are shown in figure 1. Results from the 8 
modelling groups are shown. Two of the modelling groups provided results for two variants of their 
models. 
 
At 3000m, the global efficiency in all models is at least 97% at the end of the 100 year injection period 
and after 500 years the efficiency ranged from 48 to 82%, i.e. these percentages of the injected CO2 
are still in the ocean after 100 and 500 years.  The efficiency is less at 1500m, 81-96% after 100 years 
and 28-57% after 500 years.  Injection at 800m is even less efficient, 65-84% after 100 years and 15-
38% after 500 years.  
 
Loss of CO2 is not uniform over the surface ocean.  Around half of the CO2 from the 800 and 1500m 
injections is lost from the northern hemisphere, whereas for 3000m injection virtually all of the models 
loose most of their injected CO2 from the Southern Ocean at latitudes south of 30°S, even though 5 of the 
7 injection sites are in the northern hemisphere.  The models differ in how much and exactly where 
injected CO2 is lost from the Southern Ocean.  The AWI model looses a particularly large amount of 
injected CO2 from the North Atlantic and the Prince model looses very little. These two models are the 
upper and lower limits of the 3000-m injection efficiency. 
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Figure 1:   Global efficiency of CO2 retention in the ocean for three injection depths 
 
An alternative definition of the efficiency of CO2 retention in the ocean is the Total Efficiency. The Total 
Efficiency is intended to be a measure of the net effect of ocean storage on the atmospheric CO2 
concentration.  It takes account of the fact that injection of CO2 into the ocean reduces the concentration of 
CO2 in the atmosphere, which reduces the natural transfer of CO2 from the atmosphere to the ocean. It 
also takes into account the additional CO2 that is generated due to the energy losses during CO2 capture 
and storage.  In the modelling of Total Efficiency in this study, the emissions in the scenario without CO2 
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injection were deduced from the IPCC S650 scenario.  The emissions in the scenario with ocean injection 
were reduced by the quantity of CO2 injected into the ocean (700MtC/y) minus the quantity of additional 
CO2 emitted as a result of the energy consumption for CO2 capture and injection (100MtC/y), i.e. 
600MtC/y.  The Total Efficiency of CO2 injection at 1500m is shown in figure 2.  Not all modelling 
groups produced Total Efficiency predictions.  
 

 
 
Figure 2:   Total efficiency of CO2 retention in the ocean for injection at 1500m 
 
At the end of the 100 year injection period the efficiency in all models is less than 70% and after 500 
years the efficiency is less than 10% in all except one model.   
 
It should be noted that other CO2 abatement techniques such as geological storage, increased energy 
efficiency or use of renewable or nuclear power, would have a Total Efficiency of less than 1, i.e. the 
reduction in the quantity of CO2 in the atmosphere would be less than the reduction in the quantity of CO2 
emitted.  All CO2 abatement techniques reduce the concentration of CO2 in the atmosphere and hence 
reduce the natural flux of CO2 from the atmosphere to the ocean.  
 
Efficiencies at individual sites 
 
Efficiencies were predicted for each of the seven individual injection sites.  The site efficiencies 
correspond to the definition of Global Efficiency, i.e. the total mass of CO2 injected at each site that 
remains in the ocean divided by the total mass of CO2 that has been injected at that site. Efficiencies of 
3000m injection are shown in figure 3 for each of the models and injection sites.  Efficiencies of the 
shallower injections are shown in the main study report.   
 
Most of the models predict that for injection at 1500m and 3000m, the Pacific sites (Tokyo and San 
Francisco) are more efficient than those in the Atlantic and Indian Oceans.  All sites are more efficient 
when CO2 is injected at 3000m.  The western boundary sites, i.e. New York and Tokyo benefit most from 
the deeper injection.  When CO2 is injected at shallow depth off New York, much of it is transported by 
the lower part of the Gulf Stream to the North Atlantic, where it is brought back the surface and lost to the 
atmosphere.  In 6 of the 10 models, New York is the least efficient site for 1500m injection. However, 
when CO2 is injected at 3000-m it moves southwards along a longer pathway for eventual loss from the 
Southern Ocean, resulting in longer retention times. Sites that are close to the Southern Ocean, e.g. Rio de 
Janeiro and Jakarta have relatively low efficiencies in most models. 
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Figure 3:  Site injection efficiencies for 3000m injection 
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Local changes in pH 
 
The models also predicted the impacts of CO2 injection on pH and the concentration of dissolved 
inorganic carbon in the ocean.  In most of the models the ocean was divided into cells with lateral 
dimensions of between 1.5 and 5 degrees.  The pH in the cells at the injection sites was predicted to 
reduce by between 0.1 and 2.0 units during time of injection.   These predictions provide a first estimation 
of environmental changes.  However, much higher resolution model simulations will be needed to 
develop greater confidence.   
 
Model validation 
 
Model predictions can be evaluated by comparing predicted and measured distributions of tracers in the 
ocean.  If a model’s simulated ocean tracer distribution corresponds reasonably well with measured 
distributions then we can have more confidence in a model’s predictions, particularly if there is some 
correlation between the tracer and injected CO2.  The two tracers that are most relevant to injected CO2 are 
radiocarbon (14C) and CFC-11.  CFC-11 is a man-made chemical that was first produced in the 1930s.  
14C is produced naturally by in the atmosphere by cosmic radiation. At the ocean’s surface, waters are 
enriched in 14C and these subsequently are mixed throughout the ocean, during which time the 14C 
undergoes radioactive decay, with a half-life of 5730 years.   
 
The range of uncertainty of CO2 retention efficiencies can be reduced by only considering the models 
which are best able to match tracer data.  The efficiency range for CO2 injection at 3000m in year 2500 
from this selected group of models is 70% ± 6%, a much lower range than for the full set of models. 
 
For injection at 3000m, it appears that the range of simulated efficiencies brackets what would be real 
ocean behaviour, based on correlations with these tracers.  For shallower injections, the correlation is less 
clear (1500m injection) or nonexistent (800m injection). 
 
Future work 
 
All of the ocean circulations models compared in this study employ coarse resolution grids, to avoid 
excessive computation times. The models are unable to resolve important subgrid-scale processes, e.g. 
eddies, boundary currents and convection, which could affect the CO2 storage efficiencies.  Continued 
developments in supercomputing and innovative approaches to model development may make it possible 
to make long timescale, high resolution injection simulations within a few years. 
 
 

Expert Group Comments 
 
This study involved collaboration between ocean modelling groups in various countries.  The results were 
therefore subject to expert review during the study.  The draft final report was sent for comment to some 
other experts but no significant comments were received. 
 
 

Major Conclusions 
 
CO2 injected at a depth of 3000m is predicted remain in the ocean substantially longer on average than 
CO2 injected at 800 and 1500m.   
 
The efficiency of retention of CO2 injected at 3000m is predicted to be between 48% and 82% after 
500 years.   
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Most models predict that the Pacific Ocean injection sites have the longest average CO2 retention 
times. 
 
Correlation between measured and predicted flows of tracers indicates that the range of simulated 
efficiencies for retention of CO2 injected at 3000m brackets what would be real ocean behaviour.  
However, for shallower injection the correlation is less clear or non-existent.  
 
 

Recommendations 
 
Modellers are encouraged to include CO2 injection scenarios in future higher resolution ocean 
circulation modelling projects.   
 
Policy makers should consider whether the CO2 retention times predicted in this study would be 
acceptable from a climate policy perspective. 
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Executive Summary

Purposeful sequestration of CO2 in the deep ocean has been proposed as one means
to help mitigate rising CO2 concentrations in the atmosphere. Once CO2 were
injected into the deep ocean it would typically be transported quite far from the
injection site before being brought back up to the surface where it would be lost
back to the atmosphere. Typically this would require centuries, depending on in-
jection site and depth. No data exists to quantify these efficiencies directly, so
for such purposes we must relay on ocean models. To quantify efficiencies and
associated uncertainties, a coalition of ocean modelling groups initiated a project
known as GOSAC (Global Ocean Storage of Anthropogenic Carbon). The Inter-
national Energy Agency Greenhouse Gas R& D Programme (IEA GHG) funded
IPSL-LSCE, the French GOSAC group, to define and analyse results from a stan-
dard set of purposeful injection simulations. In this collaborative effort, the Euro-
pean Union also funded IPSL and four other European research ocean carbon cycle
modelling groups (AWI-Germany, MPIM-Germany, PIUB-Switzerland, and SOC-
United Kingdom) to make simulations of deliberate sequestration and to provide
model results to a central model output archive. Three non-European ocean car-
bon cycle modelling groups (CSIRO-Australia, LLNL-USA, and Princeton-USA),
funded by national programs, also made the GOSAC injection simulations and
provided output to the archive. Simultaneously, the same modelling groups partic-
ipated with others in a larger comparison effort known as OCMIP (Ocean Carbon-
Cycle Model Intercomparison Project), which was focused on CO2 and related
ocean tracers.

• Scientific Results:

1. Simulations: To quantitatively evaluate the efficiency and associated
uncertainties of this proposal, five European ocean modelling groups
groups made standard simulations, as specified in the common proto-
col document (Injection HOWTO) developed for GOSAC, to evaluate
the efficiency of the ocean in retaining this sequestered CO2. Three
non-European OCMIP modelling groups also contributed, motivated
by the joint GOSAC effort. contributed. Injection was carried out si-
multaneously at seven separate sites. Seven-site simulations were made
at three different injection depths: 800, 1500, and 3000 m.

2. Global efficiency: At 3000 m, all models had at least a 85% global
efficiency in year 2200, i.e., 100 years after the end of the 100-year in-
jection period); at the same time, 1500-m injection is 60-80% efficient
and 800-m injection is only 42-61% efficient. A sensitivity test in the
SOC model reveals that continuing injection after year 2100 increases
global efficiency from 66% to 77% in 2200 and from 38% to 58% in
2500.
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3. Data-constrained global efficiencies: The full set of models provides a
large range for the injection efficiency, i.e., if we were to implement the
same scenario in the real ocean. But all models are not equal. Thus the
full range of results is not the best measure of uncertainty. Hence we
selected models based on their ability to match data constraints from
two passive tracers of ocean circulation (CFC-11 and natural radiocar-
bon). Both were simulated in OCMIP-2. The eficiency range from this
select group for the 3000-m scenario in 2500 was 70± 6%, i.e., about
4 times less than the range from all the models. In previous centuries
the maximum range in efficiency was±5% or less.

4. Site efficiencies (1500-m injection): For the 1500-m injection, most of
the models simulate that the Pacific sites are more efficient than those
in the Atlantic, and that injection in the Indian Ocean yields intermedi-
ate efficiencies. Such would be expected based upon our understanding
of the age of deep waters in each of these three basins. The models gen-
erally predicted that Injection just offshore of New York was amongst
the least efficient sites and that injection just offshore of San Fran-
cisco was most efficient. Most of the models found that within each
of the Atlantic and Pacific basins, the western ocean boundary sites
(New York, Tokyo) were generally less efficient than eastern boundary
sites (San Francisco, Bay of Biscay); however, this finding demands
confirmation by more realistic, higher-resolution models.

5. Site efficiencies (3000-m injection): Most of the CO2 injected at 3000 m
was lost from the Southern Ocean (the principal region by which the
deep ocean is ventilated); for the shallower injections, relatively more
was lost sooner, from the northern hemisphere and the tropics. Differ-
ences between sites were smaller than with the 1500-m injection.

6. Local changes in pH and carbon: Local increases in dissolved inor-
ganic carbon (DIC) at the injection sites varied from +10% to +100%
of the natural background level ( 2000µmol kg−1), depending on injec-
tion site, injection depth, and model. Likewise, local reductions in pH
gernerally varied from 0.1 to 2.0 units. These estimates provide a first
look of what local environmental changes might resemble; however,
much higher resolution model simulations will be needed to develop
confidence in such predictions.

7. Evaluation of simulated results: It appears that the range of simulated
efficiencies for the 3000-m injection brackets what would be real ocean
behaviour (under an identical injection scenario), based on correlations
of the global injection efficiency at that depth with the global mean
CFC-11 inventory as well as with the global mean, deep-ocean natural
∆14C; such would also be expected based on the large diversity of
models that participated in this exercise. For shallower injections, the
correlation is less clear (1500-m) or nonexistent (800-m).
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• Technical Achievements:

1. Protocol Document for Standard Injection Simulations: Detailed pro-
tocols for the Injection simulations were developed and made available
through the OCMIP Web page. This document is a user’s manual for
modellers. It provides detailed explanation of how to make simulations
of deliberate injection. It also provides the boundary conditions and
code to make these simulations and store output in standard OCMIP
format. This protocol document will remain available, as a reference
for future work.

2. Model Output Database (MOD): all standard output from GOSAC sim-
ulations were compiled in a hierarchical archive; the current database
contains about 50 Gbytes of GOSAC-OCMIP model output. This database
is available through via Internet through the IPSL DODS/OpenDAP
server. Continued easy access to these GOSAC benchmarks should
help accelerate further advances in this field.

3. OCMIP-GOSAC Web page: During GOSAC, effort was devoted to
developing a project Web page (http://www/ipsl.jussieu.fr/OCMIP/).
This provided a centralised communication forum, dissemination of
protocols and results. It still remains available. The intention is that
it will continue to be updated along with subsequent related develop-
ments.
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Project Synthesis

1.1 Introduction

“Natural” CO 2 Sequestration and Surface Ocean Acidification

Ocean uptake of CO2 will help moderate future climate change but the associated
chemistry, namely hydrolysis of CO2 in seawater, increases the hydrogen ion con-
centration [H+]. Surface ocean pH is already 0.1 unit lower than preindustrial val-
ues. By the end of the century it will probably become another 0.3 to 0.4 units lower
(Haugan and Drange, 1996; Brewer, 1997). That is, [H+] will be 100 to 150%
greater. Increasing [H+] along with the aqueous CO2 concentration [CO2(aq)] will
lead to a reduction in the carbonate ion concentration [CO2−

3 ], making it harder for
marine calcifying organisms to form biogenic CaCO3. Substantial experimental
evidence indicates that calcification rates will decrease in low latitude corals (Gat-
tuso et al., 1998; Kleypas et al., 1999; Langdon et al., 2000, 2003), which form
reefs out of aragonite, and in phytoplankton that form their tests (shells) out of cal-
cite (Riebesell et al., 2000; Zondervan et al., 2001). Thus calcification rates will
follow the decline in [CO2−3 ] due to its reaction with increasing concentrations of
anthropogenic CO2

CO2 + CO2−
3 + H2O→ 2HCO−

3

.
The decrease in calcification occurs even though surface waters are predicted

to remain supersaturated (Broecker and Peng, 1979; Kleypas et al., 1999). The sat-
uration state is most often indicated byΩ = [Ca2+][CO2−

3 ]/[Ksp∗], where Ksp∗is
the apparent solubility product for aragonite (A) or calcite (C). Variations ofΩ
in the open ocean are essentially due to [CO2−

3 ] because [Ca2+] varies by only
a few percent. A convenient, carbonate-specific index of saturation is the excess
carbonate concentration∆[CO2−

3 ] = [CO2−
3 ]− [CO2−

3 ]sat, where[CO2−
3 ]sat is the

[CO2−
3 ] for seawater in equilibrium with CaCO3 at the in situ temperature and

salinity (Archer, 1996). In a supersaturated solution,Ω > 1 and∆[CO2−
3 ] > 0; in

an undersaturated solution,Ω < 1 and∆[CO2−
3 ] < 0.

Recent predictions of future changes in surface water pH and carbonate chem-
istry have essentially focused on global average conditions (Haugan and Drange,
1996; Brewer, 1997; Wolf-Gladrow et al., 1999; Caldeira and Wickett, 2003) or on
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Figure 1.1: a Atmospheric CO2 specified for the historical simulation (black ) and the
two future scenarios, IS92a (red) and S650 (blue), made during OCMIP. Resulting zonal
average surfaceb pH andc [CO2−

3 ] (µmol kg−1) for the global ocean. Results are given
for 1994 (green), from the GLODAP data, and for the preindustrial ocean, from GLODAP
minus anthropogenic DIC from data-based estimates (Sabine et al., 2004) (solid black)
and model estimates (dotted black). Gray shading is for the range of preindustrial model
estimates. Future results come from the 1994 GLODAP data plus the simulated DIC per-
turbation from that date to 2100 in the IS92a (red) and S650 (blue) scenarios, and to 2300
in the S650 scenario (S650, blue dashed). Future climate change (red dotted line) is shown
as a perturbation to IS92a in 2100.

the low latitudes (Kleypas et al., 1999), where reef building corals are abundant.
Yet surface and subsurface changes in high latitude regions may be even more
dangerous because their [CO2−

3 ] is lower, closer to the threshold where CaCO3

becomes undersaturated. And high-latitude surface waters are where planktonic
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shelled pteropods, which make their shells out of aragonite (a metastable form of
CaCO3), are prominent components of the upper ocean biota.Southern Ocean,

It has been suggested that the cold surface waters in such regions will begin
to become undersaturated with respect to aragonite only when atmospheric CO2

reaches 1200 ppmv, which is more than 4 times the preindustrial level (4×CO2)
of 280 ppmv (Feely et al., 2004). But newer results that combine results from the
OCMIP models with data from the Global CO2 Survey, accomplished as combined
effort between the World Ocean Circulation Experiment (WOCE) and the Joint
Global Ocean Flux Study (JGOFS), indicates that high-latitude surface waters will
become undersaturated much sooner than previously thought. These results sug-
gest that some polar and subpolar surface waters will become undersaturated at
∼2×CO2, i.e., probably within the next 50 years (Fig.1.1)

These changes will threaten high-latitude aragonite secreting organisms includ-
ing cold-water corals (Freiwald et al., 2004), which provide essential fish habitat,
and shelled pteropods, i.e., zooplankton that serve as an abundant food source for
marine predators. For example, the bipolar pteropodLimacina helicinais prey for
zooplankton, fishes, and whales. The limited data available (Feely et al., 2004)
suggests that pteropods will not be able to adapt quickly enough to live in the un-
dersaturated conditions that will soon occur over much of the high latitude surface
ocean. Further research is needed to assess whether pteropod species endemic to
polar regions could disappear altogether or if they can make the transition to live
in warmer, carbonate-rich waters at lower latitudes under a different ecosystem.
If pteropods are excluded from polar and subpolar regions, their predators will be
affected immediately. For instance, gymnosomes are zooplankton that feed exclu-
sively on shelled pteropods (Lalli , 1970; Seibel and Dierssen, 2003). Pteropods
also contribute to the diet of diverse carnivorous zooplankton, mytophid and no-
tothenoid fishes (Foster and Montgomery, 1993; Pakhovmov et al., 1996; Mesa
et al., 2000; Watanabe et al., 2002) North Pacific salmon (Willette et al., 2001;
Boldt and Haldorson, 2003), mackerel, herring, cod, and baleen whales (Lalli and
Gilmer, 1989).

Purposeful CO2 Sequestration

As one means to help mitigate rising levels of atmospheric CO2, it has been pro-
posed to sequester CO2 generated by power plants in the deep ocean instead of
emitting it directly to the atmosphere (Marchetti, 1977). The efficiency of such
deep-ocean sequestration remains an open question. Ocean modelling studies pro-
vide the only means to estimate ocean sequestration efficiency. Any CO2 that
would be injected in the deep ocean would typically be transported quite far from
the injection point before reaching the surface and being lost to the atmosphere
through air-sea gas exchange. Such transport could require from centuries to a
millennium, depending on the location of the injection point. Due to these long
timescales, simulations in models provide the only means to evaluate the efficiency
of purposeful sequestration of carbon in the ocean.
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Ocean carbon-cycle models are tools which help synthesise our understanding
of the fundamental processes which control the ocean’s redistribution of carbon,
the resulting impact on air-sea CO2 fluxes, and on the global carbon cycle. Such
models describe the transport and the redistribution of carbon in the ocean by com-
bining fundamental notions of ocean circulation and biogeochemistry. The more
complex variety of these models describe the ocean in three dimensions at the
global scale, and they allow extrapolation both in space and time. Relatively sim-
ple 1-D vertical box models have been used to estimate the global efficiency of the
ocean in retaining sequestered CO2 (Hoffert et al., 1979). Such models instantly
spread sequestered CO2 globally throughout a given deep-ocean layer. Thus they
are not suitable for estimating the efficiency at different injection sites. Conversely,
site-specific injection simulations can be made with 3-D ocean models. Such was
done as part of GOSAC.

Prior to this project, one 3-D ocean model had been used to evaluate the effi-
ciency of purposeful deep-ocean sequestration scenarios. In its first year, GOSAC
provided results from a second, independently developed, 3-D ocean model (Orr
and Aumont, 1999). Results differed widely for injections at the two sites where the
simulations could be compared. Subsequently, standard simulations of deliberate
sequestration were made in a diverse group of eight ocean general circulation mod-
els to estimate both global and site-specific efficiencies. This diversity provided a
range of estimates for the sequestration efficiency that would probably bracket what
would be real ocean behaviour under the same sequestration scenario. Finally we
narrowed limits based on the agreement of these same models with measured trac-
ers in the real ocean.
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1.2 Objectives

The primary objective of the GOSAC-IEAGHG project was to assess global as-
pects of the proposal which offers to artificially accelerate ocean storage of CO2

by diverting CO2 emissions from fossil-fuel fired power plants directly into the
deep ocean, thereby short-circuiting the slow natural process (Marchetti, 1977).

This GOSAC-IEAGHG objective was intentionally tied to two other objectives
from the concurrent GOSAC-EU project, which itself was part of the larger inter-
national effort know as the Ocean Carbon-Cycle Model Intercomparison Project
(OCMIP-2):

• to better quantify past, present, and future CO2 uptake by the ocean, which
is limited by relatively slow natural processes;

• to guarantee that predictions stemming from the first two objectives are rea-
sonable by paying close attention to model evaluation.

European modelling groups made model simulations to respond to all three
objectives with funding from the EU, via the GOSAC-EC project. For the de-
liberate sequestration simulations, the simulation protocols were developed, test
simulations were made, and analysis of results was carried out with funds from
the International Energy Agency Greenhouse Gas R& D Programme. Three non-
European groups also implemented the standard protocols and contributed output
for analysis during GOSAC-IEAGHG.

This GOSAC-IEAGHG initiative has provided an envelope of predictions from
eight 3-D ocean carbon-cycle models concerning

• the relative amount of injected CO2 which remains in the ocean and how that
varies with time (multi-century simulations with injection at seven sites for
three different injection depths); and

• the regional distribution of the plume of excess CO2 extending from each of
the injection sites along with related changes in the air-sea flux.
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1.3 Technical Foundation

The GOSAC-IEAGHG project built a technical foundation upon which the science
could be effected. The technical challenges were to

• provide rigorously consistent simulations and analysis;

• facilitate making simulations and provide efficient methods so that all in-
terested modelling groups could participate (3-D models ocean models are
computationally intensive and substantial effort is needed to code new sim-
ulations); and

• advance our understanding while producing results that would serve as a
standard reference for future work

The main GOSAC-IEAGHG technical foundation consisted of

Web Page

A web page http://www.ipsl.jussieu.fr/OCMIP was created for OCMIP and GOSAC
to facilitate discussion and dissemination of protocols, boundary conditions, soft-
ware, results, and publications. For future reference, the OCMIP-GOSAC Web
page remains available.

Simulation Protocols

A detailed user manual, including protocols, boundary conditions, and software,
(the Injection-HOWTO ) was developed to make consistent simulations of pur-
poseful deep-ocean CO2 sequestration. In the online version of this users man-
ual, there are links for the software and data sets necessary to make the CO2 se-
questration simulations. The associated software provides example code so that
modellers can make injections at 7 sites simultaneously; a separate simulation is
required for each injection depth. The code provides options to choose the injec-
tion depth as well as the type of atmospheric CO2 forcing: either the standard case
where atmospheric CO2 is prescribed or the optional case where atmospheric CO2

is calculated from prescribed emissions and simulated air-sea CO2 fluxes. The on-
line user manual (Injection-HOWTO) is available through the OCMIP Web page
(http://www.ipsl.jussieu.fr/OCMIP/). A condensed print-version is included in Ap-
pendix A.

IPSL Test Simulations

The first test simulations for CO2 sequestration were made with one 3-D model,
i.e., that from IPSL (Institute Pierre Simon Laplace). These simulations were made
to test and refine proposed protocols and boundary conditions. The culmination of
this work was Version 1 of theInjection-HOWTO and the first GOSAC-IEAGHG
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publication (Orr and Aumont, 1999) that resulted from comparison of results from
these test simulations with previously published results from a study using the
MPIM model.

MPI Test Simulations

Further tests were conducted with the MPIM model by Olivier Aumont, the GOSAC-
IEAGHG postdoctoral scientist during a 5-month visit to that institution in Ham-
burg Germany. Our first objective was to assure that the standard GOSAC injection
simulations would be made in the MPIM ocean model. The MPIM model provides
a reference point since it was the only 3-D model ever have been used for CO2 se-
questration studies prior to GOSAC. Second, this effort served as a final test for the
flexibility of Injection-HOWTO just before the final version was to be distributed
to other modelling groups (via the OCMIP web page). During his stay in Hamburg,
Dr. Aumont became familiar with the MPI ocean model code and implemented a
preliminary version of the injection protocol. Then he modified the protocol doc-
ument to make it more general and efficient. Finally he made the final standard
injection simulations in the MPIM model and provided model output for storage in
the standard model output archive. That was later analysed along with results from
the injection simulations in other models. The effort to provide a streamlined and
well-tested protocol document and facilitated the task of the other six modelling
groups (those besides MPIM and IPSL) to make these simulations and contribute
consistent output.

GOSAC-IEAGHG Model Output Archive

Model output from each of the OCMIP groups was provided in a standard prede-
fined format based on netCDF and GDT. That standard output was consolidated
with the other OCMIP model output into one hierarchical model output archive,
with files separated by group and simulation. That entire OCMIP-2 archive occu-
pies about 50 Gb. It is accessible through the Internet at IPSL’s OpenDAP/DODS
data server.
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1.4 Models

The models that contributed output for the GOSAC-IEAGHG effort include

1. AWI (Alfred Wegener Institute for Polar and Marine Research), Bremer-
haven, Germany;

2. CSIRO, Hobart, Australia.

3. IPSL, (Institute Pierre Simon Laplace), Paris, France;

4. LLNL (Lawrence Livermore National Laboratory), Livermore, California,
USA;

5. MPI, (Max Planck Institut fuer Meteorologie-Hamburg) Germany;

6. PIUB (Physics Institute, University of Bern) Switzerland.

7. PRINCEton (Princeton University [AOS, OTL] / GFDL), Princeton NJ, USA;

8. SOC (Southampton Oceanography Centre) / SUDO / Hadley Center (UK
Met. Office), England;

All the GOSAC and OCMIP-2 models have global coverage with coarse-resolution
grids, which do not resolve eddies. All the models discretize the ocean in three di-
mensions, although the PIUB model is zonally averaged in each of the Atlantic, Pa-
cific, and Indian basins. Five of the eight models (CSIRO, IPSL, LLNL,PRINCE,
and SOC) describe the primitive equations (Bryan, 1969). The LSG model from
MPIM is an exception because for computational efficiency, it neglects nonlinear
terms in the advection equation. The second exception is the PIUB model, which
balances its momentum equations between terms for the Coriolis force, horizontal
pressure gradient, and zonal wind stress; PIUB is also a zonally averaged basin
model. The third exception is the AWI model, whose circulation field is derived,
with an adjoint method, from observed 3-D fields of hydrography, nutrients, and
carbon. All the models differ in their surface boundary conditions for wind stress
and surface fluxes of heat and water. The AWI and PIUB models are forced with
average annual conditions; the other six models are seasonal. Both LLNL and
MPIM models are coupled with sub-models that describe the dynamics as well as
the thermodynamics of sea ice.

Lateral subgrid-scale mixing is strictly horizontal in the MPI model, whereas
it is oriented along isopycnal surfaces in the CSIRO, IPSL, LLNL, PRINCE, and
SOC models. All of those use some form of the eddy-induced velocity parameter-
isation of Gent et al. (1995), hereafter GM. To study sensitivity to lateral mixing
we compared the standard IPSL model (with GM) to an identical version with
only horizontal mixing (HOR). Vertical eddy diffusion is prescribed in the CSIRO,
LLNL, MPIM, and PIUB models; the SOC model uses a Richardson number de-
pendent scheme with aKraus and Turner(1967) mixed layer; the IPSL model uses
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a prognostic Turbulent Kinetic Energy scheme (Gaspar et al., 1990). Advection
schemes also differ. The CSIRO, LLNL, and SOC models use the leapfrog CTCS
scheme. The MPIM and PIUB models use upstream tracer advection, which con-
tributes numerical diffusion both horizontally and vertically. The AWI model uses
a weighted mean combination of CTCS and upstream schemes. The IPSL model
uses the positive definite scheme known as MPDATA. Numerous other differences
also exist. More complete model descriptions can be found in Appendix B.
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1.5 Simulations

Participating modelling groups made simulations of deep-ocean CO2 sequestra-
tion according to standard protocols developed explicitly for and during this ef-
fort. To conserve computing resources, the standard injection protocol made two
simplifications. First, model simulations neglected the influence of marine biota.
Including the effects of marine biota is more computationally intensive, and our
test simulations indicate that it changes results by less than 5% (Orr and Aumont,
1999), which confirms previous work (Bacastow and Dewey, 1996; Orr and Au-
mont, 1999). Second, model simulations carried only one type of tracer, total dis-
solved inorganic carbon (DIC). Thus we neglected potential changes in alkalinity
induced by the interaction of injected CO2 with CaCO3 sediments. Such interac-
tion can be neglected at least for several centuries after the start of injection (Archer
et al., 1998).

For each injection simulation, we used ten separate DIC tracers: seven were
used to track, individually, the seven DIC plumes extending from the seven injec-
tion sites; the three others were used to account for a control run, invasion of an-
thropogenic CO2, and a permanent sequestration scenario.Orr and Aumont(1999)
found that nonlinearities due to this multi-tracer approach were negligible, relative
to a single-tracer approach. For instance, atmospheric concentrations predicted
by the multi-tracer vs. single-tracer approaches are nearly indistinguishable (max-
imum difference 0.15 ppm). Injection was carried out simultaneously at seven
injection sites:

1. Bay of Biscay (45.5◦N, 4◦W)

2. New York (40◦N, 68◦W)

3. Rio de Janeiro (24.4◦S, 43◦W)

4. San Francisco (39◦N, 126◦W)

5. Tokyo (36◦N, 144◦E)

6. Jakarta (10◦S, 109◦E)

7. Bombay (19◦N, 69◦E)

A map of these sites is shown in Fig.1.2. Modellers made separate 7-site simula-
tions for each of three injection depths: 800 m, 1500 m, 3000 m.

With the climatological fields of OCMIP-2 gas exchange as flux boundary con-
ditions, models were first integrated to obtain preindustrial conditions (atmospheric
pCO2 = 278 ppm). Subsequently, in thePrescribed atmosphere case, i.e., stan-
dard simulations (C800, C1500, and C3000), all models used the same predefined
atmospheric CO2 record. Models followed observed atmospheric CO2 during the
historical period, 1765–2000. Then, during 2000–2500, atmospheric CO2 followed
IPCC future scenario S650, which eventually stabilises atmospheric pCO2 at 650
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Figure 1.2: The seven injection sites chosen for the GOSAC purposeful sequestra-
tion simulations. All sites are located along coastlines near populated areas where large
amounts of CO2 are emitted to the atmosphere. Five of these sites (Tokyo, San Francisco,
New York, Bay of Biscay, and Bombay) are in the northern hemisphere; the other two sites
(Rio de Janeiro and Jakarta) are in the Southern Hemisphere.

ppm. Injection occurred only for 100 years, during 2000–2100, with 0.1 Pg C yr−1

being injected just offshore at each of seven injection sites.
In an additional optional simulation, theEmissions case(E1500), atmospheric

CO2 was a treated instead as a free variable and fossil emissions to the atmosphere
were prescribed. In this case, we used a smooth emissions scenario to avoid need-
lessly complicating analysis. For this reason, we avoided using historical emissions
and IPCC future scenarios. Instead we relied on total emissions deduced from an
IPCC S650 ”concentration” run in one model. The choice of the model was not
critical for our objectives of model comparison. We chose to use deduced emis-
sions from the S650 concentration run with the HILDA model for three reasons:

1. HILDA’s deduced emissions were already available from 1765 to 2500,

2. its emissions produce smooth atmospheric CO2 (and time derivatives) in the
other OCMIP models, and

3. HILDA had already been used as the IPCC reference model in the Second
Assessment Report (SAR).

For further information about HILDA, see http://www.climate.unibe.ch/ joos, then
click on the linkThe Bern Model).

GOSAC’s effort to study purposeful sequestration benefited from concurrent
efforts to study other tracers within OCMIP-2. Comparison of these tracer sim-
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ulations to data provides a way to evaluate model predictions of the efficiency of
sequestration. The same modelling groups that simulated purposeful injection also
simulated passive tracers of ocean circulation (CFC-11,14C, and3He) and natural
and anthropogenic components of CO2. Table1.1 details the output submitted by
each group. Columns 11-14 list submissions for the purposeful injection simula-
tions (C800, C1500, C3000, and E1500).

 

MODEL CFC ABIOTIC INJECTION BIOTIC 

    Equil Hist Pulse Future Control     

          CIS92A S650 ctrlH ctrlF ctrlP  C1500 C3000 C800 E1500   

AWI OK OK OK OK OK OK OK OK NO OK OK OK OK OK 

CSIRO OK OK OK NO OK OK NO NO NO OK OK OK NO OK 

IGCR OK OK OK OK OK OK OK OK OK NO NO NO NO OK 

IPSL OK OK OK NO OK OK OK OK NO NO NO NO NO OK 

IPSL.DM1_GM OK OK OK NO OK OK OK OK NO OK OK OK OK OK 

IPSL.DM1_GEO OK OK OK NO OK OK OK OK NO OK OK OK OK OK 

LLNL OK OK OK NO OK NO OK OK NO OK OK OK OK OK 

MIT OK OK OK NO NO NO NO NO NO NO NO NO NO OK 

MPIM OK OK OK OK OK OK OK OK NO OK OK OK OK OK 

NCAR OK OK OK NO OK NO NO NO NO NO NO NO NO OK 

NERSC OK OK OK NO NO NO OK NO NO NO NO NO NO NO 

PIUB OK OK OK OK OK OK OK OK OK OK OK OK OK OK 

PRINCE OK OK OK NO OK OK OK NO NO OK OK OK NO OK 

SOC OK OK OK OK OK OK OK OK OK OK OK OK OK OK 

UL OK OK OK OK OK OK OK OK OK NO NO NO NO OK 

Table 1.1: Output submitted by the OCMIP-2 modelling groups.

Detailed protocols, boundary conditions, and model code for making the pur-
poseful sequestration simulations were produced for this study. They remain avail-
able as the Injection-HOWTO document (http://www.ipsl.jussieu.fr/OCMIP); a con-
densed version of that is available in Appendix A of this document.
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1.6 Results

Local Changes in DIC Concentration

The increase in the concentration of dissolved inorganic carbon (DIC) at an injec-
tion site will depend on how quickly it can be transported and mixed away from
the injection point. Thus it depends on local ocean currents and mixing as well as
the rate of injection. The simulated increase in DIC at each injection site varies
substantially among models(Tables1.2–1.5).

In year 2099, the last year of the 100-year injection period, perturbations range
from about 10% of to twice the natural background concentrations (about 2000
µmol kg−1), depending on the model and the injection site. Local differences in
perturbed DIC concentrations differ due to model resolution and ocean transport.
The smallest perturbations in DIC are produced by the zonal mean model, PIUB,
as would be expected. That is, once CO2 is injected, it is instantaneously mixed
throughout the grid cell, and PIUB has by far the largest grid cells. The AWI
and MPIM models produce the highest injection site DIC concentrations. As a
sensitivity test, we multiplied the MPIM model’s explicit horizontal eddy diffusion
coefficient (200 m2 s−1) by three. Resulting injection site DIC concentrations were
reduced by more than half; yet, changes in the efficiency of the ocean retention of
injected CO2 were negligible.

Table 1.2: Change in DIC (µmol kg−1) at injection sites for the 800-m injection C800
(year 2099).

Bay of New Rio de San
Model Biscay York Janeiro Francisco Tokyo Jakarta Bombay
AWI 1821 406 194 975 185 610 930
CSIRO 265 70 95 123 136 79 316
IPSL(HOR) 605 67 116 396 73 247 379
IPSL(GM) 820 52 149 676 58 409 559
LLNL 281 173 277 441 237 298 319
MPIM 1430 305 360 3178 203 1095 1542
PIUB 71 64 32 37 37 38 67
PRINCE 432 115 295 685 271 289 463
PRINC2 393 111 298 637 260 249 457
SOC 261 141 149 386 130 149 159

Min* 261 52 95 123 58 79 159
Max* 1821 406 360 3178 271 1095 1542
Mean* 701 160 215 833 173 381 569
σ* 563 120 95 912 78 308 423
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Table 1.3: Change in DIC (µmol kg−1) at injection sites for the 1500-m injection C1500
(year 2099).

Bay of New Rio de San
Model Biscay York Janeiro Francisco Tokyo Jakarta Bombay
AWI 4165 308 313 1230 514 508 1209
CSIRO 143 79 52 112 158 97 248
IPSL(HOR) 465 125 130 297 162 196 329
IPSL(GM) 807 116 186 540 216 292 504
LLNL 236 197 183 298 220 285 224
MPIM 790 904 495 1565 360 811 826
PIUB 55 50 44 38 38 52 74
PRINCE 284 172 165 529 340 300 338
PRINC2 252 159 153 505 312 264 332
SOC 204 134 87 287 177 142 136

Min* 143 79 52 112 158 97 136
Max* 4165 904 495 1565 514 811 1209
Mean* 816 244 196 596 273 322 461
σ* 1280 256 134 483 119 218 345

Table 1.4: Change in DIC (µmol kg−1) at injection sites for the 3000-m injection C3000
(year 2099).

Bay of New Rio de San
Model Biscay York Janeiro Francisco Tokyo Jakarta Bombay
AWI 683 1222 1211 677 235 148 1966
CSIRO 231 162 109 88 133 70 198
IPSL(HOR) 511 163 145 411 195 201 321
IPSL(GM) 976 173 136 780 277 317 483
LLNL 210 207 157 210 125 218 298
MPIM 498 167 208 554 393 477 891
PIUB 53 45 41 30 30 39 55
PRINCE 417 495 366 451 371 517 834
PRINC2 409 497 359 447 357 499 761
SOC 264 242 113 413 217 209 250

Min* 210 162 109 88 125 70 198
Max* 976 1222 1211 780 393 517 1966
Mean* 467 370 312 448 256 295 667
σ* 244 348 351 213 100 165 554
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Table 1.5: Change in DIC (µmol kg−1) at injection sites for the 1500-m injection E1500
(year 2099).

Bay of New Rio de San
Model Biscay York Janeiro Francisco Tokyo Jakarta Bombay
AWI 4164 306 313 1230 513 508 1209
IPSL(HOR) 463 125 130 297 162 196 329
IPSL(GM) 806 114 185 540 216 292 504
MPIM 788 901 494 1565 360 811 826
PIUB 52 48 43 38 38 52 74
SOC 151 88 56 233 129 106 100

Min* 151 88 56 233 129 106 100
Max* 4164 901 494 1565 513 811 1209
Mean* 1274 307 236 773 276 383 594
σ* 1638 343 172 593 159 282 434

Local Changes in pH

For seawater, the simplest definition for pH, i.e., on the free pH scale is

pH = −log10([H
+])

where [H+] is the hydrogen ion concentration. Because of the logarithmic scale,
small changes in pH imply large changes in [H+]. For example, a reduction of
surface ocean pH of about 0.1 implies a 25% increase in [H+]; a reduction of 0.3
implies a doubling of [H+]; and a reduction of 1 implies a tenfold increase in [H+].
Although other scales are now commonly used to describe pH in seawater, namely
the total scale and the seawater scale (Dickson and Goyet, 1994), there is no need
to go into such details here because these differences are not important when we
are interested in changes due to injection of carbon into the deep ocean.

To compute pH, a key variable of the carbonate system, we used the standard
OCMIP carbonate chemistry. The equilibrium constantsK1 andK2 are those from
Mehrbach et al.(1973) refit to the seawater pH scale (Dickson and Millero, 1987);
KB, K1P , K2P , K3P , KSi andKW are fromMillero (1995); KS is from Dickson
(1990); andKF is fromDickson and Riley(1979). These are apparent equilibrium
constants, given in terms of concentrations, not activities. Constants are referenced
to the total pH scale, except forKS , which is on the free pH scale. We computed
changes in these equilibrium constants due to pressure according to the formula-
tions ofMillero (1995).

Analogous to the DIC increase, the decrease in pH (increase in [H+]) at an
injection site depends on how quickly injected carbon is transported and mixed
away from the injection point. Hence local changes in pH depend on local ocean
currents, local mixing, and the rate of injection. The simulated decline in pH at
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each injection site varies substantially among models (Figures1.3–1.6; Tables1.6–
1.9).

For a given model, injection site, and injection depth, changes in pH are nearly
constant throughout the injection period. Figures1.3–1.6 suggest that it takes
about 10 years for pH to reach the maximum reduction, which is relatively constant
throughout the injection period. However, this is merely an artifact of the frequency
of storage of the 3-D model output, the first year stored being 2010. Similarly, the
rapid return toward pre-injection pH levels just after the injection may be somewhat
faster than indicated, because around that time, model output is only available for
years 2100 and 2120.

In year 2099, the last year of the 100-year injection period, the range of pH
reduction is from 0.12 to 2.53 units, depending on the model, the injection site,
the injection depth. Local changes in pH differ because of model resolution and
ocean transport. Consistent with our results for DIC, the smallest perturbations in
pH are produced by the zonal mean model, PIUB, as would be expected because it
has the largest grid cells (spanning entire ocean basins and 10◦ in latitude). Thus,
when injected CO2 is instantaneously mixed throughout the grid cell, pH is reduced
immediately. Of course, mixing over an equivalent volume in the real ocean takes
much longer. The AWI and MPIM models produce the largest reductions in local
pH.

This analysis of pH comes as an added benefit to having compared model sim-
ulations in terms of their injection efficiency. It provides a first preliminary esti-
mate of local pH changes that would occur during purposeful sequestration of CO2

in the ocean. That said, the obvious deficiency of coarse-resolution models means
that a high-resolution model study would most likely provide more reasonable esti-
mates. Ultimately, local, small-scalein situ injection experiments would probably
be needed to refine very high-resolution model estimates of local changes in pH
and DIC.
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Figure 1.3: Local pH at the seven injection sites during the 800-m injection scenario
C800for the GOSAC models

Table 1.6: Change in pH for at injection sites for the 800-m injection C800 (year 2099).

Bay of New Rio de San
Model Biscay York Janeiro Francisco Tokyo Jakarta Bombay
AWI -1.92 -1.08 -0.63 -1.67 -0.56 -1.38 -1.57
CSIRO -0.74 -0.16 -0.24 -0.29 -0.33 -0.17 -0.89
IPSL(HOR) -1.37 -0.13 -0.29 -1.11 -0.15 -0.68 -1.00
IPSL(GM) -1.53 -0.12 -0.43 -1.51 -0.13 -1.12 -1.34
MPIM -1.98 -0.78 -1.03 -2.43 -0.45 -1.88 -2.08
PIUB -0.17 -0.15 -0.08 -0.08 -0.08 -0.09 -0.15
PRINCE -1.11 -0.33 -0.88 -1.49 -0.80 -0.85 -1.21
PRINC2 -1.04 -0.32 -0.89 -1.43 -0.78 -0.74 -1.20
SOC -0.78 -0.37 -0.39 -1.08 -0.30 -0.34 -0.36

Min -1.98 -1.08 -1.03 -2.43 -0.80 -1.88 -2.08
Max -0.74 -0.12 -0.24 -0.29 -0.13 -0.17 -0.36
Mean -1.31 -0.41 -0.60 -1.38 -0.44 -0.90 -1.21
σ 0.48 0.34 0.30 0.61 0.26 0.56 0.50
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Figure 1.4: Local pH at the seven injection sites during the 1500-m injection scenario
C1500for the GOSAC models

Table 1.7: Change in pH for at injection sites for the 1500-m injection C1500 (year 2099)

Bay of New Rio de San
Model Biscay York Janeiro Francisco Tokyo Jakarta Bombay
AWI -2.34 -0.90 -0.93 -1.81 -1.30 -1.28 -1.78
CSIRO -0.39 -0.19 -0.12 -0.27 -0.40 -0.22 -0.70
IPSL(HOR) -1.19 -0.31 -0.30 -0.80 -0.36 -0.48 -0.88
IPSL(GM) -1.53 -0.30 -0.51 -1.36 -0.56 -0.87 -1.28
MPIM -1.60 -1.69 -1.29 -2.05 -0.99 -1.67 -1.69
PIUB -0.15 -0.12 -0.10 -0.08 -0.08 -0.12 -0.17
PRINCE -0.84 -0.54 -0.45 -1.31 -0.99 -0.89 -0.98
PRINC2 -0.77 -0.50 -0.42 -1.28 -0.93 -0.80 -0.97
SOC -0.60 -0.35 -0.19 -0.77 -0.42 -0.32 -0.30

Min -2.34 -1.69 -1.29 -2.05 -1.30 -1.67 -1.78
Max -0.39 -0.19 -0.12 -0.27 -0.36 -0.22 -0.30
Mean -1.16 -0.60 -0.53 -1.21 -0.74 -0.82 -1.07
σ 0.64 0.49 0.40 0.58 0.35 0.49 0.50
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Figure 1.5: Local pH at the seven injection sites during the 3000-m injection scenario
C3000for the GOSAC models

Table 1.8:Change in pH for at injection sites for the 3000-m injection C3000 (year 2099).

Bay of New Rio de San
Model Biscay York Janeiro Francisco Tokyo Jakarta Bombay
AWI -1.42 -1.63 -1.77 -1.47 -0.70 -0.41 -2.02
CSIRO -0.65 -0.43 -0.27 -0.21 -0.33 -0.16 -0.54
IPSL(HOR) -1.30 -0.43 -0.34 -1.13 -0.45 -0.49 -0.89
IPSL(GM) -1.70 -0.48 -0.33 -1.59 -0.77 -0.89 -1.26
MPIM -1.29 -0.42 -0.49 -1.39 -1.09 -1.26 -1.72
PIUB -0.12 -0.10 -0.09 -0.07 -0.07 -0.09 -0.12
PRINCE -1.13 -1.24 -1.04 -1.19 -1.05 -1.29 -1.57
PRINC2 -1.12 -1.23 -1.03 -1.18 -1.03 -1.26 -1.51
SOC -0.78 -0.69 -0.25 -1.14 -0.53 -0.51 -0.64

Min -1.70 -1.63 -1.77 -1.59 -1.09 -1.29 -2.02
Max -0.65 -0.42 -0.25 -0.21 -0.33 -0.16 -0.54
Mean -1.17 -0.82 -0.69 -1.16 -0.74 -0.78 -1.27
σ 0.34 0.48 0.54 0.42 0.29 0.45 0.53
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Figure 1.6: Local pH at the seven injection sites during the 1500-m injection scenario
E1500for the GOSAC models.

Table 1.9:Change in pH for at injection sites for the 1500-m injection E1500 (year 2099).

Bay of New Rio de San
Model Biscay York Janeiro Francisco Tokyo Jakarta Bombay
AWI -2.32 -0.88 -0.93 -1.81 -1.29 -1.27 -1.78
IPSL(HOR) -1.17 -0.32 -0.30 -0.81 -0.36 -0.48 -0.88
IPSL(GM) -1.48 -0.31 -0.52 -1.36 -0.57 -0.87 -1.28
MPIM -1.56 -1.66 -1.29 -2.05 -0.99 -1.67 -1.69
PIUB -0.15 -0.13 -0.10 -0.08 -0.08 -0.12 -0.17
SOC -0.45 -0.23 -0.12 -0.59 -0.29 -0.23 -0.21

Min -2.32 -1.66 -1.29 -2.05 -1.29 -1.67 -1.78
Max -0.45 -0.23 -0.12 -0.59 -0.29 -0.23 -0.21
Mean -1.40 -0.68 -0.63 -1.32 -0.70 -0.90 -1.17
σ 0.68 0.61 0.48 0.63 0.43 0.58 0.64



1.6. RESULTS 21

Global Efficiency

The efficiency of injection may be calculated in different ways, depending on the
scenario used for the simulation. We calculate the injection efficiencyEi as

Ei =
Mo

Mi
(1.1)

whereMo is the total mass of injected CO2 that remains in the ocean, andMi is
the total mass of CO2injected since the start of the simulation (year 2000). The ef-
ficiency calculated in this way is particularly useful to compare models. It requires
that all models be forced to follow the same trajectory of atmospheric CO2 as is
the case for our standard simulations, C800, C1500, and C3000. ThusEi differs
among models due to leakage of injected CO2, but not due to different rates of
ocean uptake of anthropogenic CO2.

Conversely, earlier studies were interested in determining net benefit. In these
studies, which include our test case (Orr and Aumont, 1999) and the optional
GOSAC simulation E1500, atmospheric CO2 differs among models and does not
follow a prescribed trajectory. Instead atmospheric CO2 is determined by prescrib-
ing fossil emissions, including an emissions reduction term during the 100-year
injection period, and accounting for simulated air-sea CO2 fluxes. For these simu-
lations we can simply compute the Total Efficiency

Et =
∆Ma

∆E
(1.2)

where∆Ma is the reduction in atmospheric CO2 and∆E is the reduction in emis-
sions due to sequestration. From this we may also compute what we term as the
Permanent Efficiency

Ep =
Et

EtP
(1.3)

whereEt is the Total Efficiency andEtP is the Total efficiency for permanent
sequestration (i.e., storage without return to the atmosphere). An example of per-
manent storage would be geological sequestration, with no storage. Permanent
storage is not 100% efficient because it results in lower atmospheric CO2 relative
to a do-nothing scenario (control run). This in turn results in a lower air-to-sea CO2

flux F , as can be seen from the standard equation used in the model simulations:

F = Kg(pCO2a − pCO2o) (1.4)

HereKg is the gas transfer coefficient,pCO2a is atmospheric pCO2 andpCO2o is
oceanic pCO2. The global efficienciesEi, Et, andEp are not perfectly comparable.
However,Ei is similar in magnitude toEp, andEp can be substantially larger than
theirEt.

Results from the standard simulations (C800, C1500, and C3000) confirm our
basic conceptual understanding of the ocean: deep waters below the permanent
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Figure 1.7: The global injection efficiencyEi (the mass of injected CO2 that remains in
the ocean / the total injected since the start of injection) for injection at (a) 800 m, (b) 1500
m, and (c) 3000 m.

thermocline are known remain isolated from the surface for long periods relative
to waters above. These simulations quantify this conceptual understanding, not in
terms of the more typical “ventilation age”, but in terms of a leakage or storage
efficiency as defined in equations above. A range of efficiencies is provided by the
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Figure 1.8: The total injection efficiencyEt (the reduction in atmospheric CO2 / the
reduction in emissions due to sequestration) for the prescribed 1500-m injection simulation
(E1500).

diverse group of models that participated in the GOSAC-OCMIP comparison. For
the deep, 3000-m injection (C3000) all models had 97% or greater efficiency at the
end of the 100-year injection period, i.e., in year 2100 (Fig.1.7c, Table1.12). A
hundred years later (year 2200), one century after the end of the 100-year injection
period, injection efficiency at 3000 m was 85% or more in all models. After 500
years, the 3000-m efficiency ranged from 48 to 82%. For intermediate, 1500-m in-
jection (C1500) the injection efficiencyEi was less: was 81–96% after 100 years,
60–83% after 200 years, and 28-57% after 500 years (Fig.1.7b, Table1.11). Con-
tinuing 1500-m injection beyond the standard 100-year period in the SOC model
showed an increase in efficiency from 66% to 77% in year 2200 and from 38%
to 58% in year 2500. For shallow injection, at 800 m, efficiencies were lowest:
65–84% after 100 years, 41–61% after 200 years, and 15–38% after 500 years
(Fig. 1.7c, Table1.11.

As expected, the Total EfficiencyEt from the GOSAC-OCMIP model sim-
ulations with the E1500 scenario (Fig.1.8) is much less than the Injection Effi-
ciencyEi with the C1500 scenario(Fig.1.7b). Near the end of the simulation, the
range in model estimates (in %) from the E1500 scenario is simlar to that with the
C1500 scenario. That range of model estimates is around 25% and spans about
2/3 of the range ofEt found with the just IPSL model for results from 800-m and
3000-m injections under another emissions scenario (Orr and Aumont, 1999). The
IPSL(HOR) simulation reveals substantially largerEt than do the other models.
However, IPSL(HOR) could still provide a better estimate of real ocean behaviour,
given that it simulates more realistic deep-ocean natural∆14C (see Fig.1.18). As
will be discussed later, that model evaluation indicates that deep waters in the other
models are too “young” with respect to natural∆14C, meaning surface-deep ex-
change is excessive and that injection efficiencies could be too low.
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Table 1.10: Global Efficiency Ei (%) for the 800-m injection (Simulation C800)

Model Year= 2099 2200 2300 2400 2499
AWI 65.0 41.2 32.4 26.8 22.7
CSIRO 81.7 51.0 33.9 23.8 17.3
IPSL(HOR) 82.7 61.4 49.7 42.7 38.0
IPSL(GM) 74.5 49.0 36.2 28.8 23.9
LLNL 74.5 43.3 31.0 24.9 21.4
MPIM 82.6 53.6 38.5 30.1 24.6
PIUB 82.2 46.2 29.6 20.4 14.7
PRINCE 83.6 55.6 39.7 30.2 24.1
PRINC2 78.0 45.4 30.3 22.3 17.4
SOC 79.0 53.6 42.1 34.7 29.2
Max−Min 18.6 20.2 20.0 22.3 23.3
σ 5.8 6.2 6.3 6.6 6.7
Mean 78.4 50.0 36.3 28.5 23.3
Median 80.4 50.0 35.0 27.8 23.3
Wt. Mean (CFC-11) 78.1 50.1 36.4 28.5 23.3
Wt. Mean (Deep Pacific Nat.∆14C) 78.5 49.5 35.9 28.3 23.5
Full Range 65–84 41–61 32–42 22–43 15–38
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Table 1.11: Global Efficiency Ei (%) for the 1500-m injection (Simulation C1500)

Model Year= 2099 2200 2300 2400 2499
AWI 81.0 60.1 49.0 41.0 34.7
CSIRO 91.5 71.8 54.5 41.5 32.1
IPSL(HOR) 91.4 80.0 70.5 62.8 56.7
IPSL(HOR) 89.0 71.5 57.1 46.6 39.1
LLNL 93.6 76.4 63.4 54.8 48.7
MPIM 94.3 78.4 64.0 53.0 44.5
PIUB 96.5 74.7 52.6 37.9 28.5
PRINCE 95.4 82.9 70.7 60.8 53.0
PRINC2 93.6 76.0 60.8 49.9 42.1
SOC 88.1 66.4 53.2 44.3 37.5
Max−Min 15.5 22.8 21.7 24.9 28.2
σ 4.5 6.7 7.5 8.5 9.1
Mean 91.4 73.8 59.6 49.3 41.7
Median 92.5 75.4 58.9 48.2 40.6
Wt. Mean (CFC-11) 90.9 72.9 59.0 48.9 41.5
Wt. Mean (Deep Pacific Nat.∆14C) 92.3 74.7 60.7 50.7 43.4
Full Range 81–96 60–83 49–71 41–61 32–57
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Table 1.12: Global Efficiency Ei (%) for the 3000-m injection (Simulation C3000)

Model Year= 2099 2200 2300 2400 2499
AWI 97.2 84.7 71.2 58.9 48.6
CSIRO 97.6 91.9 83.9 74.5 65.1
IPSL(HOR) 99.0 97.7 93.8 88.6 83.1
IPSL(GM) 96.7 88.4 78.2 68.2 59.3
LLNL 99.6 96.5 90.2 83.1 76.2
MPIM 99.7 96.9 90.6 82.5 74.2
PIUB 99.9 97.9 92.3 84.5 76.2
PRINCE 100.0 99.7 98.4 95.9 92.7
PRINC2 99.9 98.4 93.9 87.2 80.0
SOC 97.3 85.2 72.6 62.1 53.4
Max−Min 3.3 15.0 27.2 37.0 44.1
σ 1.3 5.7 9.5 12.2 13.9
Median 99.3 96.7 90.4 82.8 75.2
Mean 98.7 93.7 86.5 78.6 70.9
Wt. Mean (CFC-11) 98.3 92.0 83.9 75.5 67.7
Wt. Mean (Deep Pacific Nat.∆14C) 99.0 94.5 87.6 80.0 72.6
Full Range 97–100 85–100 71–98 59–96 49–93
Mean Deep∆14C-Limited Range − 92–98 84–94 74–89 65–83
CFC-11 Limited Range − 85–98 73–91 62–84 53–76
CFC-11 &∆14C-Limited Range 92–98 84–91 74–84 65–76
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Site Efficiencies

Most of the models simulate that for the 1500-m injection, the Pacific (San Fran-
cisco, Tokyo) sites are more efficient than those in the Atlantic (New York, Bay
of Biscay, and Rio de Janeiro), and that injection in the Indian Ocean yields inter-
mediate efficiencies (Figs.1.9, 1.10, and1.11). All but the zonal-average model
(PIUB) simulate that for the 1500-m injection, San Francisco is most efficient.

Figure 1.9: Injection efficienciesEi for the800-m injectionat each of the seven injection
sites.



1.6. RESULTS 28

Figure 1.10: Injection efficienciesEi for the 1500-m injection at each of the seven
injection sites.

Five of the eight of the models simulate that for the 1500-m simulation, injection
offshore of New York is least efficient.



1.6. RESULTS 29

Figure 1.11: Injection efficienciesEi for the 3000-m injection at each of the seven
injection sites.
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Storage and Loss of Injected CO2

Some understanding of why site efficiencies differ comes from studying distribu-
tions of the storage and loss of injected CO2. At the end of the first 100 years for the
3000-m injection, models have similar patterns of ocean storage (Fig.1.12). Dif-
ferences between models become more pronounced with time, as can be deduced
from the cumulative loss of injected CO2 at the end of the simulation (Fig.1.13).
Loss is not uniform over the surface ocean, but patterns show some similarity
among models. Virtually all models loose most of their injected CO2 from the
Southern Ocean, which we define here as latitudes south of 30◦S, a region that
comprises 31% of the total surface area of the global ocean. Yet, models differ
in how much and exactly where injected CO2 is lost from the Southern Ocean.
All models also loose injected CO2 from the North Atlantic, with the AWI model
loosing a particularly large amount and the PRINCE loosing very little. These
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Figure 1.12: Maps of cumulativestorage of injected CO2 (column integral in
Pg C degree−1) at the end of the injection period (year 2100).
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same two models are the upper and lower limits for the 3000-m global injection
efficiency. (Fig1.8).

For brevity and to clearly visualise basin-scale differences, the remaining anal-
ysis in this section focuses on zonal integrals, i.e., the mass of carbon stored or lost
per band of latitude. Around half of CO2 from the 800-m and 1500-m injections is
lost from the northern hemisphere, whereas most of CO2 from the 3000-m injection
is lost south of 30◦S (Fig.1.14). This is notable because five of the seven injection
sites are located in the Northern Hemisphere. With time, the effect of ocean mixing
nearly homogenises the distribution of injected CO2 in the deep-ocean (compare
Figs.1.16and1.17) enhancing loss from the Southern Ocean (Fig.1.14), which
dominates deep-water ventilation in all the models. Although the southern region
occupies about 31% of the surface area of the global ocean, loss is enhanced there
owing to generally more efficient exchange between the surface and deep ocean.

For the 3000-m injection, all sites were more efficient, and injection site effi-
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Figure 1.13: Maps of cumulativelossof injected CO2 (in mol m−2) from the ocean to
the atmosphere at the end of the simulation (2500).
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ciencies were more tightly grouped for each model (Fig.1.11). Western boundary
sites (New York and Tokyo) improved more in efficiency relative to other sites.
For injection at 3000 m off New York, less CO2 was able to escape from the North
Atlantic. Instead more of it moves southward, along a longer pathway, for eventual
loss from the Southern Ocean. All other sites in the 1500-m and 3000-m injection
simulations lost most of their CO2 from the Southern Ocean (Fig.1.14). Some of
these results are described inOrr et al. (2001).

In 6 of the 10 models, New York is the least efficient site for the 1500-m injec-
tion (Fig.2.3). because much of what is injected there is also transported northward
and lost from the North Atlantic (Fig.1.14).
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Figure 1.14:Global zonal integral of cumulativelossof injected CO2 (in Pg C degree−1)
from the ocean to the atmosphere by the end of the simulation (i.e., total lost during 2000–
2500).
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Figure 1.15: Zonal integral cumulativestorage of injected CO2 (column integral in
Pg C degree−1) in year 2100, in the last year of the 100-year injection period.
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Figure 1.16: Zonal integral cumulativestorage of injected CO2 (column integral in
Pg C degree−1) in year 2200, 100 years after the end of the 100-year injection period.
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Figure 1.17: Zonal integral cumulativestorage of injected CO2 (column integral in
Pg C degree−1) in year 2500, i.e., the end of the simulation.
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Evaluation of Injection Results

Only models can predict how efficient the ocean is in sequestering CO2 by direct
injection. Data is not available to directly evaluated model results due to the cen-
tury time scales required for the deep ocean waters to mix and be brought back to
the surface. Yet model results can be evaluated indirectly by relying on trace con-
stituents dissolved in seawater whose concentrations are affected by ocean circula-
tion and for which there exist extensive measurements throughout the world ocean.
These are commonly called tracers by the oceanographic community. If a model’s
simulated ocean tracer distribution corresponds reasonably well with measured dis-
tributions then we can have more confidence in a model’s prediction, particularly if
there is some correlation between the tracer and injected CO2. Conversely, if there
is little correspondence, then that model’s prediction is less likely to correspond to
real ocean behaviour. Below we present a brief quantitative evaluation of model
skill based on the two best constrained ocean circulation tracers that are relevant
to injected CO2. Furthermore we show the relationship between simulated global
injection efficiency and simulated global numbers for each tracer. Finally we use
these relationships and the model-data evaluation to provide best-guess weighted
efficiencies as well as to narrow the uncertainty range for the 3000-m injection
efficiency.

Natural Radiocarbon:

Radiocarbon (14C) is a particularly useful ocean tracer. After being produced nat-
urally by cosmogenic radiation in the atmosphere, it invades the ocean via gas
transfer at the air-sea interface. At the ocean’s surface, waters are enriched in nat-
ural C-14, and subsequently they are mixed throughout the ocean. All the while,
14C undergoes radioactive decay (half-life of 5730 years). Oceanographers exploit
the14C loss rate as a means to measure how long deeper waters have been isolated
from the surface ocean. Measurements of14C have been made throughout the
world’s oceans in order to estimate the ventilation age of interior waters, i.e.,the
separation time of deep waters from the surface. For example, the ventilation age
of the deep North Pacific, where we find the most14C-depleted waters in the world,
is about 1000 years. Radiocarbon is normally reported as the14C/12C ratio, rela-
tive to the ratio in the preindustrial atmosphere. This ratio is expressed in so-called
∆ notation, where the standard reference is assigned a value of 0h. In these units,
natural levels of the14C/12C vary from -40 to -260hin the ocean. In other words,
deep waters may be depleted by up to 26% relative to the preindustrial atmosphere.

During OCMIP we evaluated modelled deep-ocean circulation by comparing
simulations of radiocarbon to data (e.g., see Figs.1.18and1.19. Clearly, all mod-
els do not exhibit the same skill. Yet the range of model estimates does bracket the
observed value for average deep-ocean∆14C of -170h(Toggweiler et al., 1989c):
the “youngest” model AWI has deep∆14Cthat is too high (-120h) and the “old-
est” model PRINCE has deep∆14C that is too low (-250h). The same two mod-
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Figure 1.18: Observed radiocarbon on WOCE section P16 in the Pacific Ocean along
155◦W vs. simulated natural14C sampled from ten OCMIP-2 models along the same sec-
tion.

els serve as upper and lower limits to the range of GOSAC/OCMIP-2 simulated
global efficiencies for the 3000-m injection in year 2500 (49–93%). This suggests
that this range of efficiencies would also bracket real ocean behaviour, given the
same 3000-m injection scenario (Orr et al., 2003). Following this lead, we ex-
amined the correlation between the simulated global injection efficiency and the
simulated mean deep-ocean radiocarbon, an indicator of ventilation age. For the
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Figure 1.19: Taylor (2001) diagram of deep natural∆14C(below 1500 m) in the Pacific
Ocean. A Taylor diagram provides a quick quantitative synthesis of four global summary
statistics. To read a Taylor diagram (an r-θ or polar plot), one begins by comparing a
model’s standard deviationσf (the radiusr) to the standard deviationσr of the data. First,
if a model exhibits less overall variance than that of the data, its symbol (coloured circle)
has anr which is less than the black reference curve. Second, the angleθ of the Taylor
diagram indicates the correlation coefficient between the model and the data reference. If
a model were perfect, it would lie along the X-axis, right on top of the reference point.
The data reference is a compilation of all existing WOCE∆14C measurements, which has
been objectively mapped to a 1◦×1◦ grid (R. M. Key, personal communication). Third,
the distance from the appropriate reference point to a given model represents that model’s
central pattern root mean square (r.m.s) difference between the two fieldsE′, also known
as the “pattern error”. Finally, the biasE (a scalar indicating the difference between the
spatio-temporal mean of each of the two fields) is indicated by the colour which fills each
of the symbols; the range for each colour is indicated by the colour key to the right of the
plot. Note that units forE, E′, σf , andσr are identical (h) and that the total r.m.s. error
E is the quadratic sum of biasE and pattern errorE′ (i.e.,E2 = E2 + E′2).

3000-m injection in year 2500,R2 = 0.57 (Fig. 1.20) for the linear least-squares
fit between the global efficiency and the global mean deep natural∆14C. This cor-
relation supports using the extensive database of measurements of natural∆14C
in the deep ocean to provide narrower, more realistic limits for the global ocean
3000-m injection efficiency. A conservative estimate of the global mean for deep-
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ocean natural∆14C is−170 ± 25h. Five models (CSIRO, IPSL (HOR), LLNL,
MPIM, PRINC2) fall within this range. Using only their efficiencies, we compute
a narrower “∆14C-limited range” of 65–83% for the 3000-m injection efficiency at
the end of the simulation; the same method is used to compute the efficiency range
at other times throughout the simulation (Table1.12). We did not apply the same
technique to shallower injections, because∆14C and injection efficiency show lit-
tle correlation for the 1500-m injection and essentially no correlation for the 800-m
injection (Fig.1.20).
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Figure 1.20: Comparison of the simulated global efficiencies in year 2499 for injection
at 800 m (blue), 1500 m (red) and 3000 m (black) with simulated CFC-11, total∆14C,
and bomb14C. The top panel shows the correlation with the global ocean inventory of
CFC-11 (Dutay et al., 2002). The middle panel panel shows correlation with the global
mean∆14C below 1000 m (weighted by volume). The bottom panel shows the correlation
with the bomb C-14 penetration depth in 1975. Dashed lines indicate data-based estimates
for the CFC-11 inventory (4.9 × 108mol) (Willey et al., 2004), mean deep-ocean∆14C
(170h) (Toggweiler et al., 1989b), and for the mean bomb14C penetration depth (390 m)
(Broecker et al., 1995). The dotted line (bottom panel) is an alternative estimate of the
bomb14C inventory (Hesshaimer et al., 1994) that is 25% lower; more recent analysis also
suggests that the latter is more realistic (S. Peacock, manuscript in preparation).
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CFC-11 Inventory:

Oceanographers use another tracer CFC-11 for different purposes, to track waters
that have been ventilated through air-sea gas exchange within recent decades. This
man-made, inert tracer was first produced in the 1930’s. Its inadvertent release
to the atmosphere gradually increased until the 1970’s when evidence of poten-
tially massive ozone destruction by such compounds, resulted in the enactment
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Figure 1.21: Observed and simulated CFC-11 along the AJAX section taken in 1983.
Concentrations are in mol m−3.
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of the Montreal Protocol. The campaign to make precise measurements of CFC-
11 throughout the ocean began in the 1980’s. Due to these efforts, particularly
during the World Ocean Circulation Experiment (WOCE) in the 1990’s, we now
have an extensive, global database. To exploit that database for model evalua-
tion, the OCMIP-2 modelling groups made standard simulations for CFC-11 and
compared results to data (e.g., Fig.1.21). A quantitative summary of the models’
ability to reproduce observed patterns of the global map of the CFC-11 inventory
(column integral) is presented in terms of 4 summary statistics in aTaylor (2001)
diagram (Fig.1.22). Overall, most models generally capture the observed spatial
distribution of the column inventory (R andσ) , but there is a large range for the
bias (model mean− observed mean for the global inventory). More detail on the
OCMIP-2 model evaluation with CFC-11 is provided in a recent OCMIP-2 publi-
cation on this subject (Dutay et al., 2002).

There is a strong correlation (R2 = 0.81) between the global inventory of
CFC-11 and the global efficiency of the 3000-m injection (Fig.1.20a). On the
other hand, there is no correlation of the global CFC-11 inventory with the 800-
m injection and only a slight correlation (R2 = 0.31) with the 1500-m injection.
Although we expected to find some correlation of the 3000-m injection efficiency
with natural14C, a tracer of deep-ocean circulation, we did not think there would
be much of a relationship with CFC-11. That is, CFC-11 is a man-made transient
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Figure 1.22:Taylor Diagram for the annual mean map of the column integral (inventory)
of CFC-11 See Fig.1.19for further explanation of how to read such a plot.
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tracer that only started being released to the atmosphere in the 1930’s. Relative
to natural14C, CFC-11 has had relatively little time for a substantial proportion to
invade the deep ocean. Thus it came as a surprise that the correlation of the 3000-m
injection efficiency with the global uptake of CFC-11 (R2 = 0.81) is even stronger
than it is for natural∆14C (R2 = 0.57) (Orr et al., 2003). One explanation for
the correlation is that the global subduction rate, which limits the rate of global
ocean uptake of CFC-11, is equal and opposite to the global obduction rate, which
probably limits loss to the atmosphere of CO2 injected into the deep ocean. It
turns out that most of this CFC-11 uptake and most of the loss of CO2 injected at
3000 m occur in the same key region, the Southern Ocean. A second argument for
the correlation is that both CFC-11 and injected CO2 are transient tracers; natural
∆14C is not a transient tracer.

With an analogous approach to that taken in the previous section for natural
∆14C, we computed the “CFC-limited range” for the 3000-m injection efficiency
at the end of the simulation (53–76%) as well as at other times (Table1.12). As
for natural∆14C we avoided applying the same technique to shallower injections,
where theR2 for the CFC-11 vs. injection efficiency relationship indicates little or
no correlation (Fig.1.20). The CFC-11 limited range overlaps the∆14C-limited
range, but is slightly lower and wider. Accounting for constraints from both CFC-
11 and natural∆14C, simultaneously, further narrows the efficiency range to 65–
76% for the 3000-m injection in year 2500. The efficiency for previous years is
likewise narrower, with a maximum range of about±5%. These results have also
been detailed inOrr et al. (2003) andOrr et al. (2004).
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1.7 Future Work

Ocean models provide the only means to estimate the efficiency of direct injec-
tion. Ten ocean general circulation models (OGCM) have been compared in the
GOSAC project to obtain site-specific efficiencies and to provide a first estimate
of associated uncertainties. Although now numerous, all OGCM’s that have been
used for purposeful sequestration studies have employed coarse-resolution grids,
which are unable to resolve important subgrid-scale processes (e.g., eddies, bound-
ary currents, convection). Properly accounting for these processes and their effect
on large-scale transport could substantially alter model predictions of CO2 seques-
tration efficiency. Although, global-scale OGCM’s are now becoming available
which do resolve these processes, their high resolution means that they can only be
integrated for relatively short periods, about 10 years. An important challenge is
then to make long simulations of direct injection in high resolution OGCM’s. Con-
tinued developments in supercomputing, e.g., theEarth Simulator in Japan, may
make it possible to make such a long high-resolution, injection simulation within
a few years. New innovative approaches also need to be developed to accelerate
such simulations.

Simulations of several millennia are required to study the present-day ocean
carbon cycle and its perturbation due to deep CO2 injection. Ocean carbon-cycle
modellers already accelerate coarse-resolution simulations by exploiting archived
fields of advection and mixing from an OGCM (offline), thereby avoiding the
costly re-computation of ocean dynamics (online). In the future, further accel-
eration of offline carbon-cycle simulations could be obtained by switching from an
Eulerian to a Lagrangian approach. An Eulerian approach tracks fluxes into and out
of fixed grid points; a Lagrangian approach tracks concentrations of moving wa-
ter parcels and their exchange with one another. Such a Lagrangian approach has
been used successfully in atmospheric chemistry modelling (Taylor, 1989). Work
with other atmospheric Eulerian models suggests that a Lagrangian approach could
accelerate simulations by 100 times or more, but that is highly model dependent.
Further acceleration should also be possible if the Lagrangian method were to be
combined with another method used to accelerate offline Eulerian ocean models
by a factor of twenty (Aumont et al., 1998). By combining acceleration methods
it could become routine to make such high-resolution simulations on moderate-
size supercomputers. The primary objective of this work would be to evaluate
the impact of eddies on the large-scale transport of injected carbon. Ultimately,
high-resolution simulations should provide improved capability to simulate crucial
regions such as the Southern Ocean, where most of the injected CO2 is lost in
coarse-resolution models but also where the same models differ most.

The classical method to compute efficiencies at a given injection site by running
a simulation forward for many hundreds of years is tedious and computer intensive.
New more efficient methods are being developed to to estimate injection efficien-
cies: (1) an approach with an adjoint model aims to simultaneously compute effi-
ciencies at all grid cells for a given depth level (Follows and Hill, MIT, personal
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communication), and (2) an approach relying on a Greens Function–Pulse input re-
sponse function for each site could be used with many different atmospheric CO2

scenarios (H. Khesghi, Exxon, GHGT-5). Further development of these methods
should be encouraged.
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Figure 2.1: Site injection efficienciesEi for the 800-m injection for each of the ten
GOSAC-OCMIP models.
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Figure 2.2: Site injection efficienciesEi for the 1500-m injection for each of the ten
GOSAC-OCMIP models.
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Figure 2.3: Site injection efficienciesEi for the 3000-m injection for each of the ten
GOSAC-OCMIP models.
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(a) (b)

(c) (d)

Figure 2.4: Zonal integral in theAtlantic Ocean basin of (a) thecumulative lossof
injected CO2 in year 2500 and (b) thecolumn inventory of injected CO2 in year 2100 as
well as in years (c) 2200 and (d) 2500.
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(a) (b)

(c) (d)

Figure 2.5: Zonal integral in theIndian Ocean basin of (a) thecumulative lossof
injected CO2 in year 2500 and (b) thecolumn inventory of injected CO2 in year 2100 as
well as in years (c) 2200 and (d) 2500.
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(a) (b)

(c) (d)

Figure 2.6: Zonal integral in thePacific Oceanbasin of (a) thecumulative lossof
injected CO2 in year 2500 and (b) thecolumn inventory of injected CO2 in year 2100 as
well as in years (c) 2200 and (d) 2500.



Supplementary Figures 54

(a) (b)

(c) (d)

Figure 2.7: Zonal integral of CO2 injected in theBay of Biscayin terms of (a)cumula-
tive loss(sea-to-air flux) in year 2500 and (b)column inventory (ocean storage) in year
2100 as well as in years (c) 2200 and (d) 2500.
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(a) (b)

(c) (d)

Figure 2.8: Zonal integral of CO2 injected offshore ofNew York in terms of (a) its
cumulative loss(sea-to-air flux) in year 2500 and (b) itscolumn inventory (ocean storage)
in year 2100 as well as in years (c) 2200 and (d) 2500.
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(a) (b)

(c) (d)

Figure 2.9: Zonal integral of CO2 injected offshore ofRio de Janeiro in terms of (a)
its cumulative loss(sea-to-air flux) in year 2500 and (b) itscolumn inventory (ocean
storage) in year 2100 as well as in years (c) 2200 and (d) 2500.
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(a) (b)

(c) (d)

Figure 2.10: Zonal integral of CO2 injected offshore ofSan Franciscoin terms of (a)
its cumulative loss(sea-to-air flux) in year 2500 and (b) itscolumn inventory (ocean
storage) in year 2100 as well as in years (c) 2200 and (d) 2500.
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(a) (b)

(c) (d)

Figure 2.11: Zonal integral of CO2 injected offshore ofTokyo in terms of (a) itscumu-
lative loss(sea-to-air flux) in year 2500 and (b) itscolumn inventory (ocean storage) in
year 2100 as well as in years (c) 2200 and (d) 2500.
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(a) (b)

(c) (d)

Figure 2.12: Zonal integral of CO2 injected offshore ofJakarta in terms of (a) itscu-
mulative loss(sea-to-air flux) in year 2500 and (b) itscolumn inventory (ocean storage)
in year 2100 as well as in years (c) 2200 and (d) 2500.
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(a) (b)

(c) (d)

Figure 2.13: Zonal integral of CO2 injected offshore ofBombay in terms of (a) its
cumulative loss(sea-to-air flux) in year 2500 and (b) itscolumn inventory (ocean storage)
in year 2100 as well as in years (c) 2200 and (d) 2500.
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3.1 Introduction

To help reduce the rate of increase of atmospheric CO2, one could in principle
divert CO2 emissions from coastal power plants to the deep ocean and thereby
short-circuit the naturally slow air-sea exchange of CO2 (Marchetti, 1977). How-
ever two key scientific questions remain to be answered before such a practice
could ever be implemented. Accurate answers to these questions are needed in
order to fully address other crucial concerns—socioeconomic, political, legal, and
technological—all of which must play a role in future decisions that governments
must make concerning possible mitigation strategies. The first of these scientific
questions is, ”how extensively would deep-ocean injection affect the marine biota
in the vicinity of the injection site?” The second question is, ”if fossil CO2 is to be
injected into the ocean, how long might it stay isolated from the atmosphere?”

Our focus is on the second question, using the only means available, simu-
lations in global-scale ocean models. Previous studies have addressed this same
question, first with relatively simplistic box models and subsequently with one
ocean general circulation model (OGCM) from MPI. A good summary of previous
work is provided byDewey et al.(1996). OGCM’s describe ocean circulation in
three dimensions. Thus they can be used to make assessments concerning the de-
pendence of injection site location and depth upon the effectiveness of the ocean
to retain sequestered CO2. Unfortunately, model estimates can be biased due to
model simplifications, omissions, and uncertainties. Substantial effort is usually
required in regards to model validation and comparison before one can be sure of
predicted results.

Here we provide the necessary protocols, boundary conditions, and code so
that different groups using different OGCM’s can make ocean CO2 injection sim-
ulations in a consistent manner. Our objective is to begin to estimate the effect of
uncertainties in model-predicted ocean circulation patterns on model-based esti-
mates of the long term retention of CO2 injected in the ocean. This work is carried
out under the framework of GOSAC (Global Ocean Storage of Anthropogenic Car-
bon), an international effort during 1998 to 2000, which is jointly funded by the
EC Environment and Climate Programme and the IEA Greenhouse Gas R& D
Programme. GOSAC also provides support for European modeling groups to par-
ticipate in the Ocean Carbon-Cycle Model Intercomparison Project (OCMIP), a
project of the Global, Anlysis, Interpretation, and Modeling Task Force (GAIM) of
the International Geosphere-Biosphere Programme (IGBP). Simulations described
here are required for the seven GOSAC modeling groups. Non-european modeling
groups (those not funded by GOSAC) are also strongly encouraged to make the
simulations described in this document and to submit results for common analysis.

The protocols stipulated in this document are nearly the same as those tested
in one of the GOSAC models, i.e., that from IPSL.Orr and Aumont(1999) discuss
those preliminary tests and compare results to previous work.
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3.2 Recuperation of files by ftp:

OCMIP-2 files

All injection simulations are to be made with an abiotic ocean. They must comply
with previous OCMIP-2 guidelines, namely the abiotic simulation for DIC. Thus
modelers should refer to the Abiotic HOWTO available on this Web site. The
standard OCMIP-2 files necessary for the injection simulations are listed below.
They can be retrieved directly from this Web page (you can save a file to disk by
clicking a link while holding down the Shift key).

• rgasxocmip2.f

• gasxocmip2.nc.gz

• vgasxocmip2.jnl

• sc co2.f

• sol co2.f

After transferring the filegasx ocmip2.nc.gz (binary mode), one must
then uncompress it:

gunzip gasx_ocmip2.nc

Other files are text and need no special treatment after transfer. Use of these
files is described below.

GOSAC files

In addition to following the guidelines described in the Abiotic HOWTO of OCMIP-
2, all modelers must also follow the GOSAC guidelines given here to make the
injection simulations. The appropriate files are listed below. They are used to read
the prescribed boundary conditions, to perform the injection, and to provide some
basic diagnostics. Just like the previous OCMIP-2 files, the files below can be
retrieved directly from this Web page.

• pco2.s650.dat

• emissions.dat

• sitepos.dat

• initnl.f

• initgos.f

• gosac.f
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• concent.f

• emit.f

• writegos.f

• gosac.h

• gosac.nl

All the files are text and need no special treatment after transfer. Use of these
files is described below; comments within each file provide further details.

3.3 Model runs

Since the injection simulations are based on the abiotic DIC runs, modelersmust
have read the related Abiotic HOWTO, also on this Web site. In the rest of this
Injection-HOWTO, we describe only the sequestration of CO2 within the ocean
and its effects on atmospheric CO2 and oceanic DIC.

Injection sites

Seven injection sites have been designated by GOSAC participants:

1. Bay of Biscay

2. New York

3. Rio de Janeiro

4. San Francisco

5. Tokyo

6. Jakarta

7. Bombay

Exact locations of these sites are shown in Fig. 1. They are also listed in the
ASCII file sitepos.dat. All sites are located along coastlines near populated areas
where large amounts of CO2 are emitted to the atmosphere. Only two of these sites
are in the Southern Hemisphere. Protocols call for each model to make injections
at all sites simultaneously. Models will make separate simulations for up to three
injection depths: 800 m, 1500 m, 3000 m.

To determine the 7 grid cells in your model where CO2 is to be injected, we
use a simple algorithm (see initgos.f) to find each site’s nearest grid cell that has
a water column of at least 3000 m and is within 1000 km of the nearest coastline.
These constraints are considered, roughly, as the current technical and economical
limits of feasibility.
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Tracers

Ten tracers are necessary to perform an injection simulation. Each of the ten tracers
is carried simply as total dissolved inorganic carbon (DIC). These oceanic tracers
exchange CO2 with three different atmospheric boxes, all of which are defined in
section “Atmosphere description”. The ten oceanic tracers are defined as follows:

Tracer 1

Control scenario: no effect of the anthropogenic perturbation on atmospheric
CO2 is included. This tracer is used to remove the drift of the model.

Tracer 2

Future scenario: The effect of the anthropogenic perturbation on atmospheric
CO2 is included, as is the resulting invasion of anthropogenic CO2 into the
ocean; however, no injection is performed. Reference to this tracer allows us
to determine, by difference, the total effect of ocean injection on atmospheric
pCO2 and oceanic DIC.

Tracer 3

Injection scenario (“Permanent sequestration”): Like Tracer 2 but in addition
it includes the effect due to the reduction of atmospheric CO2 caused by the
diversion of fossil carbon into the deep ocean (sequestration) instead of the
atmosphere. However, Tracer 3 ignores the impact of direct injection of
CO2 within the deep ocean on the oceanic DIC. Tracer 3 differs from Tracer
2 when atmospheric CO2 is computed (i.e., in the Emission caseE1500),
but not when atmospheric CO2 is prescribed (scenariosC800, C1500, and
C3000). For the Emission case, Tracer 3 is used to compute atmospheric
CO2, air-sea CO2 fluxes, and the distribution of oceanic DIC when CO2
sequestration is made in an ideal permanent reservoir that allows no leakage
back to the atmosphere.

Tracers 4-10

These seven tracers simulate, individually for each injection site, the effects
of injected CO2 on oceanic DIC. The impact of CO2 sequestration on at-
mospheric pCO2 is also considered, just as with Tracer 3. Tracers 4-10 are
summed along with Tracer 3 to determine the loss of sequestered CO2 to
the atmosphere and to evaluate the direct effect of the injection on the DIC
distribution. These seven tracers are necessary to determine the efficiency of
each site in retaining injected CO2.

Conservation equations

Each of the ten tracers is carried as dissolved inorganic carbon (DIC) and has the
following conservation equation
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(1) d[DIC]/dt = L([DIC]) + Jv + J + Ji
where

• [DIC] is the model’s concentration (moles/m3) of tracer representing total
dissolved inorganic carbon;

• L is the 3-D transport operator, which represents effects due to advection,
diffusion, and convection;

• Jv is the ”virtual” source-sink term representing the changes in surface[DIC]
due to evaporation and precipitation;

• J is the source-sink term due to air-sea exchange of CO2; and

• Ji is the source term due to the injection of anthropogenic CO2 within the
deep ocean.

The source-sink termsJv andJ are added only as surface boundary conditions.
That is, they are equal to zero in all subsurface layers. These two source-sink terms
are equivalent to the corresponding fluxes (described in the Abiotic-HOWTO) di-
vided by the surface layer thicknessdz1.

Jv = Fv/dz1
J = F/dz1

The virtual flux Fv is described in the Abiotic-HOWTO (Section 2.2).
For the last seven tracers (4-10), which are used to study the injection effi-

ciency, each source termJi is added only to the grid cell of the model located
nearest the corresponding injection site. Conversely,Ji is set to zero for the first
three tracers. TheJi source is equivalent to the quantity of CO2 injected at each
site (Q) divided by the volumedV of the corresponding grid cell of the model.

Ji = Q/dV

Air-sea gas exchange fluxes (F)

For simulations of CO2 sequestration, air-sea fluxesF for each tracer must be mod-
eled according the OCMIP-2 guidelines described in the related Abiotic-HOWTO,

(2) F = Kw (Csat - Csurf)
with
(3) Csat = alphaC * pCO2atm * P/Po
where

• Kw is the CO2 gas transfer (piston) velocity [m/s] (Wanninkhof, 1992) ;

• Csurf is the surface aqueous [CO2] concentration [mol/mˆ3], which is com-
puted from the model’s surface [DIC], T, S, and [Alk];

• alphaC is the C solubility for water-vapor saturated air [mol/(mˆ3 * uatm)];
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• pCO2atm is the partial pressure of CO2 in dry air at one atmosphere total
pressure [in microatm], which is the same as the dry air mixing ratio of CO2
multiplied by 10ˆ6 ;

• P is the total air pressure at sea level [atm], locally; and

• Po is 1 atm.

The three termsP, Kw , andalphaC are identical for all the ten tracers. They
are described in the Abiotic-HOWTO. Conversely,Csurf depends on which of the
10 tracers is considered. Furthermore,pCO2atm depends on which oceanic tracer
is considered for the Emissions run (E1500) but not for the other simulations. The
dependencies of both terms are described below.

Oceanic Component

The oceanic termCsurf is not carried as a tracer. Thus to determine gas exchange,
it must be computed each timestep for each of the ten tracers.

Csurf is the surface [CO2] concentration [mol/mˆ3], which is computed from
the model’s surface[DIC] , T, S, and [Alk] through the equations and constants
found in the subroutine co2calc.f. We inject anthropogenic carbon as CO2, which
does not affect Alkalinity. Thus Alkalinity is identical for all ten tracers. It is
determined as a normalized linear function of salinity:

(4) [Alk] = Alkbar * S/Sbar
where[Alkbar] is 2310 microeq/kg andSbar is the model’s annual mean sur-

face salinity, integrated globally (horizontally).
IMPORTANT: The carbonate chemistry subroutine co2calc.f was originally de-

signed to require tracer input (DIC, Alk, PO4, andSiO2) on a per mass basis
(umol/kg); however, for OCMIP-2 co2calc.f has been modified to pass tracer con-
centrations on a per volume basis (mol/mˆ3), as carried in ocean models. To do so,
we use the mean surface density of the ocean (1024.5 kg/mˆ3) as a constant con-
version factor; we do NOT use model-predicted densities. For example, OCMIP-2
modelers should used SiO2 = 7.7e-03 mol/mˆ3 and PO4 = 5.1e-04 mol/mˆ3 as
input arguments; again both are constant for the abiotic simulation. The output ar-
guments co2star (Csurf) and dco2star (Csat - Csurf) are also returned in mol/mˆ3.

Three atmospheres

Atmosphere description

In the injection simulation, a set of three different atmospheric boxes, each which
is global in nature, exchange CO2 with the ocean:

1. The first atmospheric boxB(1) is related to the control scenario. In equation
(2), Csurf is calculated from Tracer 1.
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2. The second atmospheric boxB(2) is related to the future scenario.Csurf is
computed from Tracer 2.

3. The third atmospheric boxB(3) is related to the injection scenario.Csurf is
computed from Tracers 3-10.

Each of the three atmospheres is defined as an homogeneous boxB(i) (with
i=1,2,3), with global coverage, having a uniform atmospheric concentration of CO2
pCO2atm(i) (in uatm). To this concentration corresponds an atmospheric content
of CO2 (in GtC)MCO2atm(i) . The two variables are related by the following
equation:

(5) MCO2atm(i) = Matm * (WCO2/Watm) * (pCO2atm(i)*1.0e-06)
where

• Matm is the total mass of this atmosphere (Matm = 5.119e+06 GT);

• Watm is the molecular weight, i.e., mass of 1 mole (22.4 L at STP) of air
(Watm = 28.964 g); and

• WCO2 is the molecular weight, i.e., the mass of 1 mole of carbon (WCO2
= 12.0 g).

Conservation equation for the atmosphere

In each of the three atmospheric boxesB(i), the atmospheric mass of CO2MCO2atm(i)
depends on the following conservation equation:

(6) d MCO2atm(i) / dt = E(i) + S(i) - I(i)
where

• E(i) is the rate at which anthropogenic CO2 is added to atmospheric boxB(i)
due to fossil fuel combustion and deforestation (note:E(1) = 0);

• S(i) is the rate at which oceanic CO2 is added to atmospheric boxB(i), i.e.,
due to the globally integrated total sea-to-air flux of CO2;

• I(i) is the rate at which atmospheric CO2 is reduced due to deep ocean se-
questration, i.e., it is the atmospheric sink (reduction in emissions rate) due
to the CO2 sequestration at all seven deep ocean injection sites (note:I(1) =
0; I(2) = 0; converselyI(3) is nonzero, but only during the 100-year injection
period).

The total sea-to-air flux of CO2S(i) (for atmospheric boxes i=1,3) is aglobal
integral related to the air-to-sea CO2 fluxF(n) at each surface grid box(for Trac-
ers n=1,10)—see definition ofF in the sectionsConservation equationsandAir-
sea gas exchange fluxes. The value ofS(i) depends on the atmospheric box:S(1)is
equivalent to the spatial integration over the whole surface ocean of the correspond-
ing sea-to-air flux, i.e.,-F(1); likewise,S(2)is the globally integrated sea-to-air flux
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-F(2); however,S(3) is more complicated. That is, forS(3), we must additionally
account for the sea-to-air flux due to loss of injected CO2. For atmospheric box
B(3), the sum of both air-to-sea fluxes at each grid box is then

(7) F’ = F(3) + sum[F(n)-F(3)] n = [4-10]
where

• F(3) is the air-to-sea flux of CO2 of Tracer 3;

• F(n) is the air-to-sea flux of Tracer n (For the injection tracers, n from 4 to
10); and

• sum represents the summation operator (Sigma); the sum is carried out over
the indices from n=4 to n=10.

Thus, the global sea-to-air fluxS(3)equals -F’ integrated horizontally over the
entire surface of the global ocean.

Regarding the injection rate,I(1) and I(2) are always zero. Conversely,I(3)
is non-zero, but only during the 100-year injection period. The reason is that un-
like B(1) andB(2), atmospheric boxB(3) accounts for the effect of CO2 injection.
Furthermore,I(3) is not exactly equivalent to the total amount of CO2 that is in-
jected into the deep ocean. In fact,I(3) is a little less because it requires energy to
separate, transport, and pump CO2 to the deep ocean. Thus we remove less CO2
from the atmosphere than is added to the ocean. We assume a 14% energy penalty,
based on removing CO2 from gas-fired plants or advanced technology coal-fired
plants. Thus

(8) I(3) = N * Q / 1.14
where

• N is the total number of injection sites (7); and

• Q is the amount of CO2 that is injected at each site (see sectionConservation
equations).

E and d(MCO2atm)/ dt

To close equation (6), eitherE or d(MCO2atm)/dt must be specifieda priori;
the remaining term is calculated based on the computed air-sea CO2 flux. The
specified term determines the type of run.

Standard case -Required

For the ”C” runs, we specify the time evolution of the atmospheric CO2
d(MCO2atm)/dt and the injection scenario; then with modeled air-sea CO2
exchange, each model computes the corresponding time evolution of anthro-
pogenic carbon emissionsE to each atmospheric box B(1)-B(3).
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Emissions case -Optional

For the ”E” run , we specify the history of the anthropogenic emissionsE and
the history of injected CO2; then with modeled air-sea CO2 exchange, each
model computes its corresponding time evolution of atmosphericpCO2atm
for each atmospheric box B(1)-B(3).

When specified,pCO2atm andE should be interpolated temporally to each
time step of the model.

Gain

The primary emphasis of these runs is to determine the efficiency of the ocean to
retain artificially injected CO2. For each injection sitem, we define a GainG(m)
equal to the amount of CO2 injected at that site which remains in the ocean. The
more efficient the injection sitem, the greater is itsG(m). Thus

(9) d G(m) / dt = Q - R(m)
where

• Q is the rate at which CO2 injected is at each site;

• R(m) is the rate at which CO2 injected at sitem is lost from the ocean to the
atmosphere.

R(m) is the integral of-(F(m+3)-F(3)) with respect to the global surface area
of the ocean. We use them+3 index because the seven injection sites (m=1,7)
correspond to the last seven of the ten ocean tracers (n=4,10).

Technical notes

The following routines are used in the IPSL ocean model to perform the injection
simulations. There are provided as templates that modelers may adapt and use in
their own models. All the routines are coded in FORTRAN 77.

• initgos.f initializes the variables used in the injection simulations. In partic-
ular, this routine reads the location of the injection sites, and the atmospheric
pCO2 or the fossil fuel emissions depending on the chosen case.

• initnl.f reads input parameters of the simulation from the namelist file (gosac.nl).

• gosac.f performs the injection in the ocean.

• concent.f and emit.f are the routines which determine the “allowable” fossil
fuel emissions (Standard case) or atmospheric pCO2 (Emissions case).

• writegos.f writes out some basic diagnostics.

• gosac.h is a COMMON file in which the main variables are defined.
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• gosac.nl is a namelist file in which the characteristics of the simulation are
defined: the first and last years of the injection (gabsyr0, gabsyr1), the type
of the simulation (standard case or emissions case,fname), the amount of
CO2 injected at each site (PUMPGOS), the amount of CO2 removed from
the emissions (FAGOS), and the start date of the simulation (zan).

3.4 Description of the simulations

Initialization

• Standard case (C1500) and other ”C” runs (C3000, C800)

– Tracer 1

∗ Tracer - Initialize with 3-DDIC field from from year 2000.0 of
the AbioticControl Run;

∗ Cumulative flux (Tracer 1) - Initialize to 2-D cumulative flux field
from year 2000.0 of the AbioticControl Run;

∗ Atmospheric pCO2 - Initialize atmopsheric BoxB(1) to 278 ppm,
and hold it constant.

– Tracers 2-10

∗ Tracers - initialize all nine 3-D tracer fields to theDIC field from
the end of the AbioticHistorical Run (year=2000.0);

∗ Cumulative fluxes - initialize all nine 2-D arrays to to the cumula-
tive flux of DIC at the end of theHistorical run (year=2000.0);

∗ Atmospheric pCO2 - atmospheric boxesB(1)andB(2) follow IPCC
scenario S650.

• Emissions case (E1500)

– Tracers 1-10

∗ Tracers - Initialize all ten 3-D tracer fields to theDIC field from
the end of the AbioticEquilibrium Run (equivalent to year 1765.0);

∗ Cumulative fluxes - Initialize all ten 2-D fields to zero;

∗ Atmospheric pCO2 - Initialize atmospheric boxesB(1)-B(3) to
278 ppm.

Duration

Simulation

All ” C” injection simulations (C800, C1500, C3000) begin at year=2000.0 and
will be continued until year 2500.0. Thus, the duration of theC simulations is 500
years. Conversely, the ”E” simulation (E1500) begins in year=1765.0 and ends in
year=2500.0; thus its duration is 735 years.
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Injection Period

In all simulations, artificial sequestration of anthropogenic CO2 will occur for 100
years, beginning on the first timestep of the year 2000 (Jan. 1) and continuing
until the last timestep of the year 2099 (Dec. 31). Each year during the 100-yr
injection period, 0.1 Gt C is injected at each site, for a total of 0.7 Gt C/yr for the
global ocean (seven sites). This amount corresponds to the emissions necessary to
produce 350 GW by coal-fired plants or 700 GW by gas-fired plants. Meanwhile,
0.6 Gt C/yr should be removed from the fossil fuel emissions to the atmosphere.
The difference between the injection and the removal from fossil fuel emissions is
due to the 14% cost penalty (see sectionConservation equation for the atmosphere)

Atmospheric boundary conditions

The atmospheric boundary conditions depend on the chosen scenario:

Standard scenario (C1500) and other C runs (C3000 and C800)Atmospheric
pCO2 follows the IPCC S650 stabilization scenario. Atmospheric pCO2
stabilizes to 650 uatm at year 2200.

The ASCII file pco2.s650.dat (Fig. 2) provides mid-year values of the at-
mospheric pCO2 that must be prescribed in the IPCC S650 cases (C800,
C1500, and C3000). See concent.f and related technical notes inModel
runs). Concentrations from pco2.s650.dat are to be imposed only in the
second and third atmospheric boxesB(2) andB(3). Conversely, in the first
atmospheric boxB(1), atmospheric pCO2 must be held to its preindustrial
value 278 uatm.

Emissions scenario (E1500)

We require a smooth emissions scenario to avoid needlessly complicating
analysis. Thus we avoid using historical emissions and IPCC future sce-
narios. Instead we rely on total emissions deduced from an IPCC S650
”concentration” run in one model. The choice of the model is not critical
for our objectives of model comparison. We have chosen to use deduced
emissions from the S650 concentration run with the HILDA model because
(1) HILDA’s deduced emissions are already available from 1765 to 2500,
(2) its emissions will produce smooth atmospheric CO2 (and time derivia-
tives) in the other OCMIP models, and (3) HILDA has been used as the
IPCC reference model. For further information about the HILDA model, see
http://www.climate.unibe.ch/∼joos/modeldescription/modeldescription.html.

The ASCII file emissions.dat (Fig.3) provides values of the total emissions
every half year that must be prescribed in theEmissions scenario(E1500).
These values should be interpolated at each time step of the model. See
emit.f and related technical notes inModel runs. This emission scenario is
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prescribed in the second and third atmospheric boxesB(2) andB(3). Con-
versely, in the first atmospheric boxB(1), there are no anthropogenic emis-
sions.

3.5 Output type and frequency

1. [0-D] spatial fields ([1-D] in time):

• Frequency: annual averages every year (from 2000 through 2499)

• Type:

– Annual averagepCO2atm of each atmospheric box [uatm]
– Annual average GainG for each injection site [mol/mˆ2]
– Globally and annually averaged air-to-sea fluxesF for Tracers 1-

10 (mol/(mˆ2 * s)
– Globally and annually averaged virtual fluxesFv for Tracers 1-10

(mol/(mˆ2 * s)
– Globally and annually averagedwhole-oceanconcentrations for

Tracers 1-10 [mol/mˆ3]
– Globally and annually averagedsurfaceconcentrations for Tracers

1-10 [mol/mˆ3]
– Globally and annually averagedpCO2surf (uatm) anddpCO2

(uatm) for Tracers 1-10
– Globally averaged cumulative air-to-sea fluxes (end-of-year) for F

(mol/mˆ2) and virtual fluxes Fv (mol/mˆ2) for Tracers 1-10;
– Global anthropogenic emissions of carbonE for each of the 3 at-

mospheric boxes [GT C/yr]

2. [2-D] and [3-D] spatial fields:

• Frequency: annual averages for years 2000, 2010, 2020, 2040, 2060,
2080, 2099, 2120, 2140, 2160, 2180, 2200, 2300, 2400, 2499.

• Type: same as for Abiotic Future Run (see Abiotic HOWTO)

Conventionfor the direction of the air-sea fluxes: positive from the atmo-
sphere to the ocean, except forS, which must be given in the opposite sense.

3.6 Output Format

Each modeling group must provide their output in the standard OCMIP-2 format
which is the same as that chosen for GOSAC. Model output that does not fol-
low these formatting conventions cannot be included for analysis during GOSAC.
Model groups must use the standard routines that we have developed specifically
for writing output in standard form for GOSAC.



3.6. OUTPUT FORMAT 74

Spatial information

If this is the first OCMIP-2 simulation you have made, you will need to recuperate
the routine writenc MaskAreaBathy.f to write out characteristics of your model
grid, mask, and bathymetry using the standard OCMIP-2 format. Use of this rou-
tine is detailed in the CFC HOWTO (section 5.1).

Otherwise if you have submitted OCMIP-2 model output previously, you will
only need to resubmit the output file produced by writenc MaskAreaBathy.f under
two conditions:

1. either your model’s grid, mask, or bathymetry have changed; or

2. you have been notified by the OCMIP-2 analysis center at IPSL that your
output file from this subroutine did not pass the routine integrity tests.

Output routines

Each modeling group must use the routines listed in the following table to store
results in standard OCMIP-2 format for the[2-D] and [3-D] spatial fields.

Input to these routines consists of your model’s output and characteristics. The
routines (write nc Inject year 3D.f write nc Inject year 2D.f ) must
be called for the appropriateoutput yearsof the runs (see previous sectionOutput
type and frequency); conversely the routinewrite nc Inject year 0D.f is
called only once, after builiding a 1-D time series of global mean information. The
fourth and final routinewrite nc Inject TS year.f should be called only
once for offline models; for online models, it should also be called a second time,
in the year 2499.

-----------------------------------------------------------------------------------------------
Routine Input Units Comments
-----------------------------------------------------------------------------------------------

write_nc_Inject_year_3D.f 1-10) Conc. of Tracer[1-10] mol/mˆ3

write_nc_Inject_year_2D.f 1-10) Surf. ocean pCO2 (Tracer[1-10]) uatm
11-20) Delta dpCO2 (Tracer[1-10]) uatm
21-30) Gas Exch. Flux of Tracer[1-10] mol/(mˆ2*s)
31-40) Virtual Flux of Tracer[1-10] mol/(mˆ2*s)
41-50) Cum. Gas Flux of Tracer[1-10] mol/mˆ2 1765->
51-60) Cum. virtual Flux of Tracer[1-10] mol/mˆ2 1765->

write_nc_Inject_year_0D.f 1-3) Glob_mean (Gm) pCO2atm for B(1)-B(3) uatm
4-10) Storage gain G of site[1-7] mol/(mˆ2)
11-20) Gm Gas Ex. Flux of Tracer[1-10] mol/(mˆ2*s)
21-30) Gm Virtual Flux of Tracer[1-10] mol/(mˆ2*s)
31-40) Gm Tracer mol/mˆ3
41-50) Gm Surface Tracer[1-10] mol/mˆ3
51-60) Gm pCO2surf uatm
61-70) Gm Delta pCO2 (dpCO2) uatm
71-80) Gm Cum. Gas Flux of DIC mol/mˆ2 1765->
81-90) Gm Cum. Virt. Flux of DIC mol/mˆ2 1765->
91-93) Fossil emissions E for B(1)-B(3) GT C/yr

-----------------------------------------------------------------------------------------------

Downloading the output routines

The output routines can be transferred to your machine by clicking on the links
below, while holding down the Shift key.
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• write nc MaskAreaBathy.f (This routine is the same as linked to the CFC
HOWTO; thus, there is no need to recuperate it if you have already con-
tributed OCMIP-2 CFC results).

• write nc Inject year3D.f

• write nc Inject year2D.f

• write nc Inject year0D.f

• write nc Inject TS year.f

You will also need to transfer the subroutine handleerrors.f to properly deal
with errors while you are writing your netCDF files.

Compiling the output routines

Here is a an example of how you would compile one of the output routines:

f77 -c -O -L/usr/local/lib -lnetcdf -I/usr/local/include \
write_nc_Inject_year_3D.f

Because we have made these routines F77 compatible, you may need a function
len trim.f (from F90), which we also provide and which returns the length of a
character string (after neglecting trailing blanks).

Using the output routines

The Injection-run output routines store your model results following the naming
and output conventions (netCDF, GDT version 1.2) chosen for OCMIP-2. The
output filename is constructed automatically within each routine from three of the
arguments: the tracer name, the year, and the standard model code used during
OCMIP-2 to identify your group.

For compatibility with the Abiotic simulations, we separately store 3-D, 2-D,
and 0-D data. For your 3-D model output for the Injection run, use:

call write_nc_Inject_year_3D("IPSL","NL46_SI","C1500",
& imt, jmt, kmt, nt,
& 2010, 60*60*24*365, 1200,
& TRAN)

By line, the arguments include

1. the OCMIP-2model code, your ownmodel versionindicator, AND thesim-
ulation indicator(C1500, C3000, C800, or E1500).

2. three spatial dimensions and one temporal dimensionnt (here,nt=1 for an-
nual means);
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3. the year, the number of seconds per year (in your model), and the number of
timesteps per year;

4. the annual mean concentrations of 3-D Tracers 1-10 [mol/mˆ3].

For your 2-D output, use

call write_nc_Inject_year_2D("IPSL","NL46_SI","E1500",
& imt, jmt, nt,
& 2020, 60*60*24*365, 1200,
& MpCO2surf,MdpCO2surf,
& MF,MFv,
& CF_F,CF_Fv)

For 2-D output, we no longer need the dimensionkmt, formerly in line 2. The
2-D Injection output also includes

• line 4: the annual mean surface pCO2 and Delta pCO2 for Tracer[1-10]
(uatm);

• line 5: the annual mean 2-D air-to-sea and virtual fluxes of Tracer[1-10]
(mol/mˆ2/s);

• line 6: the end-of-year 2-D cumulative air-to-sea fluxes and cumulative vir-
tual fluxes (mol/mˆ2);

Cumulative fluxes (line 6 above) must be initialized as outlined in Section 4.1,
and integrated with respect to time (i.e., each time step).

When do I call the above 2-D and 3-D Injection output routines? They
should be called, withnt=1, at the end of each of the following years: 2010, 2020,
2040, 2060, 2080, 2099, 2120, 2140, 2160, 2180, 2200, 2300, 2400, 2499.

For 0-D (1-D with time) Injection output, use

call write_nc_Inject_year_0D("IPSL","NL46_SI","C3000",
& nrec, times,
& Gm_pCO2atm,
& G,
& Gm_F,
& Gm_Fv,
& Gm_DIC,
& Gm_DICs,
& Gm_pCO2surf, Gm_dpCO2,
& Gm_CF_F,
& Gm_CF_Fv,
& E)

By line, the arguments include

1. the OCMIP-2model code, your ownmodel versionindicator, AND thesim-
ulation indicator;

2. the number of records saved and the array of the times (in decimal years) at
which they were saved;
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3. the history of the global mean atmosphericpCO2atm for 3 atmospheric
boxes B(1), B(2), and B(3) (in uatm). ThepCO2atm(i) (i=1,2,3)is specified
a priori for theC runs, but calculated for RunE1500via equation (6)—see
subsectionE and d(MCO2atm)/ dt);

4. the history of the GainG for each of the seven injection sites (mol/mˆ2);

5. the history of the global sea-to-air fluxF for Tracers 1-10 (mol/(mˆ2*s));

6. the history of the global mean virtual fluxFv for Tracers 1-10 (mol/mˆ2*s,
see Abiotic HOWTO);

7. the history of the global mean concentrations of Tracers 1-10 (mol/mˆ3)

8. the history of the global mean surface concentration of Tracers 1-10 (mol/mˆ3);

9. the history of global mean surface ocean pCO2 (pCO2surf, in uatm), and
the global mean sea-air pCO2 difference (dpCO2, in uatm) for Tracers 1-10;

10. the history of the global mean cumulative fluxesCF for Tracers 1-10 (in
mol/mˆ2, integrated since 1765.0) at the end of each year, with each year
indicated by its mid-year time given in line 2;

11. the history of the global mean cumulative virtual fluxCFv for Tracers 1-10
(mol/mˆ2, ; and

12. the history of the global mean fossil fuel emissionsE (in GtC/yr) for each
atmospheric box B(1), B(2), and B(3).E(i) (i=1,2,3) is specifieda priori for
Run E1500, but it must be calculated for theC runs via equation (6)—see
subsectionE and d(MCO2atm)/ dt.

When do I call the above 0-D output routine?It should be called only once,
after constructing 1-D (in time) arrays from all of your model output. The time
storage frequency is regular: this routine should be called, using annuals means, for
every year during the last 500 years of the run (i.e., all years 2000-2499, inclusive).
Thus modelers must usenrec= 500, and fill the 1-D temporal arraytimeswith the
appropriate values (i.e., 2000.5, 2001.5, 2002.5 ..., 2498.5, 2499.5).

All arguments of the Abiotic routines are input; none are output. With the
arguments as listed in the nine routines above, the corresponding output netCDF
files are

• "IPSL Inject C1500 2010 3D.nc" ,

• "IPSL Inject E1500 2020 2D.nc" ,

• "IPSL Inject C3000 global.nc" ;
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These files along with all others produced by the Abiotic routines should be
transferred to IPSL by ftp. Filenames should NOT be changed. Subsequently, at
IPSL, files will be (1) tested for consistency, (2) included in the OCMIP-2 data
base, and (3) processed for base analysis. Contact orr@cea.fr once your transfer is
complete.



Appendix C: Individual Model
Descriptions
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4.1 AWI

GOSAC-EC PI: Dr. Reiner Schlitzer

Introduction

The AWI model is unique in that its circulation fields result from an optimised
fit to available global ocean concentration data using the adjoint technique. The
resulting optimal model solution was then used for the first GOSAC runs (CFC).

Model Description

The AWI model used in this study follows the approach ofSchlitzer(1993) and
Schlitzer(1995). It has recently been extended to include biogeochemical nutrient
and carbon cycles (Schlitzer, 1999, 2001). In many aspects, the AWI model dif-
fers substantially from other models participating in the GOSAC project. Unlike
dynamical models that use approximations to the momentum equation and exter-
nal forcing at the sea-surface to calculate the time-varying ocean circulation by
applying a time-stepping procedure, the AWI model has a steady 3D flow field
representing the time-mean circulation of the ocean. An initial model flow field is
obtained from geostrophic calculations based on available historical hydrographic
data. A given current flow field together with current fresh-water and heat fluxes
and biogeochemical productivity and remineralisation parameters is used to simu-
late global ocean hydrography and nutrient, oxygen and carbon distributions (for-
ward model). The adjoint of the forward model is then applied to analyse the
model-data misfits and derive modified flows, air-sea fluxes and biogeochemical
parameters that (when used in the next simulation) yield model property fields that
are closer to reality. This iterative optimisation procedure is repeated until no fur-
ther progress is made. Overall goal of the model calculations is to find a steady
global ocean flow field (representing the climatological mean circulation), air-sea
fluxes and biogeochemical fluxes that correctly reproduce the observed hydrogra-
phy and tracer fields and at the same time has vertical velocity shears that are close
to geostrophic shear estimates.

The model is implemented on a variable resolution grid with horizontal res-
olution ranging from 5x4 degrees longitude by latitude in open ocean areas to
2.5x2 degrees in regions with narrow currents (Drake Passage, Atlantic part of
the Antarctic Circumpolar Current (ACC), Indonesian and Caribbean archipela-
gos), along coastal boundaries with strong currents (Florida Current, Gulf Stream,
Brazil Current, Agulhas Current, Kuroshio), over steep topography (Greenland-
Iceland-Scotland overflow region) and in areas with pronounced coastal up- or
downwelling. In all cases the refinements are implemented in the direction of the
strongest property gradients (usually perpendicular to fronts and currents) to better
trace changes in ocean properties.

The model has 26 vertical layers, with thickness progressively increasing from
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60 m at the surface to approximately 500 meters at 5000 m depth. Realistic topog-
raphy is used, based on the US Navy bathymetric data and averaged over grid-cells.
Model depths over ridges and in narrow channels are adjusted manually to respec-
tive sill or channel depths. The model has three open boundaries, along which
ocean properties and transports are prescribed in each model layer. They are lo-
cated at the exit of the Mediterranean Sea, Red Sea and Persian Gulf. These three
marginal seas are not modelled explicitly, but their impact on the global circulation
is taken into account.

The model grid described above represents a compromise between the desire to
resolve ocean currents and productivity patterns as closely as possible and the large
computational burden imposed by the optimisation procedure used to drive the
model towards the observations. Given present computer resources this required a
relatively coarse model grid. Using a variable resolution grid has the advantage to
allow better representation of smaller scale features at least in some crucial parts
of the model domain without the need to accommodate the higher resolution over
the whole model domain. Overall, resolution of the present model is much coarser
compared to eddy-resolving dynamical models but is comparable to or better than
that used in other models applied for global ocean biogeochemical and circulation
studies.

A weighted-mean advection scheme (fupw=0.7) that combines the numerical
robustness of the upwind scheme (fupw=1) with the low artificial mixing of the
centred-in-space approach (fupw=0.5) was used for the property simulations.



4.2. IPSL (LSCE AND LODYC) 82

4.2 IPSL (LSCE and LODyC)

GOSAC Coordinator: Dr. James Orr
GOSAC-IEAGHG Postdoctoral Scientist: Dr. Olivier Aumont

Introduction

IPSL is a consortium of seven French laboratories, of which LSCE and LODyC are
members. For GOSAC-EC, the LODyC is a Subcontractor to LSCE. The LODyC
helps in running and interpreting results predicted by the IPSL circulation model
(OPA), which was built at LODyC. The IPSL coordinates GOSAC and OCMIP-2
and has led the centralised “base” analysis as well as development of the analysis
tools. LSCE is the only contractor to the IEA Greenhouse Gas R&D Programme
in GOSAC-IEAGHG.

Model description

For OCMIP-2 simulations we use a 3-D tracer transport model (i.e., an offline
model) driven by dynamic fields of advection and turbulence determined from
a global version of the ocean general circulation model (OGCM) developed at
LODyC. The online OGCM uses the code known as OPA, i.e., Océan Paralleliśe
(Chartier, 1985; Andrich, 1988; Madec and Cŕepon, 1991; Madec et al., 1991a,b;
Blanke and Delecluse, 1993). The first global version is described byMarti (1992);
more recent developments have been detailed byDelecluse(1994), Madec and Im-
bard (1996), and (Aumont et al., 1999).

The offline model, originally constructed byMarti (1992) from OPA5, has
been modified to be consistent with OPA8. OPA uses a C grid (Arakawa, 1972).
Vertically, there are 30 layers, varying from 10 m at the surface to about 500 m
at depth. Horizontal resolution averages 1.5◦ × 2.0◦, but is not rectangular in the
northern hemisphere. The grid’s northern singularity is pushed over Asia, out of
the computational domain (Madec and Imbard, 1996). This approach allows larger
grid spacing in the north, thereby permitting longer time steps without resorting to
Fourier filtering and its inherent problems. The contorted grid is orthogonal and
defined such that OPA maintains numerical accuracy to the second order (Marti
et al., 1992; Madec and Imbard, 1996).

OPA was forced semi-diagnostically in order to make simulations practical.
That is, potential temperature (θ) and salinity (S) are restored to seasonal obser-
vations (Levitus, 1982) throughout the water column over much of the ocean. Yet
Toggweiler et al.(1989a) show that comparable robust-diagnostic forcing in their
global version of theBryan and Cox(1972) model results in a deep ocean circu-
lation which is everywhere too sluggish, as seen with their simulations for natu-
ral 14C. We have not found the same results for for OPA (Aumont et al., 1998).
In their robust-diagnostic simulation,Toggweiler et al.(1989a) restoreθ andS
throughout the water column, everywhere, with a time constant of 50 yr; with the
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semi-diagnostic approach for OPA7,θ and S are forced toward the observations
with a time constant of 1 yr. Furthermore OPA is prognostic in the mixed layer
and at the equator (Fujio and Imasato, 1991). Finally, restoring in OPA is likewise
relaxed in the high latitudes (where data is sparse) and horizontally within 1000
km of any land-ocean boundary (at all levels).

Vertical turbulence is determined prognostically via the Turbulent Kinetic En-
ergy (TKE) model (Gaspar et al., 1990) which was modified for implantation into
OPA byBlanke and Delecluse(1993). TKE is computed from heat fluxes and wind
stress at the surface and is inversely related to the Brnt-Vaisaila frequency (stabil-
ity) at depth. Horizontally, eddy diffusion of tracers is defined a priori, with an
explicit diffusion coefficient of 2000 m2 s−1.

The active tracersθ andS are advected in the online model according to the 2nd
order accurate CTCS (centred-in-time, centred-in-space) scheme. Offline simula-
tions of passive tracers such as CO2 are normally made with the MPDATA scheme
(Smolarkiewicz, 1982, 1983; Smolarkiewicz and Clark, 1986) implemented in OPA
with two iterations to correct for numerical diffusion (Marti, 1992).
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4.3 MPIM Hamburg, Germany

GOSAC-EC PI: Dr. Ernst Maier-Reimer

Introduction

The Hamburg LSG model has been designed for longtime studies. The basic phi-
losophy for this model was to incorporate standard oceanographic assumptions,
i.e., geostrophy, into a time dependent circulation model, reducing thus the move-
ment on the propagation of Rossby waves. During the development and parameter
tuning we used not only standard hydrographic properties (i.e, temperature and
salinity) but also radiocarbon. From a series of experiments with different plau-
sible parameterisations of thermohaline forcing we choose the one with the most
realistic radiocarbon gradients to be the standard run despite the fact that deep sea
hydrographic properties were more realistic in other experiments. The motivation
for this preference was the widespread experience from diagnostic models that the
strong restoring to the hydrographic dataset by Levitus produces a rather unrealis-
tic circulation.

Model Description

The model is based on the Hamburg LSG (Large Scale Geostrophic) model of the
general circulation of the ocean. Formally, it solves the full set of primitive equa-
tions with the usual approximations (Boussinesq and hydrostatic pressure) on an
E-grid in the Arakawa notation. The grid can be seen as a system of two over-
lapping C-grids, each with a horizontal resolution of 5◦. The configuration allows
for representation of continuity and geostrophy by direct differences. In the present
applications the vertical variations are computed in 22 layers where the layer thick-
ness increases from 50 m at the sea surface to approximately 600 m near the ocean
floor. Topographic variations are representable in arbitrary increments; there is no
restriction to the levels of computation.
The time discretisation is done by a fully implicit scheme. This leads to a strong
suppression of gravity waves but it allows the use of a very long time step of a
month. Outside the equatorial belt, the system of wave equations degenerates to
the geostrophic balance between velocity and pressure gradient. Tracer advection
is computed with an implicit upwind scheme; this procedure is linked with an
inherent diffusivity proportional to the modulus of velocity and operating in the
direction of velocity. In the interior ocean the diffusion is small due to sluggish
circulation. Since the grid tends to separate into two distinct solutions, An explicit
diffusion of 200 m2 s−1 is applied between the grids in order to suppress the split-
ting.
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The model is forced with monthly wind stress data from Hellerman and Rosen-
stein. Salinity is restored to annual mean values from Levitus in ice-free regions.
Thermal forcing is made by restoring to atmospheric temperature from COADS.
In case of temperature below freezing point of seawater (-1.9 C) ice is formed as-
suming a linear profile between atmospheric temperature and freezing temperature
at the upper and lower bounds, respectively. Ice is advected by wind stress and
surface circulation with a simplified rheology (resistance against convergence but
not against divergence). Equation of state is according UNESCO 1983 with a lin-
earised transformation from potential to in-situ temperature.
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4.4 PIUB

GOSAC-EC PI’s: Dr. Fortunat Joos, Dr. Thomas Stocker

Introduction

PIUB uses an extremely efficient 2.5-D global ocean model. It will be interesting
to compare their results on ocean retention time to the more highly resolved 3-D
ocean models.

Model Description

We use a low-order physical-biogeochemical climate model that consists of a zon-
ally averaged ocean model (Wright and Stocker, 1992, 1998), coupled to an atmo-
spheric energy balance model (Stocker et al., 1992). The model includes a basic
representations of the carbon cycle, both marine (Marchal et al., 1998) and terres-
trial Siegenthaler and Oeschger(1987) components. The marine biological model
is based on the classical Redfield approach and phosphate (PO3−

4 ) is used as a
limiting nutrient for biological production. Nine tracers are considered explicitly:
PO3−

4 , dissolved inorganic carbon (DIC), alkalinity, labile dissolved organic car-
bon (DOC), dissolved oxygen, and13C and14C in DIC and DOC. In the standard
version, export of organic material out of the euphotic zone (export production) is
calculated by Michaelis-Menten kinetics using the rates diagnosed at the end (19
kyr) of the model’s spin up to equilibrium. During spin up, surface PO3−

4 values
were restored to observations. CaCO3 export production is a function of the or-
ganic export production and SST. The modelled ratio of CaCO3 to organic matter
export increases with increasing SST. For the land biosphere, a potential fertilisa-
tion by elevated atmospheric CO2 is described by a logarithmic dependence of net
primary production on CO2. The climate sensitivity of the energy balance model,
dT2x, that is the increase in global mean surface air temperature for a doubling
of atmospheric CO2, is selected according to the range found in current coupled
atmosphere-ocean circulation models. Coupled carbon-climate simulations have
recently been reported byJoos et al.(1999).
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4.5 SOC

GOSAC-EC PI’s: Prof. Patrick Holligan and Dr. Michael Fasham

Introduction

SOC is the GOSAC group at the School of Ocean and Earth Sciences (SOES) at the
University of Southampton (which was formed on 1st August 1998 by the merger
of the Department of Oceanography and the Department of Geology) and by the
associated partner, the George Deacon Division (GDD); both groups are located at
Southampton Oceanography Centre in Southampton.

The SOES group consists of Professor Patrick Holligan (Principal Investigator)
and Dr. Andrew Yool. Dr. Yool began employment as a post-doctoral research
assistant on 2nd March 1998 working full time on (and wholly funded by) the
GOSAC project.

The GDD group consists of Dr. Michael Fasham (Principal Investigator) and
Dr. Ian Totterdell. This group advises on the running of the model and how it
can best be adapted for the GOSAC simulations, but receives no funding from the
GOSAC project.

Model Description

The model used by the SOC group in this project is the ocean component of the
coupled ocean-atmosphere model developed by the Hadley Centre for Climate Re-
search and Prediction, part of the U.K. Meteorological Office. The version of the
Hadley Centre model used for the GOSAC simulations is HadCM3L, a coarse-
resolution form of the HadCM3 model (Gordon, 1998). Details of the model are
given below.

The U.K. Met. Office implementation of the primitive equation model de-
scribed byBryan(1969) andCox(1984) is global with a realistic approximation to
continental coastlines and bottom topography. The horizontal grid is regular; the
resolution used for the GOSAC simulations is 2.5 degrees latitude by 3.75 degrees
longitude. The grid points corresponding to the North Pole (96 points at latitude
+90 degrees) are designated as land to avoid numerical problems. There are twenty
levels in the vertical with thicknesses increasing from 10 m (upper four levels) to
615.3 m (lower seven levels). The time-step used for both the ocean dynamics and
for tracer transports is 24 hours. The model uses a ’leap-frog’ or centred-Euler
scheme to advance the fields forward in time. A Robert filter is used each timestep
to prevent divergence of the resulting two solutions; a mixing factor of 0.001 is
used. The model is an ’online’ model.

The water density is calculated using the equation of state adopted byUNESCO
(1981). The barotropic solution found is that for a rigid-lid ocean. The horizontal
momentum diffusion, or numerical viscosity, has a coefficient of the form

X(1 + cos(latitude)) (4.5)
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whereX is 1.5× 105 m2 s−1.
An upwind scheme is used for advection. Sub-grid-scale mixing is along-

isopycnal, with a diffusion coefficient of 1000 m2 s−1. Use of the eddy param-
eterisation scheme ofGent and McWilliams(1990) allows there to be no explicit
horizontal diffusion; the thickness diffusion coefficient used is 1000 m2 s−1. Verti-
cal diffusion and eddy viscosity coefficients are set using a scheme which depends
on the Richardson number (Pacanowski and Philander, 1981). The Richardson
number-dependent coefficient has the value5.5 × 10−3 m2 s−1, and the back-
ground value increases linearly with depth from1.0 × 10−5 m2 s−1at the surface
to 1.5 × 10−4 m2 s−1 at 5000 m. For stability, the maximum allowed value of
vertical mixing is 0.01 m2 s−1. In the mixed layer the vertical diffusion coefficient
is set using a simplified (quadratic) version of the scheme ofLarge et al.(1994).
The critical Richardson number used is 0.3 and the maximum allowed depth of the
boundary layer is 80 m.

Tracers are also mixed near the surface using a bulk mixed layer scheme (Kraus
and Turner, 1967), where 70 percent of the wind mixing energy is used at the top of
the water column and it decays exponentially with a depth-scale of 100 m. If a grid
box’s water column becomes gravitationally unstable, e.g., because of wintertime
surface cooling, it is convected fully at the end of each timestep using the scheme
of Rahmstorf(1993).

The ocean surface is forced with the monthly mean climatological heat fluxes
(Esbensen and Kushnir, 1981), wind stressHellerman and Rosenstein(1983) and
the freshwater fluxes for precipitation (Jaeger, 1976) and evaporation (Esbensen
and Kushnir, 1981). In addition, ocean surface values of temperature and salinity
are relaxed towards the monthly mean climatological fields (Levitus and Boyer,
1994); the strength of the temperature restoring is 40.90 W m−2 K−1.

Usually, a pseudo-ice model is used which shuts off the transfer of gases and
momentum between the atmosphere and the ocean when the sea surface tempera-
ture is below -1.8 degrees C. However, in the CFC simulations completed this year,
a seasonal ice-cover mask was provided to all participating groups, and that was
used instead of the pseudo-ice model (having been interpolated to the model grid).
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