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Abstract

While nutrient depletion scenarios have long shown that the high-latitude High Nutrient
Low Chlorophyll (HNLC) regions are the most effective for sequestering atmospheric
carbon dioxide, recent simulations with prognostic biogeochemical models have sug-
gested that only a fraction of the potential drawdown can be realized. We use a global
ocean biogeochemical general circulation model developed at GFDL and Princeton to
examine this and related issues. We fertilize two patches in the North and Equatorial
Pacific, and two additional patches in the Southern Ocean HNLC region north of the
biogeochemical divide and in the Ross Sea south of the biogeochemical divide. We ob-
tain by far the greatest response to iron fertilization at the Ross Sea site. Here the CO,
remains sequestered on century time-scales and the efficiency of fertilization remains
almost constant no matter how frequently iron is applied as long as it is confined to the
growing season. The second most efficient site is in the Southern Ocean. Here the bi-
ological response to iron fertilization is comparable to the Ross Sea, but the enhanced
biological uptake of CO, is more spread out in the vertical and thus less effective at
leading to removal of CO, from the atmosphere. The North Pacific site has lower initial
nutrients and thus a lower efficiency. Fertilization of the Equatorial Pacific leads to an
expansion of the suboxic zone and a striking increase in denitrification that causes a
sharp reduction in overall surface biological export production and CO, uptake. The
impacts on the oxygen distribution and surface biological export are less prominent at
other sites, but nevertheless still a source of concern. The century time scale retention
of iron in these models greatly increases the long-term biological response to iron ad-
dition as compared with models in which the added iron is rapidly scavenged from the
ocean.
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1 Introduction

The hypothesized link between surface macronutrient concentrations and the air-sea
balance of CO, has captured the interest of the scientific community ever since a re-
duction of surface nutrients in the Southern Ocean was first proposed independently
by Knox and McElroy (1984), Sarmiento and Toggweiler (1984), and Siegenthaler and
Wenk (1984), as a mechanism to explain the observed reduction of atmospheric CO,
during the ice ages. Building on these and other early box model studies by Joos
etal. (1991) and Peng et al. (1991), there have now been a wide range of ocean general
circulation model simulations examining the link between macronutrient concentrations
at the surface of the ocean and the atmosphere-ocean CO, balance (Sarmiento and
Orr, 1991; Orr and Sarmiento, 1992; Kurz and Maier-Reimer, 1993; Archer et al., 2000;
Matear and Elliott, 2004; Zeebe and Archer, 2005; Marinov et al., 2008; Gnanadesikan
and Marinov, 2008). Among the major findings from these large scale macronutrient
manipulation simulations are an analysis of how the air-sea CO, balance is related to
the fraction of total nutrients in the ocean that is remineralized vs. preformed, and the
demonstration from regional sensitivity studies that the greatest impact on the global
inventory of remineralized nutrients and thus on atmospheric CO, occurs when nutri-
ents are depleted in the Southern Ocean High Nutrient Low Chlorophyll (HNLC) region.
As regards the second point, Table 1 shows a typical result from nutrient depletion sim-
ulations using the KVHISOUTH model from Gnanadesikan et al. (2002), which demon-
strates how after 100 yr of nutrient depletion, the Southern Ocean response is about
9 times the average of the other three regions in the North Atlantic, the North Pacific,
and the tropical ocean.

The Southern Ocean surface nutrient reduction hypothesis as an explanation for the
ice age CO, reduction was given a further boost by the suggestion of Martin (1990) that
relief of iron limitation by an increased flux of iron-bearing dust might have been the
mechanism whereby the macronutrients were reduced during the ice ages. While the
ideas about what caused the ice age CO, reduction have evolved, including a more
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recent emphasis on physical mechanisms (e.g., Sigman and Boyle, 2000; Anderson
et al., 2009), the evidence in support of the iron limitation hypothesis per se has grown
over time based principally on a wide range of mesoscale iron manipulation exper-
iments such as those described by Martin et al. (1994), Coale et al. (1996), Boyd
et al. (2000), Gervais et al. (2002), Tsuda et al. (2003), Boyd et al. (2004), Coale
et al. (2004), and Hoffmann et al. (2006) (cf. reviews by de Baar et al., 2005; and Boyd,
2007).

The critical importance of the underlying scientific issues regarding our understand-
ing of the linked cycles of carbon, macronutrients, and iron in the ocean have been
a strong impetus for continued interest in the hypothesized link between surface nu-
trient concentration and atmospheric CO,, and in the iron limitation hypothesis. An
additional impetus for study of these hypotheses has been the geoengineering pro-
posal first articulated by Martin et al. (1990a and b) to artificially fertilize the ocean with
iron as a way of removing CO, from the atmosphere. Studies of this issue have cen-
tered primarily on determining: 1) the efficiency of the fertilization; 2) the verifiability of
CO, removal from the atmosphere; and 3) the long term environmental consequences
of the fertilization (cf. Chisholm et al., 2001; Buesseler et al., 2008). This paper is
primarily about the underlying scientific issues regarding the efficiency of fertilization,
but before proceeding, we note that the potential environmental consequences of ex-
tensive iron fertilization alone are sufficient to give serious pause to anyone seriously
considering this as an option for CO, removal, as discussed by Chisholm et al. (2001),
Jin and Gruber (2003), Schiermeier (2003), Shepherd (2009), and Strong et al. (2009)
among others; and the verifiability of CO, sequestration as analyzed by Gnanadesikan
et al. (2003) would be extremely difficult. Despite such findings, the option of carbon
mitigation by patch iron fertilization continues to draw interest and thus, if for no other
reason, merits serious scientific scrutiny.

The overall efficiency of iron fertilization in removing CO, from the atmosphere is de-
fined as the cumulative perturbation atmospheric CO, uptake A@Z%Sea divided by the
(see Appendix A for a definition of these terms),
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It is useful to further separate the overall response function into a physical-chemical

. . . CO, OrgC&CaCO .. . .
efficiency €pnys_cnem, defined as the ratio of AD .~ to ACDeXpOrt , which is the

cumulative perturbation export of carbon from the surface ocean that results from iron
fertilization; and a biogeochemical response function REFe defined as the ratio

OrgC&CaCoO ironutilization
r al .
of AD_ > to ADF® In equation form, we have that:

export fertilization”
C:Fe C:Fe
Roverall = Ephys—chem 'Riron utlization’ where
e —_ Acbgi?—zsea and
phys—chem — AcDOrgC&CaCOS d (2)
export
Org C&CaCO3
C:Fe _ ACI>export
ironutilization =~  pgpFe

fertilization

(cf. Jin et al., 2008). The mesoscale iron enrichment experiments referred to ear-
lier have shown that the drawdown in surface dissolved inorganic carbon (DIC)
that results from a given iron addition occurs at an average ratio of R[C)I:gfjrawdownz
5600 mol C:mol Fe added (de Baar et al., 2005). This is considerably smaller than
the intracellular C:Fe ratios of ~20000 to 500 000 typically observed in laboratory ex-
periments with oceanic phytoplankton as summarized by Fung et al. (2000) and Sunda
(2001), or than the mean C:Fe ratio of 200000 proposed by Johnson et al. (1997),
which are the values typically used in estimating iron demand in geoengineering pro-
posals for iron fertilization. This suggests that most of the iron that is being added
to the ocean is not being utilized by phytoplankton, at least on the time-scale of the
observations. Results from the iron manipulation experiments thus imply that the iron
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demand for a given CO, removal would be one to two orders of magnitude greater than
estimates based on the laboratory measurements (cf. Buesseler and Boyd, 2003). In
addition to this problem, there has been only partial success in demonstrating that DIC
uptake by iron fertilization actually results in carbon export from the surface ocean.
The limited observational period of most experiments seems a likely reason for the
failure to observe a significant export flux in many cases (Buesseler et al., 2004; de
Baar et al., 2005). For example, in one of the few successful observations of particle
fluxes, Bishop et al. (2004) used autonomous floats with optical measurements of the
“carbon flux index” to show a large flux of particulate organic carbon at the SOFeX
northern patch site beginning only 25 to 45d after iron addition was initiated. Based
on their measurements, Bishop et al. (2004) estimated a C export to Fe added ratio of

i?;ﬁiﬁ,izaﬁonﬂoooo to 100 000, which is more in the range of what might be expected
from the laboratory experiments.

The problems inherent in short term manipulation experiments have motivated a new
series of observational studies at locations within HNLC regions where islands provide
a local long-term source of iron. Such studies of natural iron fertilization at the Ker-
guelen plateau and Crozet Island in the Southern Ocean have detected a large excess
particulate organic carbon export in iron fertilized regions relative to that in adjacent
non-fertilized regions using the 234Th deficit method. The ratio of the excess C export
to Fe supply is estimated to be Ri(r:c;Eitilization=7o 000+46 000 at Kerguelen at the time
of observations (Blain et al., 2007). At Crozet Pollard et al. (2009) found that after the
chlorophyll peak in the iron fertilized region and in the HNLC region, the mean daily
rates of carbon export were similar. However, they calculated different bloom durations
for each region by using 234Th/opal ratios to close the silicate budget. The seasonal ra-
tio of excess C export to Fe supply at Crozet was estimated to be 17 200 (5400-60 400)
at 100m and 8600 at 200 m. Estimates based on the seasonal DIC and Fe budgets
at Kerguelen give a much higher seasonal mol C:mol Fe ratio of Ri?c;zitilization=668 000.
The reason for the large difference between the Kerguelen and Crozet seasonal esti-

mates of R%Eiﬁ"zaﬁon is not understood (e.g., Pollard et al., 2009).
10386
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Despite the large uncertainties, the natural iron fertilization studies and some of the
iron manipulation studies have clearly demonstrated by now that iron fertilization of
HNLC regions should eventually give rise to an increased particle export flux. What
can we say about the physical-chemical efficiency eynys_chems i-€., the extent to which
the resulting reduction in surface DIC will actually remove CO, from the atmosphere?
The short time span of the iron manipulation experiments is problematic for verifica-
tion of the impact of iron fertilization on the air-sea balance of CO,. A typical air-sea
e-folding equilibration time for a 40 m mixed layer is of order 6 months (Sarmiento and
Gruber, 2006), as contrasted with the time scale of a few weeks of the experiments.
Thus, the air-sea CO, flux estimated from the DIC deficit during the fertilization period
is only a miniscule part of the carbon budget, an average of 8% of the DIC drawdown
per de Baar et al. (2005). The time scale of the natural iron fertilization studies is
more suitable, though still not ideal. Estimates of air-sea CO, gas flux over a 75-day
period during the Crozet Island experiment by Bakker et al. (2007) gave an average
uptake of 700+600 mmolm~2 inside the fertilized patch vs. 240+120 mmolm~2 out-
side the patch, for a net uptake of 460+580 mmolm~2 due to the added iron. Pol-
lard et al. (2009) give a particulate organic carbon (POC) export of 960 mmol m~2
in the patch vs. 290 mmol m™2 outside, for a net of 670 mmolm‘z, with no uncer-
tainty reported. The air-sea CO, uptake in the Crozet iron fertilized region thus gives
a physical-chemical efficiency of eppys_chem~69%, but with quite a large uncertainty. At
Kerguelen, we use the 90 d seasonal carbon flux estimates of Jouandet et al. (2008) of
5400+1900 mmol m~2 inside the patch vs. 1700+£400 mmol m~2 outside the patch, and
air-sea flux of 2824 mmolm=2d™" inside the patch and —-2.7+2.3 mmol m~2d™" out-
side the patch, x90d/2 to account for the whole season, to calculate e,pys_chem=37%,
again with a very large uncertainty. However, even the 75 and 90d time periods over
which the air-sea flux was estimated in the natural fertilization studies is insufficient
to catch the full equilibration time of the surface DIC perturbation. More importantly,
although such studies very likely capture a substantial fraction of the immediate re-
sponse to iron fertilization, there are other longer term processes that can modify the
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overall chemical-physical efficiency of the iron fertilization, such as the global backflux
of CO, that results from reduction of atmospheric CO, (cf., Gnanadesikan et al., 2003).
This is one of the important places where models can play a crucial role.

Until the addition of explicit representations of ecosystem processes and the iron
cycle, macronutrient manipulation studies such as those used in most of the model
simulations discussed earlier were the only method whereby the effect of iron fertil-
ization on global biogeochemistry and the air-sea CO, balance could be investigated
in ocean biogeochemistry models. In macronutrient manipulation studies, the putative
effects of iron fertilization on the physical-chemical efficiency e, s_chem are simulated
by assuming that iron fertilization reduces surface nutrient concentrations by forma-
tion and export of organic matter, which also removes a corresponding amount of dis-
solved inorganic carbon with standard stoichiometric ratios. Because of the absence
of ecosystem and iron cycle model components, macronutrient manipulation studies
are unable to simulate the biogeochemical response function, Ri?c;gitilization' The patch
Equatorial Pacific macronutrient depletion simulation of Gnanadesikan et al. (2003)
using a Martin et al. (1987) power law remineralization profile gave an extremely low
€phys—chem Of 2.0% for the 100 yr response of a one-time, one-month nutrient depletion
scenario. ldentical simulations for 50 yr at the northwest Pacific SEEDS site by Mat-
sumoto (2006) gave eypys_chem~7% after 100yr. The difference between these two
sites is likely due to the mechanisms discussed by Jin et al. (2008) in their examination
of ephys—chem» NaMely the effective depth from which the DIC is removed by the nutrient
depletion, and the thickness of the mixed layer, with shallower DIC removal depths and
thinner mixed layers at the time of fertilization giving a higher efficiency of CO, removal
from the atmosphere. The depth of the remineralization is also an important factor in
the response: if all the excess organic carbon exported from the surface of the ocean
is allowed to sink to the ocean floor before being remineralized, the efficiency rises to
~10% in the Equatorial Pacific and ~12% in the northwest Pacific.

By contrast with the macronutrient depletion scenarios, Gnanadesikan et al. (2003)
obtained an efficiency of 42% at their Equatorial Pacific site when macronutrients were

10388

BGD
6, 10381-10446, 2009

Efficiency of small
scale carbon
mitigation by patch
iron fertilization

J. L. Sarmiento et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
(R [ 4]
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-print.pdf
http://www.biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

added. In their discussion of their two sets of simulations, Gnanadesikan et al. (2003)
suggest that the macronutrient depletion scenario is essentially simulating the effect of
an iron fertilization where the iron is added and then lost at the end of the nutrient de-
pletion event, whereas the macronutrient addition scenario is effectively an iron added
and permanently retained scenario. Biogeochemical models including the iron cycle
will likely fall somewhere between the two extremes of e s_chem=2% and 42%, as is
the case with the scenarios discussed in this paper as well as the simulation study of
Aumont and Bopp (2006), who obtained an € s_chem Of 33% in their 100 yr simulation
of iron stress relief (cf. also the eypys_chem Of 10-25% obtained by Zeebe and Archer
(2005), albeit with a different simulation approach).

How are we to move forward in this “sea of uncertainty” (cf. Buesseler et al., 2008)
where both field experiments and model simulations disagree with each other by one
or more orders of magnitude in critical parameters such as the physical-chemical effi-
ciency and biogeochemical response function, and with only minimal understanding of
why this is so? Clearly, a broad spectrum of experimental as well as modeling studies
is required. As regards the models, ocean biogeochemical models with an explicit iron
cycle as well as an ecosystem component, and which can therefore be used to exam-
ine both the biogeochemical response function R%Eitmzaﬁon and the physical-chemical
efficiency epnys_chem: Nave been in existence for several years now (e.g., Moore et al.,
2002b; Aumont et al., 2003; Dutkiewicz et al., 2005; Tagliabue and Arrigo, 2006).
These models have been used to examine the effect of iron on biological productivity
and the ocean nutrient distribution (e.g., Moore et al., 2002a; Aumont and Bopp, 2006;
Tagliabue et al., 2008; Schneider et al., 2008; Moore and Doney, 2007), as well as on
the atmosphere in response to changes in dust delivery at present and during the ice
ages (e.g., Bopp et al., 2003). A major motivation for the study described in this paper
is one such sensitivity study carried out in an adjoint model by Dutkiewicz et al. (2006).
The adjoint model makes it possible to efficiently calculate the separate effect of iron
fertilization on a grid point by grid point basis for every single surface grid point in the
model. A surprising finding from the Dutkiewicz et al. (2006) study was that the highest
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uptake of atmospheric CO, occurred when iron was added in the equatorial Pacific
HNLC region, with a much smaller uptake resulting from iron addition in the Southern
Ocean HNLC region. This result differs dramatically from what we would have inferred
from earlier macronutrient manipulation studies such as those of KVHISOUTH shown
in Table 1.

This disagreement between the Dutkiewicz et al. (2006) results and previous studies
was the original stimulation for the organization of an Iron Fertilization Model Intercom-
parison Project (IFMIP) with the main initial purpose to examine the sensitivity of the
iron fertilization response to the basic structure of the biogeochemistry models. The
overall results of IFMIP will be described in a manuscript that is in preparation by Mal-
trud et al. In related work, Jin et al. (2008) carried out a series of sensitivity studies
examining how the physical-chemical efficiency epnys_chem is related to the mixed layer
thickness and depth within the surface ocean at which the enhanced removal of nu-
trients and DIC occurs. As part of this study, we undertook to examine the following
questions:

1. What processes determine the physical-chemical efficiency €pnys_chem?

a. Following on Jin et al. (2008), we show that the depth within the surface
ocean at which the enhanced removal of nutrients and DIC occurs has a sig-
nificant impact on the differential response between different fertilization sites.

b. Following on Gnanadesikan et al. (2003), we show how the inclusion of a re-
alistic atmospheric reservoir, which allows for the atmospheric CO, to drop in
response to the iron fertilization thus leading to CO, escape from the global
ocean, affects the overall physical-chemical efficiency. The IFMIP simula-
tions all have a fixed atmospheric CO, concentration and thus overestimate
the iron fertilization efficiency.

RC Fe

2. What processes determine the biogeochemical response function A, - .o

a. We examine how the ambient pre-fertilization environment of surface nutrient
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concentrations, light supply, and seasonal changes is linked to the biogeo-
chemical response function. As expected, sites with higher initial surface nu-
trient concentrations have bigger responses unless low light and deep mixed
layers interfere.

b. We probe how the ecosystem model affects the response by changing the
frequency of iron addition, by relieving iron stress and seeing how the system
responds, by comparing the effect of iron addition in one location vs. the
others, and by comparison of some of our model characteristics with those
of other groups that have done similar simulations.

c. Following on Gnanadesikan et al. (2003), we demonstrate that the retention
time of added iron in the ocean has a major impact on the biogeochemical
response function.

d. We show that the response of the nitrate cycles of fixation and denitrification
to iron fertilization can have a major impact on the biogeochemical response
function. In particular, the Equatorial Pacific HNLC region has a very low
biological response function in our model due to a major loss of nitrate from
the ocean by increased anoxia leading to increased denitrification.

Overall, we find in our model simulations that the efficiency of iron addition is indeed
greatest in the Southern Ocean HNLC region and much smaller in the North and Equa-
torial Pacific HNLC regions, but that this has a lot to do with differences in how the
ecosystem model component is constructed.

2 Model description

2.1 Physical and biogeochemical model

Details of the physical models used for this study are described in Appendix B. For ecol-
ogy and biogeochemistry, we use an early generation of the GFDL TOPAZ model devel-
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oped by Dunne et al. (see Supplementary Material http://www.biogeosciences-discuss.
net/6/10381/2009/bgd-6-10381-2009-supplement.pdf). The model has eight dissolved
inorganic variables: nitrate, ammonium, phosphate, silicate, oxygen, iron, carbon, and
alkalinity. Biological processes are simulated with 5 functional groups, three that are
solved explicitly (small and large phytoplankton as well as diazotrophs) and two that are
solved implicitly (diatoms as a function of large phytoplankton, and coccolithophorids
as a function of small phytoplankton). Grazing is modeled implicitly as described by
Dunne et al. (2005), as is particulate organic matter. Small and large phytoplankton
are assumed to have an N:P of 16:1 while diazotrophs have an N:P of 50:1 after Letelier
and Karl (1998). Dissolved organic matter is modeled explicitly as consisting of a labile
component with an N:P ratio of 16:1 and a lifetime of 3 months; and a semi-labile com-
ponent with separate N and P components with lifetimes of 18 yr and 4 yr, respectively
(cf. Abell et al., 2000). The model includes denitrification in both the water column when
oxygen falls below 5 mmol m~2, and in the sediments using the flux-based algorithm of
Middelburg et al. (1996).

Phytoplankton growth rate is equal to a temperature-dependent maximum growth
rate, times a dimensionless nutrient limitation term with a value between 0 and 1, times
an iron-light co-limitation term also with a value between 0 and 1. The nutrient limita-
tion term is the minimum of nitrogen dependence, modeled as in Frost and Franzen
(1992) as modified by Sharada et al. (2005), or phosphorus or silicic acid dependence
(for diatoms only), both modeled as Michaelis-Menten kinetics. Figure 1a—c shows the
geographic distribution of which nutrient is limiting for each type of phytoplankton. The
general pattern is one of nitrate limitation in the subtropics for both small and large
phytoplankton, and phosphate limitation in the subtropics for diazotrophs. The Equato-
rial Pacific upwelling HNLC region and subpolar and polar HNLC regions of the North
Pacific and Southern Ocean are generally replete (defined as >0.965) in P and N but
limiting in Si for large phytoplankton (diatoms).

Iron and light limitation are simulated using a novel quota-based light-Fe colimi-
tation approach developed by Dunne et al. (see Supplementary Material http://www.
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biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-supplement.pdf) based
on fitting the observations of Sunda and Huntsman (1997). This approach allows “lux-
ury uptake” of iron so that the plankton are very effective at taking up iron even when it
does not result in an immediate increase in growth rate. The calculation of the growth
rate is based on Geider et al. (1997) with the Fe:N ratio and light supply modulating
the Chl:N ratio. The half saturation constant for iron uptake by small phytoplankton and
diazotrophs is 0.1 umol m~2, and that for large phytoplankton is 0.3 umol m~2. The final
value of the light-Fe colimitation term is shown in Fig. 1d—f. It is generally between 0
and 0.2 in the traditional HNLC regions for the large phytoplankton, and very near 1
everywhere else except the North Atlantic, where wintertime darkness reduces it to the
0.6 range. Small phytoplankton have the same pattern, but with less limitation. Dia-
zotrophs are light and iron co-limited almost everywhere except where iron supply by
dust is high.

The cellular C:Fe mole ratio that results from the independent Fe and N cy-
cles varies between 56000 and 300000 for large phytoplankton and 4000 to
30000 for diazotrophs, with a global mean C:Fe ratio in exported organic matter of
148 500 mol C:mol Fe. These cellular ratios are well within the bounds of the observa-
tions discussed in Sect. 1 and references therein.

Iron is removed from the ocean not only by phytoplankton uptake, but also by second
order adsorption onto any particle form including ballast and particulate organic matter.
It is remineralized along with organic matter in the water column and sediments. The
removal of iron by adsorption at the surface of the ocean has a time scale of 10yr
or longer everywhere, which means that phytoplankton uptake is the dominant loss
mechanism. By contrast, adsorption is the main mechanism for removal of iron in the
deep ocean, where the removal time scale ranges between 40 and 300 yr at a depth
of 2000 m. The aeolian flux of iron is that of Ginoux et al. (2001), with 2% of the iron
assumed to be soluble in seawater. The total annual iron input from the atmosphere
is 3.31x10° monr‘1 with a sediment input of 0.68x10° molyr'1. The iron inventory in
the model ocean after a 1000-yr spin-up is 575x10° mol, giving a mean residence time
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of 144 yr with respect to the combined dust and sediment inputs. This is within the
bounds of previous estimates such as those discussed by Johnson et al. (1997). Since
iron added by fertilization is treated the same as the “natural” iron, this means that the
iron added by iron fertilization will remain in the ocean for decades to centuries before
being scavenged.

Figure 2a—c shows a comparison of observed and model predicted annual mean
phosphate at the surface of the ocean after a 1000-yr spin-up prior to carrying out the
iron fertilization simulations. The correlation and relative standard deviation of surface
phosphate in the model compared with the observations are 0.87 and 0.70, respec-
tively; the root mean square error is 0.46 mmolm™ of phosphate. For phosphate in
the ocean as a whole, the correlation is 0.86 and the relative standard deviation is
0.87, which is comparable to the three models discussed by Schneider et al. (2008);
and the root mean square error is 0.34 mmol m~3. The model generally captures the
spatial distribution of the high nutrient regions in the North and Equatorial Pacific and
Southern Ocean, although it has too high phosphate in the tropics and subtropics and
too low phosphate in the high latitudes compared with the observations. The amount
of carbon sequestered from iron fertilization is closely tied to the change in unutilized
or preformed nutrients (Gnanadesikan and Marinov, 2008; Marinov et al., 2008). We
thus expect that our model would over-predict the response to iron fertilization in the
tropics, and under-predict the response to fertilization in the high latitudes relative to
a model that was forced towards the observed nutrients. In fact, that is exactly what we
see in the regional scenarios of iron stress relief summarized in column 3 of Table 1 as
compared with the nutrient depletion scenarios in the KVHISOUTH model, which in its
control scenario is forced towards observed surface nutrients. The tropical response in
our model is more than twice as large than in KVHISOUTH, and the Southern Ocean
response is somewhat smaller, so that the Southern Ocean response is now only 3.7
times the tropical response rather than 8.5 times as in the nutrient depletion simulation.

Figure 2d—f compares the observed and modeled oxygen distribution at 300 m. We
show this here because of the importance of denitrification for the response of the
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Equatorial Pacific to iron fertilization that we shall discuss later. The correlation and
relative standard deviation of the model compared with the observations at this depth
level are 0.89 and 1.10, respectively, with a root mean square error of 43.3 mmol m=°.
For the ocean as a whole, the correlation and relative standard deviation are 0.88
and 1.18, respectively, with a root mean square error of 56.0 mmolm™. In general,
the model over-predicts the oxygen at 300 m, which might lead one to expect lower
denitrification. However, the volume of water in the model with oxygen concentrations
less than 10 mmolm™2 is in fact almost 7 times as great as the corresponding volume
in the observations (27.2><1015 m> vs. 4.0x10"° m°, respectively). This problem of too
much suboxia is common to all the biogeochemical models we are familiar with, though
we would also note that the data are also problematic at such low oxygen levels.

2.2 Iron fertilization simulations

The iron fertilization simulations are carried out at the end of a 1000-yr spin-up of
the biogeochemistry model at which time the air-sea CO, flux is drifting at a rate of
0.08 Pg Cyr'1. The iron fertilization scenarios are based on the IFMIP protocol as will
be described in a manuscript that is in preparation by Maltrud et al., which, in turn,
is based to the greatest extent possible on the MIT adjoint model study of Dutkiewicz
et al. (2006). The adjoint model makes it possible to efficiently calculate the separate
effect of iron fertilization on a grid point by grid point basis for every single surface grid
point in the model. However, this option was not available to other IFMIP participants
and so we chose to do patch fertilization at the four representative locations given in
Table 2 and illustrated in Fig. 2. These sites are all in the Pacific Ocean and span the
three major HNLC regions of the North, Equatorial, and South Pacific. Motivated by the
Southern Ocean biogeochemical divide described by Marinov et al. (2006), to the north
of which nutrient depletion affects primarily the global biological export production, and
to the south of which nutrient depletion affects primarily the air-sea balance of carbon
dioxide, we chose two sites in the Southern Pacific: the subpolar region of the Southern
Ocean north of the divide, and the polar Ross Sea region south of the divide.
10395

BGD
6, 10381-10446, 2009

Efficiency of small
scale carbon
mitigation by patch
iron fertilization

J. L. Sarmiento et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
(R [ 4]
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-print.pdf
http://www.biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The size of the iron patches for each IFMIP model was supposed to be as close as
possible to the size of the cell area of the MIT grid location closest to the patch. How-
ever, in our model simulations, we chose to fertilize an integral number of grid cells that
would make the area of each of our four fertilization sites as close as possible to each
other so that the total amount of iron added in each case would be approximately the
same (see columns 3 and 4 of Table 2). Following Dutkiewicz et al. (2006), bioavail-
able iron is added to the ocean continuously at a rate of 0.02 mmol m~2 yr‘1, which was
chosen by them as representative of the background aeolian flux in their model, which
ranges from a low of 0.001 to 0.5 mmol m~2 yr'1. The original IFMIP specification was
that simulations were to be carried out for 10 yr, but we show here results of simulations
that have been carried out for 100 yr.

We performed additional sensitivity studies using the same IFMIP bioavailable iron
input of 0.02 mmol m™2 yr'1. The principal ones we use in our discussion below are:
1) a one month one time fertilization, which is the time scale used by Gnanadesikan
et al. (2003); 2) fertilization for one month per year for 10yr (10x as much iron as
case 1); 3) fertilization for one month per year for 100 yr (100x as much iron as case 1);
and 4) continuous fertilization for 100 yr as in Dutkiewicz et al. (2006) (1200x as much
iron as case 1). In what follows, we shall refer to these four scenarios as the 1x,
10x, 100x, and 1200x cases, respectively. In the one month and one month per year
simulations, the month of iron addition was chosen to be immediately after the spring
bloom when the iron concentration drops below the 0.01 umol m~2 contour (see Fig. 3i—
| and column 5 of Table 2). With four different fertilization locations, this represents
a total of 4x4=16 separate simulations.

2.3 Control simulations

A control simulation with no iron fertilization is carried out simultaneously with the iron
fertilization scenarios. Figure 3 shows several key diagnostics from the control simu-
lation at each of the four fertilization sites. All the figures are depth vs. time contour
plots for a period of two years. Each also includes the KPP mixed layer depth (see Ap-
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pendix B for definition). Consider first the combined seasonality of the KPP mixed layer
depth and irradiance shown in Fig. 3a—d. At PAPA, the Equatorial Pacific site, and the
subpolar Southern Ocean site, the KPP mixed layer depth varies seasonally but never
goes deeper than 100 m. By contrast, the Ross Sea site has a KPP mixed layer depth
of greater than 100 m for 6 months of the year. As with mixed layer depth, the light
supply at the Equatorial Pacific site has very little seasonal variability. However, the
light seasonality gets progressively stronger as one goes from PAPA to the Southern
Ocean site and Ross Sea site, where irradiance is below 5W m~2 for 6 months a year.
One would expect that adding iron to the ocean during the wintertime periods of deeper
mixed layers and low light levels at the PAPA, the South Pacific site, and, especially,
the Ross Sea site, would be less efficient than at other times of the year. Indeed, this
seasonality of the light supply and mixed layer depths is, we believe, one reason that
Dutkiewicz et al. (2006) found a less efficient response to continuous iron addition in
the high latitude Southern Ocean than in the Equatorial Pacific.

In Fig. 3e—p, we show the time evolution of nitrate, iron, and chlorophyll at the four
sites in the control simulation. We see from the nitrate and chlorophyll contour plots
that all four locations fit the classical definition of an HNLC regime, with nitrate con-
centrations that never become depleted, and chlorophyll concentrations that drop pre-
cipitously after the spring bloom at a time when the nitrate concentrations, light supply,
and mixed layer depth are all still ideal for phytoplankton growth. We note that PAPA
and the Equatorial Pacific site drop to relatively low nitrate concentrations during the
summertime nutrient minimum: 4.3 mmolm™ and 3.7 mmolm™=3, respectively; as con-
trasted with the much higher summertime nutrient minima of 17.1 and 12.5 mmol m~3
at the South Pacific site and Ross Sea sites, respectively. All else being equal, we
might expect a greater conversion of preformed to remineralized nutrients and thus
a bigger response of the air-sea CO, balance to fertilization at the latter two sites (cf.
Marinov et al., 2008; Gnanadesikan and Marinov, 2008).
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3 Results

We discuss first the perturbation export production, then the nitrate, iron, and oxygen
redistribution resulting from iron fertilization, and finally the perturbation air-sea CO,
flux.

3.1 Response of export production

The initial response of the annual particulate carbon export (POC plus CaCOj3) to iron
fertilization is very rapid in this model (Fig. 4a—d), with the peak export in the 1 month
per year fertilization scenarios (1x, 10x, and 100x) occurring during the month of fer-
tilization, then dropping back to near zero after 2 to 3 months. Except at the Equatorial
Pacific site, the annual carbon export production continues to grow modestly from one
year to the next as more iron is added in the 10x, 100x, and 1200x cases until it satu-
rates on a time scale of a few decades in the 100x and 1200x cases (Fig. 4f—h). When
fertilization is terminated in the 1x and 10x cases, the perturbation export production
plunges almost instantaneously back to near zero. The behavior at the Equatorial Pa-
cific site is atypical because of a major loss of nitrate by denitrification, as discussed in
Sect. 3.2.

As one would expect from the relatively constant annual export production during
the fertilization period in Fig. 4f—h, the cumulative total carbon export results in Fig. 4j—
show an almost linear increase with fertilization time at all sites (again with the ex-
ception of the Equatorial Pacific). Furthermore, the linear scaling with amount of iron
added works reasonably well even after the fertilization is terminated, with the 1x and
10x cases showing roughly 1/100 and 1/10 of the cumulative export production in the
100x case, and the 1200x case showing approximately 12 times the response of the
100x case. (Note that the vertical axes of Fig. 4i—| are scaled according to the total
amount of iron added.) Aside from the Equatorial Pacific, the one significant exception
to this scaling is the huge drop in the cumulative Ross Sea response to iron fertiliza-
tion in the 1200x case vs. the 100x case. This drop is due to the highly unfavorable
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wintertime mixed layer and irradiation conditions (see Fig. 3d) which results in Ross
Sea biological production shutting down completely for 5 months from June to October
(Fig. 3p). Iron added during this period in the 1200x case is swept out of the surface
into the deep ocean without influencing the export production (see Sect. 3.2).

A more detailed analysis of the biological response to the iron fertilization simulations
and a comparison with observations is given in Appendix C.

3.2 Response of iron, nitrate, and oxygen distributions

We show in Fig. 5 an analysis at year 100 of the impact of the 1200x iron fertilization
simulation on the horizontally integrated vertical iron, nitrate, and oxygen distributions,
and in Fig. 6, the impact of the 1200x simulation on the vertically integrated horizontal
distributions of nitrate and oxygen. As might be expected, Fig. 5 shows that the addi-
tion of iron increases the iron inventory at all locations, that the enhanced removal of
nutrients from the surface ocean causes a downward displacement of the perturbation
nitrate distribution (reduced in the upper ocean and increased at depth), and that there
is an overall reduction in the oxygen inventory (except right near the surface due to
photosynthetic production of oxygen at the Equatorial Pacific site).

Comparison of Figs. 5 and 6 shows that the nitrate surplus is largely a deep ocean
phenomenon confined to the vicinity of the four sites, whereas the nitrate deficit is
largely an upper ocean phenomenon with a widespread distribution. As a conse-
quence of the widespread upper ocean nitrate reduction, the cumulative perturbation
export production away from the fertilization sites is generally reduced in the subtrop-
ical gyre regions, which are already nitrate-limited in the control scenario (Fig. 6i-l),
but have adequate light and iron (Fig. 1) such that the additional iron has no impact
(cf. Gnanadesikan et al., 2003).

At year 100, the oxygen deficit in the fertilization scenarios is still largely confined to
the vicinity of the four sites, which means the north Pacific for PAPA, the eastern tropical
Pacific for the equatorial Pacific site, and the circumpolar region for the Southern Ocean
and Ross Sea sites, though with some influence on northward flowing bottom waters
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in the Ross Sea case. In the particular case of the Equatorial Pacific, the reduction
in oxygen is concentrated in the vast region of suboxia (defined as O, <5 mmol m‘s) of
the eastern tropical Pacific shown in Fig. 2e. Reduced oxygen due to fertilization at this
site thus causes an expansion of the suboxic zone and an increase in the loss of nitrate
by denitrification (which in this model is turned on when oxygen is <5 mmol m_s). The
cumulative 100 yr nitrogen budget given in Table 3 shows that denitrification resulting
from iron fertilization at the Equatorial Pacific site totals almost 5Tg of N over 100 yr.
The large cumulative N, fixation of ~1 TgN resulting from iron fertilization at this site
is too small to counterbalance the denitrification, and the cumulative loss of nitrate
comes to almost 4 TgN over the 100yr period. This overall response of enhanced
denitrification exceeding enhancement of nitrogen fixation is unexpected. It goes in
the opposite direction from the feedback found by Moore and Doney (2007) in their
model study, which showed an increase in the marine fixed nitrogen inventory, albeit
with global iron stress relief. The influence of iron fertilization on the nitrate inventory at
the other three sites is more modest. All three show a slight increase of oxygen in the
eastern tropical Pacific, and a corresponding decrease in water column denitrification.
All three also show an increase of surface N, fixation. Overall, PAPA and the Southern
Ocean show a small increase in the nitrate inventory, while the Ross Sea is almost
neutral due to an increase in sediment denitrification.

3.3 Response of air-sea CO, flux

One of the findings emphasized by Gnanadesikan et al. (2003) was the large scale
degassing flux that occurs throughout the world ocean after iron fertilization. This de-
gassing flux is due to the reversal in the atmospheric CO, gradient that occurs as
CO, is removed from the atmosphere by iron fertilization. The back flux of CO, from
the ocean to the atmosphere is a phenomenon that applies to any reduction of an-
thropogenic CO, sources or enhancement of sinks, and has not always been taken
into consideration when comparing various carbon mitigation options with each other
(though it should be). In this section, we follow the IFMIP protocols in showing only sim-
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ulations with a fixed atmospheric CO, at a pre-industrial partial pressure of 278 patm.
In Sect. 4, we describe sensitivity studies that show how the results change when the
atmospheric reservoir of CO, is allowed to drop as iron fertilization removes CO,.

A comparison of the air-sea fluxes from the 1x simulations in Fig. 7a with the export
production in Fig. 4a shows that the peak in the air-sea flux occurs about a month
after the peak in the export production. The CO, uptake pulse extends over about 3
months at the Ross Sea site, 9 months at the PAPA and Southern Ocean sites, and 15
months at the Equatorial Pacific site. The Equatorial Pacific site best reflects the time
scale of air-sea equilibration in a somewhat more stable situation where the DIC deficit
generated by the iron fertilization lasts year around (Fig. 8j), whereas the other sites,
particularly that in the Ross Sea, are more strongly influenced by seasonality, with the
deficit deficit generated by the export pulse becoming extremely small in the wintertime
(Fig. 8i, k, I). In particular, as Fig. 8l shows, the surface DIC concentration at the Ross
Sea site is restored to its control wintertime value for 5 months of the year and only
departs from it significantly for 3 to 4 months of the year.

A major feature of the annual perturbation atmospheric CO, uptake shown in
Fig. 7e—h is that the CO, uptake by the ocean plummets into the negative range as
soon as iron fertilization ends in the 1x and 10x scenarios, and that, unlike the ex-
port production, it drops lower and lower over time as the fertilization is continued over
100yr in the 100x and 1200x cases. The only exception to this drop is at the Ross
Sea site in the 1200x case, where the annual air-sea CO, flux remains nearly constant
over time. The rebound effect of CO, escaping back to the atmosphere upon cessation
of fertilization that we find in the 1x and 10x cases has been demonstrated in many of
the nutrient depletion scenarios (e.g., Sarmiento and Orr, 1991), and was also found
in the ecosystem/model simulation of Aumont and Bopp (2006). However, cessation of
fertilization in nutrient depletion scenarios occurs by immediately allowing restoration
of surface nutrients back to their normal control values, and is thus likely to exaggerate
the return flux of sequestered CO,; and the model of Aumont and Bopp (2006) has
an interactive atmosphere and would therefore have a significant contribution to the
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return flux due to lowered CO, in the atmosphere. Here we find that the rebound effect
occurs even with fixed atmospheric CO, in our 1x and 10x simulations (Fig. 7e, f).
Furthermore, even the continued addition of iron in the 100x and 1200x cases is not
able to prevent the annual uptake of CO, from the atmosphere from dropping over time
(Fig. 79, h) despite the fact that the magnitude of the export production remains high
(except at the Equatorial Pacific site; Fig. 4g, h). This drop off has a major negative
impact on the efficiency of iron fertilization, as we shall see in Sect. 4.1.

Another interesting result in the 1x, 10x, and 100x atmospheric CO, uptake sce-
narios is that the cumulative Ross Sea site uptake is much greater than the Southern
Ocean uptake (Fig. 7i—k and Table 4a) despite the perturbation export production of
these two being virtually identical in the 10x and 100x simulations and very similar in
the 1x case (Fig. 4i—k). We believe that the enhanced uptake at the Ross Sea site is
due mostly to the shallowness of the summertime mixed layer and of the DIC removal
per Jin et al. (2008), as discussed below. The relative behavior of the Ross Sea and
Southern Ocean sites reverses in the 1200x scenario due to the previously discussed
wintertime shut down at the Ross Sea site.

4 Discussion

We begin with a discussion of the efficiency of iron fertilization (the cumulative at-
mospheric CO, uptake divided by the cumulative iron addition as in Eq. 1) and the
processes that determine it, followed by a discussion of the sensitivity studies that we
carried out.

4.1 Efficiency of fertilization

Figure 9 shows the fertilization efficiency that we defined in Eq. (1). Except at the
Equatorial Pacific site, where denitrification distorts the results, the biogeochemical re-
sponse function has a value of between ~100 000 and ~250 000 mol C:mol Fe (Fig. 9g—
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i). This spans the global mean C:Fe mole ratio of the export production in the control
simulation of 148 500, and is comparable to the observed intracellular C:Fe ratios dis-
cussed in the Introduction. The observations that are most comparable to the simula-
tions we performed are the seasonal integrals at Kerguelen and Crozet. Our biogeo-
chemical response function lies between the export ratios observed at Kerguelen, and
those detected at Crozet. Again except for the Equatorial Pacific, our physical chemical
efficiencies start out near 1 in some cases, but then drop down to the range of 35% to
65% in the 100x case, which is in excellent agreement with the Kerguelen and Crozet
estimates of 37% and 69%, respectively (Fig. 9d—f). Appendix C has a more detailed
comparison of the model with observations.

From Fig. 9a—c and Table 4b, we see that by far the most efficient fertilization site
is the Ross Sea, except in the 1200x case, where the Southern Ocean site becomes
dominant. The Ross Sea in particular has a very high CO, uptake to iron fertilization
mole ratio of 150000 to 188 000 for the 1x, 10x, and 100x simulations for the entire
period of the fertilization. However, the Ross Sea efficiency plunges well below the
other sites for the first ~50yr of the 1200x continuous fertilization scenario due to
the ineffectiveness of iron fertilization during the polar winter. Next in efficiency is the
Southern Ocean, which is about half as efficient as the Ross Sea in the 100x case and
less than that in the 1x and 10x cases, but exceeds the Ross Sea in the 1200x case.
Both PAPA and the Equatorial Pacific site are by far the least efficient, with C:Fe ratios
that are about half of the Southern Ocean site for the 10x, 100x, and 1200x scenarios.
Because the efficiency in the 1x scenario for all four sites is extremely noisy due to the
small size of the iron fertilization perturbation relative to the background variability in
this scenario, it has not been included in Fig. 9.

What accounts for the differences in responses to the iron addition between the four
regions illustrated in Fig. 9a—c? To answer this question, we find it useful to analyze the
results in terms of the physical-chemical response function e s_cnem @nd the biogeo-
chemical response function Rﬁ;ﬁzddmon. Figure 9d—i shows the results of this analysis
for the 10x, 100x, and 1200x simulations. The first result we draw attention to is that

10403

BGD
6, 10381-10446, 2009

Efficiency of small
scale carbon
mitigation by patch
iron fertilization

J. L. Sarmiento et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
(R [ 4]
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-print.pdf
http://www.biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the biogeochemical response function in Fig. 9g—i is quite different at the Equatorial
Pacific site than at any of the others. The Equatorial Pacific site has less nitrate in the
control scenario to start with (see Fig. 8f), and in addition, as discussed in Sect. 3.2,
there is loss of nitrate by denitrification due to an increase in the volume of suboxic
waters. The nitrate loss due to fertilization at the Equatorial Pacific site already begins
to lower the biological export production within one to two decades after the initiation of
fertilization (see Fig. 4), and is the principal reason that the Equatorial Pacific site has
such a low efficiency in the 10x, and 100x cases shown in Fig. 9a, b. The only reason
that the Equatorial Pacific site has a higher efficiency than PAPA and the Ross Sea in
the continuous fertilization 1200x case of Fig. 9¢ (until the Ross Sea site catches up at
almost 70yr) is because of the reduced effectiveness of the iron addition at PAPA and
the Ross Sea during the wintertime.
Org C&CaCOgy

The anomalous decrease of the perturbation carbon export Adbexport at the
Equatorial Pacific site that is documented in Fig. 4i—| lowers the biogeochemical re-
sponse function shown in Fig. 9g—i, and causes the physical-chemical response func-
tion shown in Fig. 9d—f, to sweep upwards after first decreasing like the other fertil-
ization sites. This behavior is due to an unusual biological response, namely denitri-
fication, and not to the biological, physical, and chemical processes we are trying to
diagnose with the physical-chemical response function. We thus will not comment any
further on the Equatorial Pacific site results in Fig. 9.

Turning to the other three sites, we see first that the Ross Sea and Southern Ocean
are similar to each other in terms of the biogeochemical response function (Fig. 9g,
h), except when the fertilization is extended to include the Austral winter in the 1200 x
case (Fig. 9i). In this latter case the deep wintertime mixing in the Ross Sea (Fig. 3)
causes it to plummet to the bottom of the stack. Where the Ross Sea clearly stands out
above the others is in its high physical-chemical response function (Fig. 9d—f, excluding
the anomalous Pacific site). Jin et al. (2008) show in their model simulations that the
physical-chemical response function depends primarily on the depth at which the en-
hanced formation of organic matter is occurring in response to iron addition. We show
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in Fig. 10 that the index they use to calculate the depth of the enhanced production
does indeed show a strong shallow bias of the Ross Sea relative to the other locations.
With such a shallow removal of carbon from the water column, a higher percentage of
the CO, that is taken up by the biota with iron addition comes from the atmosphere as
compared to other sites. A necessary condition for this shallow response to the iron
addition is that nutrients should be high at the surface, which Fig. 8 shows that they are
even at the time of the nutrient minimum. However, the same can be said of the South-
ern Ocean site. Another necessary condition for a shallow response is that the mixed
layer should be shallower, which is indeed the case during the period of fertilization at
the Ross Sea site, but not the Southern Ocean site (see Fig. 3).

By contrast with the Ross Sea, the Southern Ocean and PAPA sites have similar
physical-chemical response functions (Fig. 9d—f). The reason that the Southern Ocean
has much higher iron fertilization efficiency than PAPA is because of the biogeochem-
ical response function, which is far greater at the Southern Ocean site than at PAPA
(Fig. 9g—i) due to the higher initial nutrient concentrations at this location (Fig. 8).

4.2 Model sensitivity studies
Three sets of model sensitivity studies were carried out as part of our study:

(1) Coupling to an atmospheric reservoir: The IFMIP protocol specified a fixed at-
mospheric CO, concentration following the design of the original study by Dutkiewicz
et al. (2006). However, we expect that as CO, is removed from the atmosphere by iron
fertilization, this will lead to a reversal in the global air-sea CO, gradient relative to what
it would have been without the CO, removal. Much of the CO, taken up locally in the
iron fertilization region will thus escape back to the atmosphere in the rest of the ocean,
as demonstrated by Gnanadesikan et al. (2003) (cf. also Oschlies, 2009). In order to
examine the magnitude of this feedback, we carried out a set of sensitivity studies in
which the IFMIP simulations were repeated but in an ocean model that was coupled to
an atmospheric reservoir. The CO, in the atmospheric reservoir was fixed at 278 ppm
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in the model spin-up, and then allowed to vary in both the control and iron fertilization
simulations for the period of the iron fertilization. We leave for future simulations the
inclusion of secondary effects that will also impact the iron fertilization efficiency, in-
cluding a more realistic atmospheric CO, trajectory driven by fossil fuel CO, emissions
and terrestrial sources and sinks (cf. Joos et al., 1991; Oschlies, 2009) as well as the
impact of climate on the terrestrial and oceanic sources and sinks.

Figure 11a and Table 5 show that including a variable atmosphere allows 20% of
the CO, taken up in the fixed atmosphere 1200x simulation to escape after only 10yr,
and ~50% after 100yr. The 100x fertilization is very similar, but for the shorter-term
1x and 10x cases, the reduction of CO, uptake is more drastic, getting as high as
76% after 100yr in the PAPA 1x case. This is clearly a major effect that cannot be
ignored in model simulations. Note from Fig. 11b that the biogeochemical response
function is identical to that of the 1200x simulation with a fixed atmosphere, as would
be expected.

(2) Amount of iron added: The per unit area iron flux of 0.02 mmol m? yr‘1 in the
standard 1200x simulation was chosen by Dutkiewicz et al. (2006) as representa-
tive of the background aeolian flux in their model, which ranges from a low of 0.001
to 0.5mmolm™2 yr'1. In none of the 1200x simulations was this flux large enough to
deplete surface nutrients even at the time of the nutrient minimum (see Fig. 8). We
carried out sensitivity studies with 5, 10, 100, and 1000 times as much iron flux as in
the 1200x simulation in order to determine how far we could go towards depleting the
nutrients before something else became limiting. As we see in Fig. 8, three of the four
sites are nearly depleted by the time the iron flux is increased by 5 times the 1200x
case, and the Southern Ocean becomes depleted with an iron flux that is somewhere
between 10 and 100 times the 1200x case. Note, however, that, except at the Equato-
rial Pacific site, and to a lesser extent at the PAPA site, this depletion of nutrients can
only be accomplished at the time of the nutrient minimum. Because of the seasonality
of the light supply and mixed layer depth, the nutrient concentration at the time of the
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nutrient maximum at the other sites is almost unaffected by the iron flux.

(3) Iron retention: A 1200x simulation was carried out in which the added iron was
assumed to be scavenged from the ocean permanently once it is taken up by biology.
We refer to this as the “iron added and removed” simulation. Our intention was to
examine the explanation of Gnanadesikan et al. (2003) for the ratio of ~1:20 in CO,
uptake efficiency (2% vs. 42%) between the simulations that they characterized as
behaving like an iron added and removed scenario, and those they characterized as
behaving essentially like iron added and retained simulations. Since their model did
not include an explicit parameterization of iron cycling, their equivalent to our definition
of the iron fertilization efficiency given in Eq. (2) replaces the iron addition term in the
denominator with the carbon export during the one month of fertilization, which we

symbolize as ACD:)S;g:: Cacos (fertilization period), i.e.,

CO,

air-sea (3)
(fertilization period)

AD

POC &CaCO4
export

AP

The carbon export during the fertilization period is taken to be representative of the
initial iron addition.

Figure 11c, d shows the ratio of our 1200x iron added and lost scenario to our
standard 1200x scenario for the physical-chemical response function and our biogeo-
chemical efficiency. Figure 12 shows the efficiency of iron retention in the standard
1200x scenario. At the end of 100yr, ~60% of the added iron is still in the ocean,
whereas in the iron added and lost scenario, only the most recently added iron is
present. Figure 11c shows that our iron added and lost simulations have almost the
same physical-chemical response function as the standard 1200x simulations at all
the sites. The EqPac site is a little high because the iron added and lost simulation
does not have as much denitrification as the standard 1200x scenario. The biogeo-
chemical efficiency ratios in Fig. 11d confirm that it is the continued ability of retained
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iron to maintain the flux of carbon out of the surface at a high level that is principally
responsible for the much higher efficiency of the standard 1200x scenario over the iron
added and removed scenario. Indeed, the EqPac site has 1/20 as much CO, removal
from the atmosphere in the iron added and removed simulation than in the standard
1200x scenario, which is consistent with the difference that Gnanadesikan et al. (2003)
saw in their simulations. Jin et al. (2008) suggest in their analysis that at least part of
the difference in the two model simulations of Gnanadesikan et al. (2003) appears to
be due to an inadvertent effect of the way they designed their models, in which the
iron added and retained scenario is actually removing carbon from the entire euphotic
zone, whereas the iron added and removed scenario is removing carbon only from the
base of the euphotic zone, but our results support Gnanadesikan et al. (2003) in their
suggestion that most of the effect is due to the assumptions that were made regarding
the role of iron cycling (i.e., whether iron is added and removed vs. whether it is added
and retained).

4.3 Alternate growth formulation

One of the limitations of this model's formulation of iron limitation of phytoplank-
ton growth was the need to utilize elevated values of the maximum growth rate
Fe... (see Supplementary Material http://www.biogeosciences-discuss.net/6/10381/
2009/bgd-6-10381-2009-supplement.pdf) compared to observations of phytoplankton
growth under ideal conditions. In order to examine how the results might change
with a more realistic maximum growth rate, we carried out sensitivity studies using
a Liebig formulation for the dependence of phytoplankton growth rate on the chloro-
phyll to carbon ratio (see Supplementary Material http://www.biogeosciences-discuss.
net/6/10381/2009/bgd-6-10381-2009-supplement.pdf) and lower maximum zero-
temperature-normalized growth rates of 0.98 d™" as observed in the SEEDS experi-
ment for Chaetoceros debilis (Tsuda et al., 2003). This modification resulted in only
a modest 1-2% change in the iron fertilization CO, uptake relative to the base formu-
lation.
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5 Conclusions

We emphasize the following results from our study:

(1) As regards the atmospheric CO, uptake efficiency (cumulative CO, uptake di-
vided by cumulative iron addition), our model shows a large response to iron addition
at all four of our sites if iron is added for one month per year during the growing season.
The atmospheric CO, uptake efficiency is by far highest at the Ross Sea site, with the
Southern Ocean responding at about half the efficiency, and the PAPA and Equato-
rial Pacific trailing behind. Our results are thus consistent with the findings from the
regional nutrient depletion simulations summarized in Table 1. Judging from our own
continuous fertilization 1200x scenario, where the Ross Sea efficiency collapses, part
of the reason Dutkiewicz et al. (2006) found maximum efficiency in the tropics and min-
imum efficiency in the Southern Ocean region is because they added iron year round
including during the wintertime when the iron can get transported out of the surface
without affecting biological export production. Another reason is because their phyto-
plankton maximum growth rate is more limited by light and less sensitive to iron, as will
be explained below.

The Ross Sea stands out above all other locations as a place where once atmo-
spheric CO, is sequestered, it tends to stay sequestered over at least a century time
scale (Fig. 7e, f). It also has a high physical-chemical efficiency (Fig. 9d, e) due to
the fact that the CO, is being removed very shallow in the euphotic zone (Fig. 10) and
because of the shallower mixed layer. Because the Ross Sea site is well south of the
biogeochemical divide defined by Marinov et al. (2006), it has a less deleterious effect
on low latitude biological productivity than the Southern Ocean site. On the other hand,
the local effects on biological production and the reduction in deep oxygen that then
spreads as a tongue into the Pacific Ocean are major undesirable side effects (Figs. 5
and 6), and the issue of verification of the CO, uptake is at least as serious here as
anywhere else.
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The Equatorial Pacific and PAPA sites are less efficient as sites for atmospheric CO,
sequestration. The Equatorial Pacific site is highly unfavorable because of the huge
negative impact that fertilization at this site may have on the nitrate inventory and thus
on global biological productivity.

(2) We examined whether additional iron could lead to depletion of nutrients during
at least part of the year. Figure 8 shows the annual mean nitrate concentration, and the
concentration at the time of the summertime nutrient minimum for simulations in which
the iron addition to the ocean was increased by 5, 10, 100, and 1000 times the 1200x
flux. These results show that all the stations can be driven to zero nitrate in the summer
time, but only the Equatorial Pacific can be driven to zero mean nitrate year around.
In fact, in the Southern Ocean and Ross Sea, wintertime light limitation causes the
nutrient concentration to recover all the way to its normal wintertime maximum even in
the highest iron flux case, testifying to the effectiveness of the circulation in returning
nutrients to the surface in these two regions.

The ability of our model to completely draw down nitrate during the summertime nutri-
ent minimum in the Southern Ocean is in contradiction to the similar analyses of Mongin
et al. (2007), and Aumont and Bopp (2006), in both of which cases the model became
light limited. Dutkiewicz et al. (2006) also find greater light sensitivity than iron sensi-
tivity in their model. The differences between all these models are complex and subtle.
What we can say about our model is that it has a relatively high half-saturation constant
for the dependence of large phytoplankton (which dominate iron fertilized blooms) on
iron, O.3umo|m‘3. This means that our model will in general be more sensitive to
additional iron. Moreover, in our model the sensitivity to light is itself dependent on
iron through the fact that additional iron allows for more chlorophyll synthesis, which
greatly lowers the light sensitivity under iron replete conditions. For example, the half-
saturation light level at the Southern Ocean site is only ~3Wm™2 for iron-replete con-
ditions as compared with the fixed value of 20Wm~2 used by Dutkiewicz et al. (2006)
(though for iron concentrations of 0.1 zmol m~2 our half-saturation light level is closer
to 12Wm_2). Thus, under iron fertilization our model is much less light limited than
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other models. The treatment of iron-light colimitation in many models such as those
of Mongin et al. (2007) gives increased limitation under conditions of increased growth
rate. As discussed in Galbraith et al. (2009), this behavior is common in current model
formulations, particularly ones where only the impacts of iron concentration on growth
rates are modeled. In fact, observational studies such as those of Hiscock et al. (2008)
show that quantum yield and chlorophyll to carbon ratio also increase under iron fertil-
ization. As noted by Galbraith et al. (2009) only more detailed studies that parse out
different phytoplankton physiological responses can properly constrain which models
are most correct.

(3) The back flux of CO, from the ocean when a realistic atmospheric reservoir is
included is substantial (Fig. 11a and Table 5; cf. Gnanadesikan et al., 2003). We
strongly recommend that this effect should be taken into account when comparing
various CO, sequestration scenarios with each other, particularly as it is sensitive to
the time period of the sequestration. By the 100th year of the 1200x simulation, half
of the CO, that is absorbed by the model with no atmospheric reservoir is lost back to
the atmosphere in the model with a realistic atmospheric reservoir. In the case of the
1x simulation, the escape of sequestered carbon due to this effect is of order 70% and
greater.

(4) When the iron added to the ocean follows the same behavior as the background
“natural” iron cycle, as in our standard iron fertilization simulations, it is retained in the
ocean for a long period of time (Fig. 12) and continues to play a role in increasing the
biological productivity (as illustrated by the contrast with the simulation where iron was
added then lost, Fig. 11d) and maintaining lower surface nutrient concentrations. By
contrast, the physical-chemical efficiency is insensitive to whether the iron is retained
or lost (Fig. 11c).

Additional findings which were already covered by the studies of Gnanadesikan
et al. (2003) and Matsumoto (2006) include the difficulty of detecting the air-sea flux
of CO, across the air-sea interface, a topic we have not investigated further here as
we have nothing new to add; the negative impacts of the fertilization on downstream
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biological productivity, which we have discussed but not emphasized; and the extraor-
dinarily low efficiency of iron fertilization in removing CO, from the atmosphere in an
iron added and then lost scenario which is intended to mimic the comparable sce-
nario in Gnanadesikan et al. (2003) and Matsumoto (2006). Our model behaves much
more like the high efficiency scenarios of macronutrient addition, which Gnanadesikan
et al. (2003) claimed was analogous to an iron added and retained scenario.

Based on our model simulations, we would suggest the following as important un-
knowns that will have a major impact on predictions of the CO, removal that results
from iron fertilization:

(1) Processes that determine the physical-chemical efficiency:

The work of Jin et al. (2008) and our results here (Figs. 9a—c, and 10) suggest
that the efficiency of CO, removal from the atmosphere is highly sensitive to the
exact depth at which the biological uptake of CO, occurs as well as the thickness
of the mixed layer. We need observational tests of this finding and we need to
understand more about natural processes affecting the depth of this removal.

(2) Processes that determine the biogeochemical response function:

(a) The co-dependence of light and iron and how different formulations of this
co-dependence affect the response of ecosystem models to changes in the
iron supply. A model comparison study and associated experimental work
would be very useful in helping to set up a standard set of simulations that
would highlight critical responses of the models and test and improve them.

(b) The long-term fate of the added iron, which has a major impact on the bio-
geochemical response function (Fig. 11d). This represents an important un-
certainty in current models of the iron cycle, which vary substantially in the
rates of input and removal of bioavailable iron.

(c) What controls the size of the eastern tropical denitrification regions in models,
which is too large in our model as well as in all of the other models we have
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examined, and which causes the tropics to be the worst location for iron
fertilization in this study.

(d) How the air-sea balance of CO, is associated with changes in the inventory of
remineralized nutrients in the ocean. We have had great success in analyz-
ing this link for large-scale macronutrient depletion simulations (cf., Marinov
et al., 2008; Gnanadesikan and Marinov, 2008), but this has not been done
as yet for patch scale iron fertilization simulations.

Appendix A

Definition of variables

We define the flux of tracers such as Fe, organic matter, CaCOg, or CO, across the
air-sea interface or a given depth level, as f in mol m? yr'1. We further define the area
integral of this flux as

F=//fdxdy (A1)
with units of mol yr‘1, and the cumulative area and time integral as
T
= /F at (A2)
0

with units of mol. Finally, we define the perturbation of the flux f, the area integrated
flux F, or the area and time integrated flux ® as

A( ) = ( )fertilization - ( )control (A3)

Here, the subscript fertilization refers to the patch iron fertilization scenario and control
refers to the control scenario with no patch iron fertilization.
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Appendix B

Physical model

The circulation model used in this study is based on the ocean component of the GFDL
CM2.1 global coupled climate model (Griffies et al., 2005b; Gnanadesikan et al., 2006),
but with coarser resolution so as to permit long simulations, and a few changes in
physical parameterization noted below. The horizontal resolution is 3°x3° in the mid-
latitudes telescoping to 3°x2/3° near the equator, thus capturing the critical scales of
the equatorial current system. The model has 28 levels in the vertical with a top layer
with a nominal thickness of 10 m, 9layers in the upper 100 m, and bottom topography
represented using partial cells so that the bottom is relatively independent of verti-
cal resolution (Pacanowski and Gnanadesikan, 1998). Both the mixing and residual
flow associated with mesoscale eddies are parameterized using diffusion coefficients
as in Griffies et al. (2005a), with the difference that the maximum thickness diffusion
coefficient is increased from 800m?s™" to 1000m?s™ (this was done to try to limit
excessive Southern Ocean convection). As the model has coarser horizontal resolu-
tion, the lateral viscosity is increased so as to resolve the Munk layer in the western
boundary.

The model uses an explicit free surface, allowing representation of real freshwa-
ter fluxes and eliminating the need for virtual fluxes of carbon dioxide associated with
rigid-lid models. There is also an explicit mixed layer, the K-profile parameterization
(KPP) of Large et al. (1994) that allows for convective plumes to stir up thermocline
water. The overflow parameterization of Campin and Goosse (1999) was included in
this run in order to maintain the stability of the Atlantic overturning and to increase the
stratification in the Southern Ocean. The vertical diffusion away from the mixed layer
varies between 0.15cm?s™" in the pycnocline and 1.2 cm®s~"in the abyss through-
out the World Ocean (in contrast with the CM2.1 models where the pycnocline dif-
fusivity was 0.3 cm?s™' in the polar regions). Sea ice is simulated using the GFDL
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dynamic/thermodynamic Sea Ice Simulator (SIS) model.

The surface forcing used for the model is the data product of Large and Yeager
(2004) prepared for the Coordinated Ocean Reference Experiment (CORE) project
(Griffies et al., 2009). The data product used here is a “climatological year” con-
structed from the CORE product spanning 1958—2004 with sub-monthly variability of
1959 superimposed on it. As such, it fully accounts for seasonal variations, and does
not account for interannual variability. The forcing has realistic 6 h variability in wind
speeds, air temperature, relative humidity and atmospheric pressure (thus permitting
computation using bulk formulae of sensible and latent heat fluxes and wind stress),
realistic daily variability in radiative fluxes, and realistic monthly variability in precipita-
tion, and annual-mean runoff. Such formulations do not allow for feedbacks between
evaporation and precipitation, as atmospheric relative humidity and temperature are
prescribed. Thus, it is necessary to weakly restore surface salinities to prevent the
thermohaline circulation from collapsing. A restoring time scale corresponding to 146d
over the top 10 m was used for the salinity, with the required corrections being applied
as a surface freshwater flux.

Appendix C

Comparison of model simulations to iron fertilization observations

The four sites selected for this study were chosen because they are located in HNLC
regions and because of their proximity to the sites of actual in situ iron fertilization ex-
periments (Table C1). A distinct difference between the model iron addition simulations
and the actual in situ iron fertilization experiments is the timescale and rate of deploy-
ment of the iron. In the 1x model simulations described in this paper, iron was added
continuously for one month, whereas during in situ experiments iron was added over
one to four patches, each lasting ~24 h and spread out over a period of up to a few
weeks. The difference in the amount of iron added is also notable: ~90g km~2 over
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a month in the 1x model simulations, vs. an initial ~24 h deployment of iron in in situ
patches of between 1400 and 5900 g km~2 (Table C1). In order to be able to better com-
pare the model simulations with the in situ iron addition experiments, we carried out an
additional series of one month (1 x) iron fertilization simulations with flux multiples of 5x
(1x=5), 10x (1x—10) and 100x (1x—100) times the original flux of ~90g km~2, which
give cumulative iron additions of ~5009km‘2, 9009km‘2 and 90009km'2, respec-
tively, thereby spanning the actual in situ iron addition experiments.

The gross biological response of model iron additions compare well with in situ iron
addition experiments. In general in situ experiments have resulted in about a 10-fold
increase in chlorophyll concentration, a 2-fold increase in Chl:C and a community shift
from small to large phytoplankton (Table C1). The PAPA model location of 50° N 145° W,
and fertilization month of May was near the 2002 SERIES (50° N 144° W, July) in situ
iron addition (Boyd et al., 2005). The PAPA 1x—10 and 1x—100 model simulations ob-
tained chlorophyll concentrations of 2.2-5.2mg m™~2, Chl:C ratio increases from 0.008
to between 0.015 and 0.019g:g, and a community composition shift from 15% large
phytoplankton to between 50 and 76% large phytoplankton (Table C1). The nearby
SERIES iron addition experiment had a similar response, with maximum chlorophyll
concentrations of 6.3 mg m=2, a doubling of the Chl:C ratio in small phytoplankton from
0.004 to0 0.008 g:g, a 4-fold increase of the Chl:C ratio in large phytoplankton from 0.005
to 0.024 g:g, and a floristic shift of large phytoplankton from 26-86% (Table C1; Boyd
et al., 2005; Marchetti et al., 2006). The model simulations and in situ experiments
also compared well at the other three sites, where the 1x—10 model simulations at Eq-
pac, Southern Ocean and Ross Sea reached a peak chlorophyll concentration of 1.4,
2.1 and 5.2mg m=3, respectively, while IronExll (Landry, 2002), SOFeX North (Lance
et al., 2007) and SOFeX South (Coale et al., 2004) reported maximum chlorophyll
concentrations of 3.3, 2.1 and 3.8 mg m~3, respectively (Table C1).

There have been very few in situ measurements of carbon export associated with
iron addition and they are limited to the Southern Ocean. Within the Antarctic Circum-
polar Current, Blain et al. (2007) estimated a short term 53 000 mol C:mol Fe export
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efficiency in the upper 100 m and a 70 000 mol C:mol Fe export efficiency in the upper
200 m for a natural iron addition near the Kergulean Plateau. Blain et al. (2007) cal-
culated a 668 000 mol C:mol Fe export efficiency for the Kergulean Plateau based on
seasonal Fe and DIC inventories. Pollard et al. (2009) also calculated a seasonal ex-
port efficiency for a natural iron addition near Crozet island. Using the 234Th deficit to
calculate the daily carbon flux and the 234Th /opal ratios to estimate the bloom dura-
tion, Pollard et al. (2009) estimated a seasonal mol C:mol Fe export efficiency of 17200
at 100m and 8600 at 200 m. Bishop et al. (2004) estimated an export efficiency ratio
of between 10000 and 140 000 mol C:mol Fe for the SOFeX North experiment (Coale
et al., 2004). The 1x, 1x—5, 1x—10 and 1x—100 model simulations predict an ex-
port efficiency of between 168 000 and 110000 mol C:mol Fe (Table C1). Poleward of
the Southern Boundary of the Antarctic Circumpolar Current, Buesseler et al. (2004)
estimated an export efficiency of 6600 mol C:mol Fe in the SOFeX South experiment
(Coale et al., 2004). The 1x model suite in the Ross Sea gives export efficiencies of
between 42800 and 171 000 mol C:mol Fe (Table C1).

In both regions of the Southern Ocean, the model export efficiencies predictions
were significantly higher than in situ measurements. However, the spatial and tempo-
ral time scales may play an important role in these differences. In situ observational
estimates were made from carbon export measurements made below the highly dy-
namic patch during the enrichment and assuming no loss in iron. The model estimates
an integrated global increase in export over the time period of one year. While there
are no in situ export efficiencies in the North Atlantic and equatorial Pacific to compare
the models to, it is noteworthy that the 4 model regions had similar export efficiencies in
the 1x runs, ranging between 201 000 mol C:mol Fe at PAPA and 165 000 mol C:mol Fe
at Egpac. In all regions, additional Fe (1x-5, 10, 100) resulted in lower export effi-
ciencies. The most precipitous drop occurred in the high latitude regions (a 4-fold drop
between the 1x and 1x—100 model runs at PAPA and Ross Sea), while the EqPac and
Southern Ocean regions declined more modestly.
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Table 1. Results of regional iron fertilization simulations in which the effect of iron fertilization is
assumed to be continuous for a period of 100 yr. The total amount of carbon in the atmosphere-
ocean system is preserved. In other words, as CO, is removed from the atmosphere, the CO,
drops below its control value of 278 ppm, which permits CO, to escape from the ocean in
regions that are not being fertilized. These simulations provide an upper limit for how much
CO, could be removed by massive regional iron fertilization. Model drift is corrected for by
subtracting a control simulation in which the total amount of carbon in the system is also fixed.

Region of nutrient depletion or
iron fertilization

CO, drawdown (ppm)
KVHISOUTH?  This model®

Southern Ocean (90° S-30° S) 39.0 35.3
Tropics (18°S—18°N) 4.6 9.5
North Atlantic (30° S—80° N) 5.1 0.5
North Pacific (30° N—-67° N) 3.5 3.2
Global 52.1 41.8

& KVHISOUTH is described in Gnanadesikan et al. (2002). Surface nutrient biogeochemistry is simulated in this model
by restoring model predicted surface nutrients to observations except in the region of nutrient depletion where nutrients
are forced to zero. The response of this model is typical of the response of a wide range of similar such models.

® 1 this particular simulation, where we wanted to see what would happen if iron limitation were eliminated entirely, iron
fertilization was simulated by turning off iron limitation in the specified region, which essentially amounted to adding
an infinite amount of iron. Note that the control scenario of the model used in this study has too high nutrients in the
tropics and too low in the Southern Ocean, which contributes to enhancing its response in the tropics and muting it in
the Southern Ocean relative to KVHISOUTH, where nutrients are forced towards observations in the control scenario.
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Table 2. Patch locations and fertilization time in the 1x, 10x, and 100x simulations.
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Name Location Number of Patch size  Month of
model grid cells  (10°km?) fertilization
PAPA (North Pacific) 50.0°N, 145°W 2 72.3 May
Equatorial Pacific 3.5°S,104°W 1 106.5 Sep
Southern Ocean 58.5°S, 171°W 2 116.3 Oct
Ross Sea 76.0°S, 176°W 4 103.9 Jan
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Table 3. Nitrogen budget at the iron fertilization sites in the 1200x scenario.
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N change over 100 yr (Tmol/100 yr)

Field PAPA  Equatorial Southern  Ross
Pacific Ocean Sea
N, fixation 0.194 0.837 0.125 0.002
Sed denitrification 0.000 -0.003 -0.003 0.016
Water Col Denitrification —-0.337 4.827 -0.269 -0.014
ANO4 0.520 -3.960 0.267 -0.039
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Table 4. Effectiveness and efficiency of CO, uptake from the atmosphere.
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Year 10 Year 50 Year 100

PAPA Egq. Pac. S.Ocean Ross Sea PAPA EqPac. S.Ocean Ross Sea PAPA Eq. Pac. S.Ocean Ross Sea
1x 0.16 0.17 0.30 0.35 0.03 0.04 0.18 0.34 0.08 0.03 0.14 0.39
10x 2.13 2.25 3.33 3.55 0.40 0.71 1.71 3.35 0.38 0.52 1.24 3.12
100x 2.13 225 3.33 3.55 4.93 5.98 121 17.2 6.76 9.03 19.2 335
1200x  16.8 30.8 374 121 47.8 79.1 138.0 66.8 69.4 117.0 222.0 136.0
(b) Efficiency=C:Fe mol ratio of CO, uptake to iron addition (x10°)

Year 10 Year 50 Year 100

PAPA Eq. Pac. S.Ocean Ross Sea PAPA  EqPac. S.Ocean Ross Sea PAPA Eq. Pac. S.Ocean Ross Sea
1x 1.10 0.83 1.32 1.72 0.20 0.17 0.77 1.66 0.52 0.14 0.62 1.88
10x 1.49 1.06 1.44 1.70 0.28 0.34 0.74 1.61 0.26 0.25 0.54 1.50
100x 1.49 1.06 1.44 1.70 0.69 0.57 1.04 1.65 0.47 0.43 0.83 1.61
1200x  0.98 1.21 1.35 0.49 0.55 0.62 1.00 0.54 0.40 0.46 0.80 0.55
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Table 5. Atmospheric reservoir effect. The table shows the ratio of a model with an atmospheric
reservoir to the same simulation without a reservoir. The Equatorial Pacific 1x result is not
trustworthy because the cumulative uptake is near 0 at 100 yr.

Iron flux multiple 1x 10x 100x 1200x

Time of analysis  10yr 100yr 10yr 100yr 10yr 100yr 10yr 100yr

PAPA 0.58 0.24 0.79 0.26 0.79 045 0.80 0.47

Equatorial Pacific 0.59 (1.87) 0.81 0.27 0.81 0.48 0.80 0.48

Southern Ocean  0.67 0.30 0.81  0.31 0.81 0.50 0.80 0.51

Ross Sea 0.69 0.31 0.80 0.40 0.80 0.53 0.81 0.53
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Table C1. Comparison of iron fertilization simulation results to observations at nearby pur-
poseful or natural iron fertilization experimental sites or locations with similar biogeochemical
properties. Note: in the following, KEOPS is the Kerguelen ocean and plateau compared study,
EIFEX is the European Iron Fertilization Experiment, and SOFeX is the Southern Ocean iron
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experiment.
Iron Ex Type Location Time Iron addition Iron addi- Maxdis- Mean Chl Max Chl  Mean Max Mean % % Large Delta Carbon References
tiontoini- solved Fe ambient  (+Fe) ambient  Chl:C Large Phyto carbon  export
tial patch ~ (nM) (mgm™) (mgm~) Chi:C (+Fe) Phyto (+Fe) export, efficiency,
(gkm™2) (9:9) 100m  100m
(+Fe) (+Fe)
mol C:mol Fe
PAPA this study  50°N May 6783kg 94 0.003 0.48 0.90 0.008 0.011 15% 22% 0.29Tg 201000 one month 1x (1x)
145°W
PAPA this study  50°N May 33920kg 469 0.022 0.48 1.69 0.008 0.014 15% 39% 1179 157000 one month 5x(1x-5)
145°W
PAPA this study  50°N May 67830kg 940 0.066 0.48 227 0.008 0.015 15% 50% 20Tg 137000 one month
145°W 10x (1x-10)
PAPA this study  50°N May 678300 kg 9400 2.52 0.48 5.22 0.008 0.019 15% 76% 8.6Tg 58700 one month
145°W 100x (1x-100)
SEEDS| insituFe 485N 18 Jul 350kg 4400 29 0.76 218 0.005 0.015 36% 95% n/a n/a Takeda and Tsuda
addition 165°E -1 Aug Chl:POC  Chl:POC (2005), Marchetti
2001 etal. (2006),
Law et al. (2006)
SERIES insituFe 50°N 11Jul 490kg 5900 >1 0.35 6.3 0.004 for  0.008 26% 86% n/a n/a Boyd et al. (2005),
addition 144°W -4 Aug <5um for Marchetti et al.
2002 0.005 for  <5um (2006)
>5um 0.024
for
>5um
EqPac this study 3.5°S Sep 9670kg 91 0.004 0.46 0.65 0.011 0.014 15% 23% 0.34Tg 165000 one month 1x (1x)
104°W
EqPac this study  3.5°S Sep 48350kg 454 0.013 0.46 1.02 0.011 0.015 15% 38% 1.5Tg 146000 one month 5x (1x-5)
104°W
EqPac this study  3.5°S Sep 96700kg 910 0.030 0.46 1.40 0.011 0.017 15% 48% 2.8Tg 137000 one month
104°W 10x (1x=10)
EqPac this study  3.5°S Sep 967 000 kg 9100 1.043 0.46 4.56 0.011 0.024 15% 77% 22Tg 107000 one month
104°W 100x (1x-100)
IronEX | insituFe 5°S Oct, 450kg n/a ~4 0.24 0.65 0.019 0.026 n/a n/a n/a n/a Martin et al. (1994)
addition 90°W 1993
IronEX |  Galapogos 1°S Oct, outside plume n/a 1.3 0.24 0.7 n/a n/a n/a n/a n/a n/a Martin et al. (1994)
plume 91°W 1993 (0.06 M Fe)
IronEX Il insituFe 35°S 29 May 450kg 3100 2 0.21 33 0.007 0.014 >18um >18um n/a n/a Lindley (personal
addition 104°W  —16 Apr, accounted  accounted ccommunication),
1995 for 6% for 65% Landry (2002)

of PP, of PPy,
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Table C1. Continued.
Efficiency of small

scale carbon

Iron Ex Type Location Time Iron addition Iron addi- Maxdis- Mean Chl Max Chl Mean Max Mean % % Large Delta Carbon References _— .
tiontoini- solved Fe ambient (+Fe) ambient  Chl:C Large Phyto carbon export
tial pal;:h (nM) (mg m’a) (mg m'3) Chl:C (+Fe) Phyto (+Fe) export, efficiency, m Itlgatlon by patCh
km™ (g:9) 100m 100m . T .
e RO iron fertilization
mol C:mol Fe
Southern  this study ~ 60°S Oct 10915kg 94 0.014 0.59 0.91 0.012 0.018 36% 51% 0.39Tg 168000 one month 1x (1x)
Ocean 179°W i
Southern  this study  60°S Oct 54570kg 469 0.017 0.59 1.32 0.012 0.018 36% 51% 1.8Tg 152000 one month 5x (1x-5) J' L' Sarmlento et al .
Ocean 179°W
Southern  this study  60°S Oct 109,150kg 940 0.035 0.59 21 0.012 0.019 36% 64% 35Tg 151000 one month
Ocean 179°W 10x (1x—10)
Southern  this study  60°S Oct 1091500kg 9400 0.846 0.59 9.16 0.012 0.028 36% 87% 26Tg 110000 one month
Ocean 179°W 100x (1x-100)
SOFeX insituFe  56°S 10Jan-  1400-1712kg 2800 1.2 0.17 21 n/a n/a 6% 66% 120-1170 10000— Bishop et al. (2004),
North addition 172°W 10 Feb >20um >20um mmolm=2d~" 140000 Lance et al. (2007)
2002
KEOPS natural Fe  50°S 19 Jan 2.04x107* 297 0.09 0.2 3 n/a n/a >10um >10um 10.8 53000 Blain et al. (2007)
addion ~ 72°E —13Feb mmolm=2d~" (019 accounted accounted mmolm™2d~"
(short 2005 0.51 at for 34% for 79%
term 500m) of PP, of PP,
#4Th
deficit)
KEOPS natural Fe  50°S Seasonal 4.96x107% n/a n/a n/a n/a n/a n/a n/a n/a 3317 668000 Blain et al. (2007)
addition 72°E inven- mmolm™ mmolm
(seasonal tory
inventory estimate
estimate)
Crozet natural Fe  45°S Seasonal 0.039 n/a n/a n/a 6mg m® na n/a n/a n/a 670 17200 Pollard et al. (2009)
addition 50°E estimate mmolm™2 mmolm™
(**Th (2004—
deficit and 2005)
24 Th/opal
ratios)
SOIREE insituFe 61°S 9-22 1750kg n/a ~2.5 0.2 23 <0.010 0.025 30% 50% n/a n/a Marchetti et al.
addition 140°E Feb for bulk for bulk (2006), Boyd et al.
1999 0.008 for  0.029 (2000), Gall
>20um  for etal. (2001)
>20um
EisenEx insituFe 48°S 6-29 2350kg n/a n/a 0.5 28 n/a n/a 10% 43% n/a n/a Gervais et al. (2002)
addition 21°E Nov
2000
EIFEX insituFe  50°S 21 Jan 2820kg n/a ~2 0.54 2.85 0.006 0.018 18% 46% n/a n/a Hoffmann et al.
addition 2°E —25 Mar Chl:POC  Chl:POC (2006)
2004
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Table C1. Continued.

BGD
6, 10381-10446, 2009

Efficiency of small
scale carbon
mitigation by patch
iron fertilization

J. L. Sarmiento et al.

Iron Ex Type Location Time Iron addition Iron addi- Maxdis- Mean Chl  Max Chl  Mean Max Mean % % Large Delta Carbon References

tiontoini- solved Fe ambient (+Fe) ambient  Chl:C Large Phyto carbon export

tial patch ~ (nM) (mg m’e) (mg m"") Chl:C (+Fe) Phyto (+Fe) export, efficiency,

(gkm™) (9:9) 100m 100m

(+Fe) (+Fe)
mol C:mol Fe
Ross this study ~ 76°S Jan 9793 kg 94 0.011 0.75 1.15 0.008 0.013 31% 42% 0.36Tg 171000 one month 1x (1x)
Sea 176°W
Ross this study  76°S Jan 48963 kg 469 0.070 0.75 3.16 0.008 0.016 31% 73% 1.8Tg 167000 one month 5x (1x-5)
Sea 176°W
Ross this study  76°S Jan 97930kg 940 0.372 0.75 5.19 0.008 0.021 31% 81% 3.0Tg 140000 one month
Sea 176°W 10x (1x—=10)
Ross this study  76°S Jan 979300kg 9400 8.04 0.75 10.11 0.008 0.023 31% 87% 9.0Tg 42800 one month
Sea 176°W 100x (1x—100)
SOFeX in situ Fe 6°S 24 Jan-  1260kg 1400 0.7 041 3.8 0.004 0.010 50% of 58% of 1800000kg 6600 Buesseler
South addition 172°W  5Feb Chl:POC Chl:POC biomass biomass et al. (2004), Coale
2002 >20um >20um et al. (2004), Lance
etal. (2007)
JGOFS - on-deck 74°S 26 Jan—  from 0.03 n/a 1.5 0.52 ~6 n/a n/a n/a n/a n/a n/a Cochlan et al. (2002)
Blue incuba- 176°W 7 Feb to 1.5nM
tion 1997
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Fig. 1. The left column shows which nutrient is limiting small phytoplankton (top), large phytoplankton (middle), and
diazotrophs (bottom). These results are from the control simulation after a 1000 yr spin-up. Replete is defined as
minimum limitation >0.965. The right column shows the magnitude of the iron-light co-limitation term.
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Fig. 2. (a) Observed annual mean of the phosphate at the surface of the ocean in mmol m™3 (Garcia et al., 2006) com-
pared with (b) surface phosphate in the model. (¢) shows the difference between observed and modeled. (d) and (e)
show the oxygen concentration at 300 m in mmol m~2 in the observations and model simulation, respectively, and (f)
shows the observed minus model oxygen distribution. The figures also show the location of the four iron fertilization
sites discussed in the paper. P is the PAPA site, E is the Equatorial Pacific site, S is the Southern Ocean site, and R is
the Ross Sea site (see Table 2).
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Fig. 3. Results of the control simulation contoured as a function of depth vs. time at each of the four iron fertilization
sites. The white line is the KPP mixed layer depth defined in the text. The red arrow at the top is the month when iron is
added in the 1x, 10x, and 100x fertilization scenarios. Each row is a separate site with PAPA at the top, the Equatorial
Pacific and Southern Ocean in the middle two rows, and the Ross Sea at the bottom. The first column shows irradiance
in Wm'z, (a)—(d); the second column shows nitrate concentration in mmol m's, (e)—(h); the third column shows iron
concentration in umol m3, (i)—(I); and the final column shows chlorophyll concentration in mg m~3 (m)—(p). These are
all for two years at the start of the control simulation.
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Fig. 4. (a)~(d) show the perturbation response of the monthly particulate organic carbon (POC) and CaCOg export
production AF, POC&CCOs  jer the first 5yr for better resolution (see Appendix A for a definition of AF, POC&CAC0s 4ng

export export
related terms). (e)—(h) show the monthly carbon export AFe);port over the first 100yr. The light colored lines show
total carbon, X=0rgC & CaCOs, and the dark colored lines show only the particulate component of organic carbon,
X=POC & CaCOgj. (i)—(l) show the cumulative export of carbon ACD)e(Xport, with X as above. We define export as the
net downward flux across a depth of 98 m. The rows correspond to the 1x, 10x, 100x, and 1200x cases from top
to bottom. The flux of dissolved and living organic matter in the Org C component is very noisy, and the total carbon
export fluxes in the middle and right hand column were heavily smoothed twice with a 12-month boxcar filter in order
to make the different results distinguishable. Note that the POC & CaCO4 export component accounts for most of the
export flux at PAPA and the Equatorial Pacific sites, but misses a significant component of the total carbon export at
the other two sites.
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Fig. 5. Global horizontally integrated 100-yr cumulative perturbation results of the 1200x
plotted as a function of depth. The first column, (a)—(d) is the iron concentration perturbation in kmol m"1; the second
column, (e)—(h) is the nitrate concentration perturbation in Gmolm'1; and the third column, (i)—(l) is the oxygen con-
. The first row of results is for Papa, the second for the equatorial Pacific, the third
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Fig. 6. Perturbation maps of the 1200x iron fertilization scenarios at year 100. The first column, (a)~(d) shows the
nitrate concentration perturbation in mmol m~2 integrated vertically from 98 m depth to the bottom; the second column,
(e)—(h) is the oxygen concentration perturbation in mol m~2 integrated vertically from 98 m depth to the bottom; and
the third column, (i)—(l) is cumulative export production across 98 m integrated over the 100yr of the simulation in
mmolm™2. The first row of results is for Papa, the second for the equatorial Pacific, the third for the Southern Ocean
and the bottom row is the Ross Sea.
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Fig. 9. Results from the iron fertilization scenarios plotted as a function of time
from O to 100yr of (a)—(c), the efficiency of CO, uptake with respect to iron addition,

Rg;eF;IFAqJZ?_ZSGa JADFE. ., (d)—(f) the physical-chemical uptake efficiency Ephys_chem: and,
(9)—(i), the biogeochemical response function, ARSe . The first row of results is for the 10x

scenarios, the second for the 100x scenarios, and the bottom row is for the 1200x scenarios.
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Fig. 10. The fraction of the total perturbation export production across 98 m, ACDS)fgfrf‘ Cacos

that is due to the perturbation export production in the top box of the model with a thickness of
10 m calculated as a function of time for (a) the 10x, (b) the 100x, and (c) the 1200x scenarios.
This is the IP index of Jin et al. (2008). Note that the Ross Sea has the highest index. The
Equatorial Pacific site is left off the plot because its trajectory is distorted by the loss of nitrate
due to denitrification.

10444

BGD
6, 10381-10446, 2009

Efficiency of small
scale carbon
mitigation by patch
iron fertilization

J. L. Sarmiento et al.

(8)
S

2


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-print.pdf
http://www.biogeosciences-discuss.net/6/10381/2009/bgd-6-10381-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

CFe
ephys -chem iron utilization

(1200x with atmosphere reservoir / 1200x)
1 1 L L 1 1 1

1.2 1 L

PAPA
EqPac

So0cn
Ross

T T T 17T 17T 17 17T

(1200x with iron lost / 1200x)

T v s

0.8

0.6

0.4

0.2

T T T T 1 rrrrrrrT

0.0 T T T T T T T 1 T T
0 20 40 60 80 100 0 20 40 60 80
Year Year

)
3

Fig. 11. Sensitivity studies of factors contributing to the efficiency of the 1200x simulations.
Panels (a) and (b) examine the sensitivity to the inclusion of an atmospheric reservoir, and
Panels (c) and (d) examine the sensitivity to the retention of iron, all plotted as a function of
time from 0-100yr. The first row shows the uptake efficiency egp, s_chem and the overall C:Fe

iron utilization ratio, H%Eiddmon for the simulation with a variable atmosphere divided by the
corresponding quantity in the standard 1200x simulation. The second row shows €ps_chem
and Hiﬁ;ﬁzddmon for the simulation with no iron remineralization divided by the corresponding

quantity in the standard 1200x simulation.
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Fig. 12. The ratio of iron retained in the ocean with respect to the iron added in the 1200x

scenario. Despite the continuous addition of iron in this model, the scavenging of iron out of
the ocean is such that only ~60% of the iron is present at the end of the simulation.
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