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Simulating Fertilization of the Ocean as a

Carbon Sequestration Strategy:
Effectiveness and Unintended Consequences
Abstract

Provide an abstract of no more than 250 words. Give the broad, long-term objectives and what
the specific research proposed is intended to accomplish. State the hypotheses to be tested.
Indicate how the proposed research addresses the SC scientific/technical area specifically
described in this announcement.

The primary objectives of this project are to assess, and improve our understanding of:

l. The effectiveness of various strategies to intentionally store carbon in the ocean
through fertilization of the surface ocean with iron and/or macronutrients;
1. Unanticipated environmental consequences of these ocean fertilization strategies.

We propose to use what may be the best global ocean biogeochemical model in the world
(PISCES) and apply it to perform the most realistic global-scale simulations of various iron
fertilization scenarios. Versions of PISCES are currently used by MPI in Germany and IPSL in
France. The model represents diatoms, coccolithophorids, and two classes of zooplankton. This
model considers Fe, N, P, O,, Si, alkalinity, and carbon; for some of these it considers dissolved
inorganic and organic, as well as particulate, forms. We would install the PISCES model with a
minimum of modification into the LLNL ocean model, and perform an initial suite of
simulations of both iron fertilization experiments (e.g., SOFeX) and proposed iron fertilization
strategies. Based on the simulated experiments, we will analyze model deficiencies with respect
to the observations and use this analysis to improve future versions of the model. The source
code for and results from this set of models will be freely distributed, and thus should help
groups performing related work elsewhere.

This project the most-realistic ocean fertilization simulations yet performed in a global model,
with an assessment of and improvement in the reliability of those predictions using results from
iron fertilization experiments such as SOFeX. These results will help provide context and
guidance for biological observations within the ocean carbon sequestration research program.

267 words
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Simulating Fertilization of the Ocean as a

Carbon Sequestration Strategy:
Effectiveness and Unintended Consequences

Background and significance

John Martin suggested that iron availability limited phytoplankton growth in the Southern
Ocean, and that this could play a role in glacial-interglacial changes in atmospheric CO, (Martin
and Fitzwater, 1987). In 1988, John Gribbin proposed that fertilization of the ocean could be
used “to alleviate the anthropogenic greenhouse effect” (Gribbin, 1988). John Martin began to
promote the idea vigorously (Andrew J. Watson, pers. comm., 2002). Most famously, at a lecture
at Woods Hole in 1993, Martin made his remark "Give me half a tanker of iron and I'll give you
an Ice Age," reportedly in a mock-Strangelove voice.

Is this practical? We know that addition of Fe in some marine environments stimulates increased
photosynthesis and organic carbon production. It is reasonable to assume that some of this
increased organic carbon production sinks to deeper ocean layers, where it is isolated from the
atmosphere for some amount of time. The increased organic carbon flux to the ocean interior
would drive a partially compensating flux of carbon from the atmosphere to the near-surface
ocean.

To evaluate the prospects for removing CO, from the atmosphere by fertilizing the ocean, we
need to understand both the effectiveness of this strategy and its possible unintended
consequences. Especially because concerns have been raised (e.g., Chisholm and Falkowski), it
is important to develop the scientific foundation needed to develop rational and informed policy.

In the next two subsections of this proposal, we discuss what needs to be known if we are to
adequately appraise ocean sequestration as a fertilization strategy, first from the point of view of
effectiveness and then from the point of view of unintended consequences. Following this, we
review preliminary studies of ocean fertilization designed to address these uncertainties. Next,
we discuss the proposed research (“Design and Methods”). Lastly, we summarize the proposed
work.

Effectiveness at storing carbon

The first set of questions addresses the issue of what we need to know to determine the
effectiveness of ocean fertilization as a carbon sequestration strategy.

How much, locally, will biogenic carbon export (and macronutrient export) increase for various
fertilization strategies?
Most global ocean GCM simulations have represented iron fertilization by computing the
organic carbon export that would be needed to draw phosphate concentrations down to
zero. More sophisticated calculations have been made using regional models, but these
are unable to predict long-term effectiveness. Iron fertilization experiments have

Caldeira LAB 02-11 preproposal 2



documented increased organic carbon production, but the evidence for increased export is
equivocal.

Iron fertilization may increase export locally, but does it increase global annual mean net

export?
It is possible that iron fertilization causes macronutrients to be consumed more rapidly
than they otherwise would have been consumed. However, if left unfertilized, those
macronutrients may have been consumed somewhat later and in a different location. In
other words, might a patch of fertilized ocean leave a downstream ‘“‘shadow” with
diminished production. Fertilization only increases total export if it increases integrated
utilization of macronutrients.

Which fertilization strategies would maximize ocean CO2 uptake per unit iron added?

What is the optimal spatial scale and locations for iron fertilization [patchy versus
widespread; in upwelling zones, zones of deep convection, in boundary currents, or
gyres?]? Is it better to fertilize intermittently or continuously?

Do different fertilization strategies preferentially select for coccolithophorids, diatoms,
Trichodesmium, etc., and what effect does this selection have on carbon storage?

Different classes of phytoplankton have different properties affecting ocean CO2 storage,
such as inorganic carbon production and nitrogen fixation. Is it possible to characterize
the ocean in terms of where each class is most easily stimulated and what its effect is on
carbon storage.

How does macronutrient transport affect the long-term application of fertilization as a
sequestration strategy?

If large tracts of the ocean were fertilized for many years, the increased export of organic
matter would tend to deplete macronutrient concentrations in the upper ocean. This
reduction in macronutrient content would tend to diminish biological productivity,
making continued fertilization less effective. It is unknown how important this dynamic
is, as a function of scale and duration of fertilization.

Will there be changes in calcareous plankton production and export that could affect air-sea
carbon fluxes?

The export of the tests of calcareous plankton transports alkalinity from the surface ocean
to the ocean interior or sediments. This diminishes the alkalinity of the surface ocean,
which tends to drive a CO2 flux into the atmosphere. Iron fertilization will affect the
production and export of CaCO3. It is important to understand the role of this production
in affecting ocean carbon storage.

Where does exported carbon, and nutrients, remineralize in the water column?

Many questions about the effectiveness of ocean carbon sequestration depend on the
depth to which the exported carbon (and associated nutrients) is transported. For
example, carbon transported to the 3 km depth in the North Pacific may remain in the
ocean for a thousand years, whereas carbon in the upper thermocline might be ventilated
to the atmosphere with a few years.
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[It has been pointed out that even if the carbon is exported to the ocean bottom, there is
some effective short-term return of some of this carbon, because the increased carbon
export generates an increased mixed-layer to upper thermocline carbon gradient, resulting
in an increased flux of carbon from the upper thermocline to the mixed-layer.]

Is remineralization “Redfield”?

Furthermore, the ideal situation for sequestration effectiveness would be would be one in
which organic carbon is transported more deeply than nutrients. This would allow the
nutrients to cycle back up to the surface more rapidly than the organic carbon,
diminishing the loss of effectiveness associated with transporting macronutrients away
from the euphotic zone.

Can added iron recycle and thereby repeatedly fertilize the surface ocean?

If added iron were to support export production, remineralize, and then be transported
back up to the surface ocean, then this added iron could act to repeatedly fertilize the
ocean. Is this a plausible hypothesis? What would the magnitude of this effect be?

Unintended consequences

The second set of questions addresses the issue of what we need to know to predict the
unintended consequences of iron fertilization. Models can only represent processes that we
understand to some extent, therefore the models could miss some, but not all, unanticipated
consequences. An important issue is the reversibility of changes produced by ocean fertilization.
If the effects of fertilization are reversible, as we presume they would be, then any closely
monitored fertilization effort could be suspended at the first sign of unanticipated adverse
consequences, with little long-term harm.

What are the long-term pH consequences of extensive long-term ocean fertilization?

If the ocean were fertilized for an extended amount of time over a broad area, significant
amounts of carbon may be transferred from the upper ocean to the ocean interior. This
would tend to diminish pH impacts of CO2 release on organisms that dwell in the upper
ocean [e.g., calcareous plankton, coral reefs] while exacerbating pH effects on organisms
that live in the mid-depth waters. What is the magnitude of the pH impacts of
widespread, long-term, ocean fertilization?

What will happen to the ocean oxygen concentrations?

Early studies have indicated that long-term widespread ocean fertilization could produce
or expand anoxic regions in the ocean. Would the avoidance of new oxygen-depleted
zones significantly impact the amount of carbon that could be sequestered by ocean
fertilization? What are the oxygen consequences of intermittent or patchy fertilization?

Will other radiatively active gases be affected by iron fertilization?

Phytoplankton produce DMS, nitrous oxides, and other radiatively active gases. If ocean
fertilization were to produce ocean ecosystems that produce more DMS in remote
marine environments, this could make ocean sequestration more effective at combating
global warming; on the other hand, nitrous oxides are powerful greenhouse gases, and if
these ecosystems were to produce greater amounts of nitrous oxides, this could diminish
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the effectiveness of ocean fertilization. Initial calculations suggest that these are second
order effects; nevertheless, they need to be carefully and quantitatively assessed.

Is there any danger of producing irreversible changes to ocean ecosystems?

If an area of the ocean is fertilized for a prolonged period of time and then the
fertilization is halted, will the ecosystem return to the status quo ante, and, if so, how long
will it take to return? This question is important to answer because if a fertilization
project were to start, and then a problem was discovered, it would be important to know
whether the system could return to its unperturbed state. Such would not be the case, for
example, if ocean fertilization were to have the capacity to drive species to extinction.
Initial results indicate that ocean ecosystems are fairly resilient and could recover on a
time scale that is similar to the duration of the fertilization.

Would fertilization favor some biogeochemical groups over others?

Would fertilization tend to favor coccolithophorids or diatoms? Would nitrogen-fixing
organisms become more widespread? What might the unintended consequences for
ecosystem structure of various fertilization strategies?

What is the impact of ocean fertilization on fisheries?

Would fertilization for carbon sequestration diminish fishery yields [because more
nutrients and organic matter are being export to the ocean interior] or increase fishery
yields [because of enhanced photosynthesis]? Are there trade-offs between fishery
considerations and sequestration considerations, or are the goals of increasing fish yields
and decreasing greenhouse gas concentrations well aligned?

Preliminary studies —
Ocean fertilization was first proposed by Gribbin, and later i
promoted by Martin. There have been a variety of laboratory
and field experiments relating to iron limitation of
phytoplankton growth (). Here, we focus on a review of
efforts to simulate iron fertilization.

ApCO2  3years "
0 %

The first set of fertilization simulations were performed in
the early 1990s, and the field has had only limited progress
since that time.

The biggest contributions on in recent ocean fertilization
simulation research have probably come from Jorge
Sarmiento’s group in Princeton, Richard Matear’s effort at
CSIRO in Australia, and the Dick Barber/Fei Chai/etal
consortium.

Caldeira et al.

Under the auspices of the DOE Center for Research on
Ocean Carbon Sequestration (DOCS), we have initiated
some preliminary modeling of ocean fertilization. Our
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approach followed that of Orr and Sarmiento (1991) in which nutrient export is diagnosed from
the mismatch between observed and predicted phosphate concentrations, with biogenic export
from the euphotic zone assumed to occur in “Redfield” ratios.

Change in Total CO, in the Ocean
! i
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look at the efficacy of patchy and/or intermittent Year

fertilization. They have also been looking at the effect
of varying remineralization length scales.

Matear

Richard Matear has used a similar approach to looking at the effect of adding iron and
macronutrients

Dick Barber/Fei Chai/et al

Dick Barber/Fei Chai/et al are attempting to produce a more mechanistically realistic model of
iron fertilization, which they are applying in a limited domain model. Right now, in their model,
iron is not explicitly modeled, but the effects of iron are represented as a specified increase in
photosynthetic rate. This approach promises to produce a quantitatively predictive mechanistic
model of carbon and nutrient export from the euphotic zone. Because of its limited domain, this
model cannot now predict long-term effectiveness of iron fertilization as a sequestration strategy.
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Research design and methods R —

Model and data sharing

We intend to work both in collaboration and competition with
other ongoing efforts. We intend to make the source code for
our model freely available for download on the web, for
others to use, improve, criticize, etc. Numerical forms of
model input files and results used in published papers will
also be made available over the web.

I believe that we will all benefit when all modelers are as open
as possible with their model source code and results. The
reproducibility of model experiments depends on being able
to examine [and execute!] the underlying code.

Latitud

ATCO, 30 years Pacific 170W

Latitu

ATCO, 300 years Pacific 170W

Overall approach

We intend to take the PISCES biogeochemical model used by
MPI in Hamburg, Germany, and IPSL, in Saclay, France, and
run it in the LLNL Ocean GCM. We then plan to do a series
of model simulations designed to address many of the
questions outlined in the first section of this document.

Specific tasks
In summary, we proposed to
e Install a “cleaned up” version of the ocean biogeochemical model used by MPI and IPSL
into the LLNL ocean GCM
e Spin the model up to a stationary “pre-industrial” state, and perform several standard
IPCC atmospheric CO2 scenario calculations to act as a baseline for sequestration
scenarios
e Perform, analyze, and publish a set of evaluation simulations [e.g., compare model results
with Fe fertilization experiments (SOFeX, etc.)]
e Perform, analyze, and publish a range of simulations of various ocean fertilization
strategies
o Variations in spatial domain [e.g., small patches, large areas, different oceanic
regions, etc.]
o Variations in temporal domain [e.g., continuous iron addition vs. pulsed, iron
addition keyed to ecosystem state, one-time vs. repeating]
e Perform, analyze, and publish a range of simulations of various “what-if”’ scenarios
o What if remineralization length scales could be controlled?
o What if “Redfield” ratios of exported carbon could be controlled?
o How would it affect long-term sequestration efficiency nutrients (e.g., P, N, Fe)
were to remineralize more rapidly than carbon?
o What if we could fertilize in such a way that only some functional groups would
receive the benefit of the added Fe (e.g., only diatoms or only coccolithophorids).

In somewhat greater detail
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Install a “cleaned up” version of the ocean biogeochemical model used by
MPI and IPSL into the LLNL ocean GCM

PISCES was written by scientists, not computer specialists. As such, PISCES contains examples
of what my computer colleagues consider “bad programming practice.” The biogeochemical
model needs to be represented as a set of differential equations, separate from the time-stepping
algorithm of the model. It is hoped that this “cleaned-up” version of PISCES might be adopted
by MPI and or IPSL.

The “cleaned up” version of PISCES should install into the LLNL model relatively easily. We
then need to bring this model to a statistically stationary state. This involves simulating
thousands of years of ocean circulation. We would then have a single model that is capable of
simulating atmospheric release, direct injection, and iron fertilization.

Spin the model up to a stationary “pre-industrial” state, and perform several
standard IPCC atmospheric CO2 scenario calculations to act as a baseline
for sequestration scenarios

After the model is installed in our ocean GCM, it needs to be run for several thousand simulated
years to produce a simulation pre-industrial state. Then, we will simulate the historical period

(1765 to 2000) and several IPCC scenarios for the next century. These will act as points of
comparison for various fertilization simulations.

Perform, analyze, and publish a set of evaluation simulations [e.g.,
compare model results with Fe fertilization experiments (SOFeX, etc.)]

There is a real mismatch in scale between the fertilization experiments, which typically occur on
the scale of 10’s of km, and global ocean biogeochemical models, which typically have grid cells
of 100’s of km. Nevertheless, it is useful to ask the question how the model results for the
various Fe fertilization experiments compare with observations. Because of the larger spatial
scale, the model should dilute the patch more slowly than in the real world. Nevertheless, we can
ask the question of whether the dynamics that were observed bear an understandable relation to
the dynamics occurring in the model.

Perform, analyze, and publish a range of simulations of various ocean
fertilization strategies

We propose to perform a base set of simulations that will be used to address many different
scientific questions (i.e., test many different hypotheses). These questions are described in more
detail below.

Variations in spatial domain

The effect of fertilizing a small patch may differ significantly from that of fertilizing a large
area. Fertilization might be more effective in some regions [e.g., Southern Ocean] than in other
regions [e.g., equatorial upwelling regions]. These hypotheses will be tested in the model.

Variations in temporal domain

The effects of continuous iron addition may differ significantly from that of pulsed addition.
Furthermore, it is possible that iron addition may be most effective when the iron addition is
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keyed to specific ecosystem states. For example, it might be best to fertilize when a natural
bloom has already begun, or it might be best to fertilize later in the season to spur a new bloom.
There may be large differences between one-time and repeating fertilizations. With repetition,
sufficient macronutrients may get transported away from the upper ocean such that continued
iron fertilization produces diminishing effects. These issues can be explored with this set of
simulations.

Perform, analyze, and publish a range of simulations of various “what-if”
scenarios

The following simulations would probably be done after most of the prior simulations, with the
exception of the remineralization length scale simulations, because it is important to resolve the
importance or unimportance of this factor as soon as possible. Many of these simulations would
require the development of new equilibrium states of the model, involving thousands of years of
simulated ocean circulation. Therefore, we will choose carefully among the folowing.

What if remineralization length scales could be controlled?

We will perform simulations in which the increase in carbon export is remineralized with
different length scales

What if “Redfield” ratios of exported carbon could be controlled?

How would it affect long-term sequestration efficiency nutrients (e.g., P, N, Fe) were to
remineralize more rapidly than carbon?

What if we could fertilize in such a way that only some functional groups would receive
the benefit of the added Fe (e.g., only diatoms or only coccolithephorids).

Detail of proposed experiments

1-D and 3-D models

The 1-D model is an efficient and useful workbench to explore many of the questions listed in
Part 1 (above). Where possible and appropriate we will perform simulations first in a 1-D test
bed to see if the full 3-D simulation is likely to produce an important result. [For example, if the
1-D model results suggest that varying remineralization length scales has little effect on
sequestration efficiency, then this need not be pursued in 3-D; if the 1-D model suggests it is
important, then the effect will be explored in greater detail in the 3-D model.

The one-dimensional simulations described above will help to delineate which processes are
likely to be important for predicting the effectiveness and consequences of ocean fertilization.
The 3-D ocean GCM simulations are much more time consuming, so these runs must be chosen
more carefully, especially if they require a new model “spin-up” (i.e., a new statistically-
stationary steady state), as this requires thousands of simulated model years.

However, some issues can only be explored if the spatial component is adequately represented.

Here, we list a set of problems and solution approaches that is larger than we will actually be
able to accomplish. Due to the nature of scientific work, some problems will prove to be
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important and easy, some important and hard. (We will avoid unimportant hard problems.) One
contribution we will make is helping to determine where each problem falls on the important to
unimportant spectrum, and to help determine what kind of effort [beyond the work proposed
here] would be necessary to conclusively answer these questions.

Addressing important questions

We note that the questions below can easily be transformed into hypotheses by turning the
question into statement.

Effectiveness at storing carbon

How much, locally, will biogenic carbon export (and macronutrient export) increase for various
fertilization strategies?

We can get some idea of the effectiveness of various ocean fertilization strategies by performing
simulated fertilizations in the 1-D transport model. For example, we can compare continuous
fertilization with fertilization at different times of the year? For example, is it better to contribute
to a pre-existing bloom, or fertilize in a non-bloom period? Once we have established some
range of different behavior in the 1-D test bed, we can perform several ocean GCM simulations
using these fertilization strategies to see how the system behaves when lateral fluxes are
considered.

A pulse of iron fertilization may increase export for a short amount of time, but does it increase
total annual export?

Iron fertilization may increase export in the bloom period immediately after fertilization, but as
the macronutrients are consumed export may be diminished during the post-bloom period. The 1-
D model can be used to explore to what extent the post-bloom reduction in export might offset
the increased export that occurs during the bloom period.

Iron fertilization may increase export locally, but does it increase global export?

Ocean iron fertilization is attempting to increase the fraction of macronutrients leaving the mixed
layer that is associated with organic carbon export. It is possible that fertilization could speed the
utilization of this macronutrient without increasing overall carbon export. This could occur, for
example, in a situation in which nutrient-rich water upwells, and spreads into surface waters of a
gyre. By the time the upwelled water subducts again nearly all of the macronutrients may be
depleted; in some localities, fertilizing may simply speed up nutrient utilization without
increasing total utilization. We can use the 3-D model to assess effectiveness as a function of
location and mode of fertilization.

Which fertilization strategies would maximize ocean CO2 uptake per unit iron added?

Export is only one factor in the equation. For ocean fertilization to be an effective sequestration
strategy, some of the export must be compensated for by a flux of carbon from the atmosphere to
the ocean. Are the strategies that produce the most export necessarily the strategies that produce
the greatest air-to-sea CO2 flux? The set of 3-D simulations under various fertilization
scenarios.
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Do different fertilization strategies preferentially select for coccolithophorids, diatoms,
Trichodesmium, etc., and what effect does this selection have on carbon storage?

In the 1-D model, coefficients can be modified to favor one functional group of organisms over
another. To what extent does this affect air-sea CO, fluxes for a fixed rate of nutrient supply? Do
the different fertilization scenarios tend to favor different functional groups?

How does macronutrient transport affect the long-term application of fertilization as a
sequestration strategy?

Increased export of organic matter tends to deplete macronutrient concentrations in the upper
ocean, which would tend to diminish biological productivity, making continued fertilization less
effective. This effect has been observed in ocean GCM simulations. How does this effect vary
with the length-scales for macronutrient remineralization? These issues can be explored in the 1-
D model.

Will there be changes in calcareous plankton production and export that could affect air-sea
carbon fluxes?

The production of CaCO3 in the upper ocean, and its export to the ocean interior, tends to drive a
CO2 flux from the ocean to the atmosphere. Thus, if coccolithophorids or other calcareous
plankton are stimulated, at least part of the benefits of organic carbon export will be
compensated for by inorganic carbon export. The 1-D model can be used to test how important
this effect is in determining the effectiveness of various ocean fertilization proposals?

Where does exported carbon, and nutrients, remineralize in the water column?

Jorge Sarmiento presented a stimulating result at the 2002 Ocean Sciences Meeting. He found
that even if increased carbon export were transported to the sea floor, where it may be expected
to reside for hundreds of years, the effect on air-sea CO2 fluxes might diminish in years or
decades. He speculated that there is some effective short-term return of some of this carbon,
because the increased carbon export generates an increased mixed-layer to upper thermocline
carbon gradient, resulting in an increased flux of carbon from the upper thermocline to the
mixed-layer. This conjecture, suggesting a relative insensitivity to remineralization depth, can be
explored with a 1-D model. The results of this exploration are very important, as it directly
relates to the extent to which it is important to characterize remineralization length scales for
carbon.

Is remineralization “Redfield”?

If nutrients are selectively scavenged from sinking detrital matter, this would allow exported
nutrients to recycle through the euphotic zone more rapidly than would exported carbon.
Effectively, this would allow added nutrients to effectively export carbon several times per
nutrient addition. We will use the 1-D model to explore how much amplification of sequestration
effectiveness there is as a function of nutrient and carbon remineralization length scales?

Can added iron recycle and thereby repeatedly fertilize the surface ocean?

After iron is added to the surface ocean and exported with biogenic matter, will that iron ever
return to the surface ocean to support additional new production? The 1-D model can be used to
see how much recycling there is in the base model configuration, and how this recycling is
affected by changes in the representation of iron chemistry and ligand binding.
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Which fertilization strategies would maximize ocean CO2 uptake per unit iron added?

The 3-D model can be used to help identify the optimal spatial scale, location, and fertilization
protocol, to sequester carbon in the ocean. Effectiveness will be measured as the change in ocean
storage as a function of time resulting from an addition of iron. Some locations may export
carbon effectively, only for it to be quickly returned to the upper ocean; other regions may not be
so susceptible to artificially enhanced export, but may retain

Do different fertilization strategies preferentially select for coccolithophorids, diatoms,
Trichodesmium, etc., and what effect does this selection have on carbon storage?

Different classes of phytoplankton have different properties affecting ocean CO2 storage, such as
inorganic carbon production and nitrogen fixation. Is it possible to characterize the ocean in
terms of where each class is most easily stimulated and what its effect is on carbon storage.

How does macronutrient transport affect the long-term application of fertilization as a
sequestration strategy?

If large tracts of the ocean were fertilized for many years, the increased export of organic matter
would tend to deplete macronutrient concentrations in the upper ocean. This reduction in
macronutrient content would tend to diminish biological productivity, making continued
fertilization less effective. It is unknown how important this dynamic is, as a function of scale
and duration of fertilization.

Will there be changes in calcareous plankton production and export that could affect air-sea
carbon fluxes?

The export of the tests of calcareous plankton transports alkalinity from the surface ocean to the
ocean interior or sediments. This diminishes the alkalinity of the surface ocean, which tends to
drive a CO2 flux into the atmosphere. Iron fertilization will affect the production and export of
CaCO3. It is important to understand the role of this production in affecting ocean carbon
storage.

Where does exported carbon, and nutrients, remineralize in the water column?

Many questions about the effectiveness of ocean carbon sequestration depend on the depth to
which the exported carbon (and associated nutrients) is transported. For example, carbon
transported to the 3 km depth in the North Pacific may remain in the ocean for a thousand years,
whereas carbon in the upper thermocline might be ventilated to the atmosphere with a few years.
[It has been pointed out that even if the carbon is exported to the ocean bottom, there is some
effective short-term return of some of this carbon, because the increased carbon export generates
an increased mixed-layer to upper thermocline carbon gradient, resulting in an increased flux of
carbon from the upper thermocline to the mixed-layer.]

Is remineralization “Redfield”?

Furthermore, the ideal situation for sequestration effectiveness would be would be one in which
organic carbon is transported more deeply than nutrients. This would allow the nutrients to cycle
back up to the surface more rapidly than the organic carbon, diminishing the loss of effectiveness
associated with transporting macronutrients away from the euphotic zone.

Can added iron recycle and thereby repeatedly fertilize the surface ocean?
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If added iron were to support export production, remineralize, and then be transported back up to
the surface ocean, then this added iron could act to repeatedly fertilize the ocean. Is this a
plausible hypothesis? What would the magnitude of this effect be?

How much, locally, will biogenic carbon export (and macronutrient export) increase for various
fertilization strategies?

Most global ocean GCM simulations have represented iron fertilization by computing the
organic carbon export that would be needed to draw phosphate concentrations down to zero.
More sophisticated calculations have been made using regional models, but these are unable to
predict long-term effectiveness.

How best to represent the surface boundary condition for ocean fertilization simulations?

Two different types of atmospheric boundary are commonly applied to ocean sequestration
simulations (Caldeira et al., 2001). In one set of boundary conditions, atmospheric CO2 content
is specified. In the other set of boundary conditions, fluxes into and out of the ocean change both
atmospheric and oceanic CO2 content, and the ocean responds to that new boundary condition.
For direct injection, this change of boundary condition changes the predicted effectiveness from
a case in which all of the injected CO2 leaks to the atmosphere on a time scale of 300 years to
one in which 80% of the carbon remains permanently sequestered in the ocean. [Both of these
statements are true, as long as we are clear what the word “carbon” is referring to in each of the
statements. |

Sarmiento and coworkers found that significant leakage to the atmosphere occurred within a few
years, even if the organic flux was remineralized on the ocean bottom. Was the leakage of CO2
observed by Sarmiento and coworkers a result of the boundary condition applied? Did the
reduction in CO2 locally cause a broad outgassing over the remainder of the ocean?

Unintended consequences

Is there any danger of producing irreversible changes to ocean ecosystems?

In the 1-D model, we can explore the issue of whether (and, if so, how long it takes) for
ecosystems to return to the pre-fertilized state following an application of Fe. This is important
for several reasons. If it can be shown that extensive fertilization can produce a permanent
change in ecosystem structure, this would have to be taken into consideration prior to performing
any such fertilization. Of course, if the model returns to the status quo ante, this is no guarantee
that the real system will have this property. However, if the model demonstrates reason for
concern, this should stimulate additional research in this area.

If the transport of macronutrients away from the euphotic zone resulting from long-term
fertilization leaves the upper ocean deprived of macronutrients, the time scale for ecosystem
recovery may be governed by the time scale of recovery of the nutrient fields. This time scale is
probably closely related to the duration of the fertilization. Again, these issues can be explored in
the 1-D version of the model.

Would fertilization favor some biogeochemical groups over others?

Given the range of fertilization scenarios in the 1-D model, are there consistencies in which
biogeochemical (or functional) groups seem to be favored. Are some groups consistently winners
and others consistently losers? What impact would this have on ocean biogeochemistry?
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What is the impact of ocean fertilization on fisheries?

If fertilization is designed to maximize export, it is not necessarily true that more photosynthate
would be provided to the upper trophic levels that constitute most of the world’s fisheries. While
fish are not explicitly represented in the model, meso-zooplankton are represented. We can use
the amount of food supplied to the highest trophic level in the model to make some conjectures
about the response of these trophic levels to the various fertilization scenarios.

Unintended consequences

What are the long-term pH consequences of extensive long-term ocean fertilization?

If the ocean were fertilized for an extended amount of time over a broad area, significant
amounts of carbon may be transferred from the upper ocean to the ocean interior. This would
tend to diminish pH impacts of CO2 release on organisms that dwell in the upper ocean [e.g.,
calcareous plankton, coral reefs] while exacerbating pH effects on organisms that live in the mid-
depth waters. What is the magnitude of the pH impacts of widespread, long-term, ocean
fertilization?

What will happen to the ocean oxygen concentrations?

Early studies have indicated that long-term widespread ocean fertilization could produce or
expand anoxic regions in the ocean. Would the avoidance of new oxygen-depleted zones
significantly impact the amount of carbon that could be sequestered by ocean fertilization? What
are the oxygen consequences of intermittent or patchy fertilization?

Will other radiatively active gases be affected by iron fertilization?

Phytoplankton produce DMS, nitrous oxides, and other radiatively active gases. If ocean
fertilization were to produce ocean ecosystems that produce more DMS in remote marine
environments, this could make ocean sequestration more effective at combating global warming;
on the other hand, nitrous oxides are powerful greenhouse gases, and if these ecosystems were to
produce greater amounts of nitrous oxides, this could diminish the effectiveness of ocean
fertilization. Initial calculations suggest that these are second order effects; nevertheless, they
need to be carefully and quantitatively assessed.

Is there any danger of producing irreversible changes to ocean ecosystems?

If an area of the ocean is fertilized for a prolonged period of time and then the fertilization is
halted, will the ecosystem return to the status quo ante, and, if so, how long will it take to return?
This question is important to answer because if a fertilization project were to start, and then a
problem was discovered, it would be important to know whether the system could return to its
unperturbed state. Such would not be the case, for example, if ocean fertilization were to have
the capacity to drive species to extinction. Initial results indicate that ocean ecosystems are fairly
resilient and could recover on a time scale that is similar to the duration of the fertilization.

Would fertilization favor some biogeochemical groups over others?

Would fertilization tend to favor coccolithophorids or diatoms? Would nitrogen-fixing organisms
become more widespread? What might the unintended consequences for ecosystem structure of
various fertilization strategies?
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What is the impact of ocean fertilization on fisheries?

Would fertilization for carbon sequestration diminish fishery yields [because more nutrients and
organic matter are being export to the ocean interior] or increase fishery yields [because of
enhanced photosynthesis]? Are there trade-offs between fishery considerations and sequestration
considerations, or are the goals of increasing fish yields and decreasing greenhouse gas
concentrations well aligned?

Schedule

Year 1

The first year of the project, we will

get a cleaned up version of PISCES out on the web

install PISCES in our ocean GCM

spin up the model to a stationary state (~4000 yr of simulation)

make a 1-D (depth) version of PISCES

perform a set of sensitivity experiments addressing as many questions in part 1 as
possible using thel-D version of the PICES model.

e perform initial fertilization simulations

Year 2

The second year of the project, we will

e Add a diagnostic nitrogen cycle to the model. In this approach, we estimate nitrogen
fixation rates by assuming exported organic matter is Redfield; any deficit in nitrate
relative to phosphate is assumed to have been supplied by nitrogen fixation. This is
balanced in steady state by denitrification in hypoxic regions of the oceans.

e Perform additional fertilization scenarios with the modified PISCES biogeochemical
model, focusing on the factors that the 1-D model suggests are most important.

e Work on developing a nitrogen cycle (in collaboration with IPSL) for the PISCES model

Year 3

The third year of this project, we will
e perform a full set of experiments in the model with full cycles of N, Si, P, Alk, 02, CO2

Summary

Research project objectives

The primary objectives of this project are to assess, and improve our understanding of:

2. The effectiveness of various proposals to intentionally store carbon in the ocean
through fertilization of the surface ocean with iron and/or macronutrients;

3. The pH and other biologically relevant consequences of long-term and extensive
ocean fertilization;

4. First order ecological consequences of ocean fertilization.

In greater detail, we wish to examine:

Caldeira LAB 02-11 preproposal 15



Does patchy or intermittent fertilization result in increased local carbon export?
To what extent is increased export [local in time and space] compensated for by
decreased export either in the future or in neighboring regions?

e To what extent is increased export compensated for by an increased quasi-diffusive flux
of carbon from the upper thermocline to the mixed layer?

e How do predictions made with a more realistic biological model compare with those
made with simple biological models?

¢ What is the long-term effectiveness of ocean fertilization via different strategies [e.g.,
patchy versus widespread, intermittent versus prolonged] in different areas?

e What are the long-term pH consequences for the deep ocean of prolonged or widespread
ocean fertilization?
Will iron fertilization increase rates of nitrogen fixation?
Will iron fertilization result in ecological shifts, say from diatom-dominated ecosystems
to coccolithophorid-dominated ecosystems [say, as Si is depleted from fertilized
regions]?

e How well does the coupled biology/physics model simulate observations from iron
fertilization experiments, including SOFeX? .

e What processes need to be included in the models, to better reproduce effects observed in
iron fertilization experiments?

e What should the next experiment measure to better constrain the models?

Methods of accomplishment

Here, we propose to use what we believe to be the best global ocean biogeochemical model in
the world (PISCES) and apply it to perform the most realistic simulations of various iron
fertilization scenarios. PISCES is currently used by both the Max Planck Institute (MPI) in
Hamburg, Germany, and the Institute Pierre Simon Laplace (IPSL) in Saclay, France, in their
respective coupled ocean/atmosphere/carbon-cycle modeling efforts. The model represents
diatoms, coccolithophorids, nitrogen fixers, and two classes of zooplankton. This model
considers Fe, N, P, O2, Si, alkalinity, and carbon; for some of these it considers dissolved
inorganic and organic, as well as particulate, forms.

Heretofore, most ocean sequestration simulations have either been performed on a global scale,
but with an extremely rudimentary representation of marine biota (e.g., Sarmiento and Orr,
1991), or with a reasonably good biotic model, but over a limited domain (e.g., Barber, Chai, et
al., Ocean Sciences, 2002). Installing PISCES in an ocean GCM here, would allow us to perform
the most realistic global scale simulations of iron fertilization, with a minimum of model
development effort. Instead of simply reducing surface phosphate to zero, as has been done first
by Sarmiento and his coworkers (and later by this PI and others), or simply assuming an increase
in primary productivity resulting from iron fertilization, as has been done by Barber and his
coworkers. We, for the first time, could add simulated iron to our simulated ecosystem and
presumable predict a more realistic response [e.g., phosphate will not be reduced to zero
concentration] that can be directly compared with iron fertilization experiments such as SOFeX.

Our general approach would be to install the PISCES model with a minimum of modification,
and perform an initial suite of simulations of both iron fertilization experiments (e.g., SOFeX)
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and proposed iron fertilization strategies. Based on the simulated experiments, we will analyze
model deficiencies with respect to the observations and use this analysis to improve future
versions of the model. PISCES was derived from a model originated by Ernst Maier-Reimer and
Katerina Six at MPI, but was greatly extended by Olivier Aumont working both at IPSL and
MPI. Olivier Aumont was a student of Jim Orr. Jim Orr performed the first iron fertilization
simulations, and he is now spending his sabbatical year with me. As a result of this relationship, I
have obtained a copy of the PISCES model with permission to install it in the LLNL ocean
GCM. As a result of this project, DOE will have a tested integrated modeling framework that can
make predictions of large-scale consequences of both iron fertilization and direct injection. This
source code for and results from this set of models will be freely distributed.

This project is markedly different from all currently funded projects. Current funding applies to
direct injection and geochemical modeling only; this proposal applies to iron fertilization and
ecosystem modeling. Nevertheless, there is some synergy to be gained by having iron
fertilization experiments performed in the same model and by the same people who are
performing direct injection simulations. For example, we can use already-developed pH
diagnostics to look at iron fertilization results. Our simulations can help provide context and
guidance for biological observations within the ocean carbon sequestration research program.

Conclusion

A project with a clear strategy to achieve the most-realistic ocean fertilization simulations yet
performed in a global model, with an assessment of and improvement in the reliability of those
predictions using results from iron fertilization experiments such as SOFeX.
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