Biogeosciences, 7, 3593624 2010 "5\ . .
www.biogeosciences.net/7/3593/2010/ ‘GG’ Biogeosciences
doi:10.5194/bg-7-3593-2010 -
© Author(s) 2010. CC Attribution 3.0 License.

Efficiency of small scale carbon mitigation by patch iron fertilization

J. L. Sarmiento!, R. D. Slater}, J. Dunné?, A. Gnanadesikar?, and M. R. Hiscock!

LAtmospheric and Oceanic Sciences Program, Princeton University, Princeton, New Jersey, USA
2Geophysical Fluid Dynamics Laboratory, NOAA, Princeton, New Jersey, USA

Received: 20 October 2009 — Published in Biogeosciences Discuss.: 11 November 2009
Revised: 14 August 2010 — Accepted: 27 August 2010 — Published: 12 November 2010

Abstract. While nutrient depletion scenarios have long greatly increases the long-term biological response to iron
shown that the high-latitude High Nutrient Low Chlorophyll addition as compared with simulations in which the added
(HNLC) regions are the most effective for sequestering atmo-ron is rapidly scavenged from the ocean.

spheric carbon dioxide, recent simulations with prognostic
biogeochemical models have suggested that only a fraction

of the potential drawdown can be realized. We use a global

ocean biogeochemical general circulation model developed Introduction

at GFDL and Princeton to examine this and related issues.

We fertilize two patches in the North and Equatorial Pacific, The hypothesized link between surface macronutrient con-
and two additional patches in the Southern Ocean HNLC recentrations and the air-sea balance of,Gfas captured the
gion north of the biogeochemical divide and in the Ross Sednterest of the scientific community ever since a reduction of
south of the biogeochemical divide. We evaluate the sim-surface nutrients in the Southern Ocean was first proposed
ulations using observations from both artificial and naturalindependently by Knox and McElroy (1984), Sarmiento and
iron fertilization experiments at nearby locations. We obtain Toggweiler (1984), and Siegenthaler and Wenk (1984), as
by far the greatest response to iron fertilization at the Ros®t mechanism to explain the observed reduction of atmo-
Sea site, where sea ice prevents escape of sequesteged C&pheric CQ during the ice ages. Building on these and
during the wintertime, and the GQemoved from the sur-  other early box model studies by Joos et al. (1991) and Peng
face ocean by the biological pump is carried into the deepand Broecker (1991), there have now been a wide range of
ocean by the circulation. As a consequence,@@nains  ocean general circulation model simulations examining the
sequestered on century time-scales and the efficiency of fedink between macronutrient concentrations at the surface of
tilization remains almost constant no matter how frequentlythe ocean and the atmosphere-ocean B&ance (Sarmiento
iron is applied as long as it is confined to the growing seasonand Orr, 1991; Orr and Sarmiento, 1992; Kurz and Maier-
The second most efficient site is in the Southern Ocean. Th&eimer, 1993; Archer et al., 2000; Matear and Elliott, 2004;
North Pacific site has lower initial nutrients and thus a lower Zeebe and Archer, 2005; Marinov et al., 2008; Gnanade-
efficiency. Fertilization of the Equatorial Pacific leads to an Sikan and Marinov, 2008). Among the major findings from
expansion of the suboxic zone and a striking increase in denthese large scale macronutrient manipulation simulations are
itrification that causes a sharp reduction in overall surface bi-an analysis of how the air-sea ¢®@alance is related to the
ological export production and GQuptake. The impacts on fraction of total nutrients in the ocean that is remineralized
the oxygen distribution and surface biological export are less/ersus preformed, and the demonstration from regional sen-
prominent at other sites, but nevertheless still a source of consitivity studies that the greatest impact on the global inven-

cern. The century time scale retention of iron in this modeltory of remineralized nutrients and thus on atmospherig CO
occurs when nutrients are depleted in the Southern Ocean

) High Nutrient Low Chlorophyll (HNLC) region. As regards
Correspondence tal. L. Sarmiento the second point, Table 1 shows a typical result from nutrient
BY (ls@princeton.edu) depletion simulations using the KVHISOUTH model from
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Gnanadesikan e_t al. (2002,)’ which demonstrates how afte‘Y‘able 1. Results of regional iron fertilization simulations in which
100 years of nutrient depletion, the Southern Ocean respons@e effect of iron fertilization is assumed to be continuous for a pe-
is about 9 times the average of the other three regions in th@od of 100 years. The total amount of carbon in the atmosphere-
North Atlantic, the North Pacific, and the tropical ocean. ocean system is preserved. In other words, as 8@moved from
The Southern Ocean surface nutrient reduction hypothesighe atmosphere, the GQirops below its control value of 278 ppm,
as an explanation for the ice age £f@duction was given a  which permits CQ to escape from the ocean in regions that are not
further boost by the suggestion of Martin (1990) that relief being fertilized. These simulations provide an upper limit for how
of iron limitation by an increased flux of iron-bearing dust Much CQ could be removed by massive regional iron fertilization.
might have been the mechanism whereby the macronutrientMo_del drift is corrected for by su_btracting a co_ntrol simulation in
were reduced during the ice ages. While the ideas about Wh&Wh'Ch the total amount of carbon in the system is also fixed.
caused the ice age GQ@eduction have evolved, including a
more recent emphasis on physical mechanisms (e.g., Sigman

Region of nutrient depletion or CQdrawdown (ppm)

and Boyle, 2000; Anderson et al., 2009), the evidence in sup-_"o" fertiization KVHISOUTH _ This mode?

port of the iron limitation hypothesis per se has grown over Southern Ocean (9 to 30’ S) 39.0 353

time based principally on a wide range of mesoscale iron ma- TTopics (18 Sto 18 N) 4.6 9.5
North Atlantic (30 S—8C N) 5.1 0.5

nipulation experiments such as those described by Martin et
al. (1994), Coale et al. (1996), Boyd et al. (2000, 2004), Ger-
vais et al. (2002), Tsuda et al. (2003), Coale et al. (2004), and GLOBAL 52.1 418

Hoffmann et al. (2006) (cf. reviews by de Baar et al., 2005;
KVHISOUTH is described in Gnanadesikan et al. (2002). Surface nutrient biogeo-
and Bqu _Et al_" 2007)' . . . chemistry is simulated in this model by restoring model predicted surface nutrients to
The critical importance of the underlying scientific issues 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
regarding our understanding of the linked cycles of carbon . nodels.

macronutrients, and iron in the ocean have been a strong im in this particular simulation, where we wanted to see what would happen if iron
: R R ; : imitation were eliminated entirely, iron fertilization was simulated by turning off iron

petus for Commued IntereSt.m the hypOtheSIZeq link beltweedimitation in the specified region, which essentially amounted to adding an infinite
surface nutrient concentration and atmospherie,Gd in amount of iron. Note that the control scenario of the model used in this study has too

: [ B P B high nutrients in the tropics and too low in the Southern Ocean, which contributes to
the iron limitation hypOtheSIS' An additional |m_petus_ for enhancing its response in the tropics and muting it in the Southern Ocean relative to
Study of these hypotheses has been the geoengineering prevHISOUTH, where nutrients are forced towards observations in the control scenario.
posal first articulated by Martin et al. (1990a) and Martin et

al. (1990b) to artificially fertilize the ocean with iron as a way

of removing CQ from the atmosphere. Studies of this issue |, ™~ ) X . .

have centered primarily on determining: (1) the efficiency tion into a physical-chemical %ﬁ'céeggy%hys—mem defined

of the fertilization; (2) the verifiability of C@removal from ~ as the ratio ofAcbaCi%seato Acbexrgort % which is the
the atmosphere; and (3) the long term environmental consecumulative perturbation export of carbon from the surface
quences of the fertilization (cf. Chisholm et al., 2001; and ocean that results from iron fertilization; and a biogeochem-

Buesseler et al., 2008). This paper is primarily about the unical response functio®S: e i,aion defined as the ratio of

North Pacific (30 N to 67° N) 35 3.2

It is useful to further separate the overall response func-

derlying scientific issues regarding the efficiency of fertiliza- A®g < * “*“® to AGEE,,ai0n 1N €qUAtion form, we have
tion, but before proceeding, we note that the potential envi-that:
ronmental consequences of extensive iron fertilization alone .
- - - - RCFe —o -RCFe . where 2)
are sufficient to give serious pause to anyone seriously con=overall = ¢phys-chem" Kiron utilizatior’
sidering this as an option for GQ@emoval, as discussed by Acpgi?fsea
Chisholm et al. (2001), Jin and Gruber (2003), Schiermeier¢phys-chem= an”d
(2003), Shepherd (2009), and Strong et al. (2009) among export
others. Moreover, the verifiability of COsequestration as A@S){go(r:t& CaCQ

analyzed by Gnanadesikan et al. (2003) would be eXtreme|)Ri(r:6Eeutilization:

difficult. Despite such findings, the option of carbon mitiga-

tion by patch iron fertilization continues to draw interest and (cf. Jin et al., 2008). The mesoscale iron enrichment ex-

thus, if for no other reason, merits serious scientific scrutiny.periments referred to earlier have shown that the draw-
The overall efficiency of iron fertilization in removing down in surface dissolved inorganic carbon (DIC) that re-

CO, from the atmosphere is defined as the cumulative persults from a given iron addition occurs at an average ratio

turbation atmospheric CQuptakeA®S%2___divided by the  0f RS:=82vdown= 5600 Mol C to mol Fe added (de Baar et

air—sea

Fe
ACI)fertilization

cumulative iron additiom ®F2,,. . (see Appendix A for a al., 2005). This is considerably smaller than the intracellu-
definition of these terms), i.e., lar C:Fe ratios 0f~20 000 to 500 000 typically observed in
oy laboratory experiments with oceanic phytoplankton as sum-
cre AP sea 1) marized by Fung et al. (2000) and Sunda (2001), or than
overall ™ ADEE the mean C:Fe ratio of 200000 proposed by Johnson et
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al. (1997), which are the values typically used in estimatingreduction in surface DIC will actually remove G&om the
iron demand in geoengineering proposals for iron fertiliza- atmosphere? The short time span of the iron manipulation
tion. This suggests that most of the iron that is being addedexperiments is problematic for verification of the impact of
to the ocean is not being utilized by phytoplankton, at leastiron fertilization on the air-sea balance of @@\ typical air-
on the time-scale of the observations. Results from the irorsea e-folding equilibration time for a 40 m mixed layer is of
manipulation experiments thus imply that the iron demandorder 6 months (Sarmiento and Gruber, 2006), as contrasted
for a given CQ removal would be one to two orders of mag- with the time scale of a few weeks of the experiments. Thus,
nitude greater than estimates based on the laboratory med#he air-sea C@flux estimated from the DIC deficit during
surements (cf. Buesseler and Boyd, 2003). In addition to thighe fertilization period is only a miniscule part of the car-
problem, there has been only partial success in demonstratingon budget, an average of 8% of the DIC drawdown per de
that DIC uptake by iron fertilization actually results in carbon Baar et al. (2005). The time scale of the natural iron fertil-
export from the surface ocean. The limited observational peization studies is more suitable, though still not ideal. Esti-
riod of most experiments seems a likely reason for the failuremates of air-sea Cfgas flux over a 75-day period during
to observe a significant export flux in many cases (Buesselethe Crozet Island experiment by Bakker et al. (2007) gave
et al., 2004; de Baar et al., 2005). For example, in one ofan average uptake of 780600 mmol nT?2 inside the fertil-
the few successful observations of particle fluxes, Bishop eized patch versus 248 120 mmol nt2 outside the patch, for
al. (2004) used autonomous floats with optical measurementa net uptake of 46& 580 mmol nT2 due to the added iron.
of the “carbon flux index” to show a large flux of particulate Pollard et al. (2009) give a particulate organic carbon (POC)
organic carbon at the SOFeX northern patch site beginningxport of 960 mmol m? in the patch versus 290 mmolth
only 25 to 45 days after iron addition was initiated. Based onoutside, for a net of 670 mmol™, with no uncertainty
their measurements, Bishop et al. (2004) estimated a C exreported. The air-sea GQuptake in the Crozet iron fer-
port to Fe added ratio in(r:éﬁeutnization =10000 to 100000, tilized region thus gives a physical-chemical efficiency of
which is more in the range of what might be expected fromephys-chem~ 69%, but with quite a large uncertainty. At Ker-
the laboratory experiments. guelen, we use the 90 day seasonal carbon flux estimates of
The problems inherent in short term manipulation exper-Jouandet et al. (2008) of 54801900 mmol nT? inside the
iments have motivated a new series of observational studpatch versus 1708 400 mmol nt2 outside the patch, and
ies at locations within HNLC regions where islands provide air-sea flux of 28 24 mmol nt2 d~! inside the patch versus
a local long-term source of iron. Such studies of natural—2.7+ 2.3 mmolm2d~1 outside the patchx 90 days/2 fol-
iron fertilization at the Kerguelen plateau and Crozet Islandlowing their approach to account for the whole season, to cal-
in the Southern Ocean have detected a large excess particaulateepnys—chem= 37%, again with a very large uncertainty.
late organic carbon export in iron fertilized regions relative to However, even the 75 and 90 day time periods over which
that in adjacent non-fertilized regions using #&Th deficit  the air-sea flux was estimated in the natural fertilization stud-
method. The ratio of the excess C export to Fe supply is esies is insufficient to catch the full equilibration time of the
timated to beRi%Eeumizaﬂon = 53000 across 100 m depth at surface DIC perturbation. More importantly, although such
Kerguelen at the time of observations (Blain et al., 2007). Atstudies very likely capture a substantial fraction of the im-
Crozet Pollard et al. (2009) found that after the chlorophyll mediate response to iron fertilization, there are other longer
peak in the iron fertilized region and in the HNLC region, term processes that can modify the overall chemical-physical
the mean daily rates of carbon export were similar. Howevergefficiency of the iron fertilization, such as the global backflux
they calculated different bloom durations for each region byof CO» that results from reduction of atmospheric £(f.,
using23*Th/opal ratios to close the silicate budget. The sea-Gnanadesikan et al., 2003). Numerical models can play a
sonal ratio of excess C export to Fe supply at Crozet wagrucial role in estimating the magnitude of such long-term
estimated to be 17 200 (5400-60400) at 100 m and 8600 deedbacks.
200m. Estimates based on the seasonal DIC and Fe bud- Until the addition of explicit representations of ecosys-
gets at Kerguelen give a much higher seasonal mol C to motem processes and the iron cycle, the impact of iron fertil-
Fe ratio of RS:F8 iivaiion = 668 000, though a recent revision ization on the air-sea Gbalance and global biogeochem-
by Chever et al. (2010) dropped this to 154 000. The reasoistry had to be simulated using macronutrient manipulation
for the large remaining difference between the Kerguelen andstudies such as those used in most of the model simulations
Crozet seasonal estimateslq‘féﬁeutilizaﬁon is not understood discussed earlier. In these studies, the putative effects of
(e.g., Pollard et al., 2009). iron fertilization are simulated by assuming that iron fertil-
Despite the large uncertainties, the natural iron fertiliza-ization reduces surface nutrient concentrations by formation
tion studies and some of the iron manipulation studies haveand export of organic matter, which also removes a corre-
clearly demonstrated by now that iron fertilization of HNLC sponding amount of dissolved inorganic carbon with stan-
regions should eventually give rise to an increased particledard stoichiometric ratios. Because of the absence of ecosys-
export flux. What can we say about the physical-chemicaltem and iron cycle model components, macronutrient ma-
efficiency ephys—chem i.€., the extent to which the resulting nipulation studies are unable to simulate the biogeochemical
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response functionRi?c;f]eut”izaﬂon. The patch Equatorial Pa- et al., 2008; Moore and Doney, 2007), as well as on the at-
cific macronutrient depletion simulation of Gnanadesikan etmosphere in response to changes in dust delivery at present
al. (2003) using a Martin et al. (1987) power law reminer- and during the ice ages (e.g., Bopp et al., 2003). A major
alization profile gave an extremely lo¥phys—chem Of 2.0% motivation for the study described in this paper is one such
for the 100 year response of a one-time, one-month nutrisensitivity study carried out by Dutkiewicz et al. (2006). A
ent depletion scenario. ldentical simulations for 50 years aturprising finding from the Dutkiewicz et al. (2006) study
the northwest Pacific SEEDS site by Matsumoto (2006) gavewvas that the highest uptake of atmospheric,Gf@curred
ephys—chem ~ 7% after 100 years. The difference between when iron was added in the equatorial Pacific HNLC re-
these two sites may be due in part to the mechanisms disgion, with a much smaller uptake resulting from iron addi-
cussed by Jin et al. (2008) in their examinatio®gs_chem tion in the Southern Ocean HNLC region. This result dif-
namely the effective depth from which the DIC is removed fers dramatically from what we would have inferred from
by the nutrient depletion, and the thickness of the mixedearlier macronutrient manipulation studies such as those of
layer, with shallower DIC removal depths and thinner mixed KVHISOUTH shown in Table 1.
layers at the time of fertilization giving a higher efficiency of =~ The disagreement between the Dutkiewicz et al. (2006)
CO, removal from the atmosphere. The depth of the rem-results and previous studies was the original motivation for
ineralization is also an important factor in the response: ifthe organization of an Iron Fertilization Model Intercompari-
all the excess organic carbon exported from the surface ofon Project (IFMIP) with the main initial purpose to examine
the ocean is allowed to sink to the ocean floor before beinghe sensitivity of the iron fertilization response to the basic
remineralized, the efficiency risestdl0% in the Equatorial  structure of the biogeochemistry models. In related work,
Pacific and~12% in the northwest Pacific. Jin et al. (2008) carried out a series of sensitivity studies ex-
By contrast with the macronutrient depletion scenarios,amining how the physical-chemical efficieneyhys-chem is
Gnanadesikan et al. (2003) obtained an efficiency of 42% atelated to the mixed layer thickness and depth within the
their Equatorial Pacific site when macronutrients were addedsurface ocean at which the enhanced removal of nutrients
In their discussion of their two sets of simulations, Gnanade-and DIC occurs. Our study examines the processes that de-
sikan et al. (2003) suggest that the macronutrient depletionermine the physical-chemical efficieneyhys-chem and the
scenario is essentially simulating the effect of an iron fertil- hiogeochemical response func'[iﬁﬁc:)f\eutilization'
ization where the iron is added and then lost at the end of
the nutrient depletion event, whereas the macronutrient ad-
dition scenario is effectively an iron added and permanently2 Model description and evaluation
retained scenario. Biogeochemical models including the iron . . . .
cycle will likely fall somewhere between the two extremes of We describe here how the biogeochemical model and iron

eohys—chem= 2% and 42%, as is the case with the SCenariOSfert|I|zat|on scenarios are set up, and we evaluate the con-

discussed in this paper as well as the simulation study of Au-trOI simglation and i_ron fertilization_scenarios _by comparing
mont and Bopp (2006), who obtained &ghys chem Of 33% them WIFh observations. The physical model is described in
in their 100 year simulation of iron stress relief (cf. also the Appendix B.

ephys-chem Of 10—-25% obtained by Zeebe and Archer, 2005, 5 Biogeochemical model

albeit with a different simulation approach).

How are we to move forward in this “sea of uncertainty” For ecology and biogeochemistry, we use an early gener-
(cf. Buesseler et al.,, 2008) where both field experimentsation of the GFDL TOPAZ model developed by Dunne et
and model simulations disagree with each other by one oal. (2006). The full set of model equations and tables of the
more orders of magnitude in critical parameters such as theonstants that we used in our simulations are given in the
physical-chemical efficiency and biogeochemical responsesupplementary Material. The model has eight dissolved in-
function, with only minimal understanding of why this is organic variables: nitrate, ammonium, phosphate, silicate,
so? Clearly, a broad spectrum of experimental as welloxygen, iron, carbon, and alkalinity. Phytoplankton pro-
as modeling studies is required. As regards the modelsgesses are simulated with 5 functional groups, three that are
ocean hiogeochemical models with an explicit iron cycle solved explicitly (small and large phytoplankton as well as
as well as an ecosystem component, and which can therediazotrophs) and two that are solved implicitly (diatoms as a
fore be used to examine both the biogeochemical responstinction of large phytoplankton, and coccolithophorids as a
function Ri‘fg)f]euti,izaﬂon and the physical-chemical efficiency function of small phytoplankton). Growth of phytoplankton
ephys-chem have been in existence for several years now (e.g.is based on a comprehensive representation of multinutrient
Moore et al., 2002b; Aumont et al., 2003; Dutkiewicz et al., limitation of phytoplankton with variable N:P:Fe:Si:Chl sto-
2005; Tagliabue and Arrigo, 2006). These models have beeichiometry and physiology. Grazing is modeled implicitly as
used to examine the effect of iron on biological productivity described by Dunne et al. (2005), as is particulate organic
and the ocean nutrient distribution (e.g., Moore et al., 2002amatter. Small and large phytoplankton are assumed to have
Aumont and Bopp, 2006; Tagliabue et al., 2008; Schneideran N:P of 16:1 while diazotrophs have an N:P of 50:1 after
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Letelier and Karl (1998). Dissolved organic matter is mod- The cellular C:Fe mole ratio that results from the inde-
eled explicitly as consisting of a labile component with an pendent Fe and N cycles varies between 56 000 and 300 000
N:P ratio of 16:1 and a lifetime of 3 months; and a semi- for large phytoplankton and 4000 to 30 000 for diazotrophs,
labile component with separate N and P components withwith a global mean C:Fe ratio in exported organic matter of
lifetimes of 18 years and 4 years, respectively (cf. Abell et148 500 mol C:mol Fe. These cellular ratios are well within
al., 2000). The model includes denitrification in both the wa- the bounds of the observations discussed in Sect. 1 and ref-
ter column when oxygen falls below 5 mmot) and inthe  erences therein.
sediments using the flux-based algorithm of Middelburg et Dissolved iron is modeled as a single fully complexed
al. (1996). The cycling of all organic C components is basedpool. It is removed from the ocean not only by phytoplank-
on that of organic N with a fixed C:N of 117:16. The model ton uptake, but also by second order adsorption onto any
has two dissolved organic C pools corresponding to the twaparticle form including ballast and particulate organic mat-
aforementioned labile and semi-labile dissolved organic matter. It is remineralized along with organic matter in the water
ter components. column and sediments. The removal of iron by adsorption
Phytoplankton growth rate is equal to a temperature-at the surface of the ocean has a time scale of 10 years or
dependent maximum growth rate, times a dimensionless nulonger everywhere, with the consequence that phytoplank-
trient limitation term with a value between 0 and 1, times ton uptake is the dominant loss mechanism. By contrast, ad-
an iron-light co-limitation term also with a value between 0 sorption is the main mechanism for removal of iron in the
and 1. The nutrient limitation term is the minimum of ni- deep ocean, where the removal time scale ranges between
trogen dependence, modeled as in Frost and Franzen (1992 and 300 years at a depth of 2000 m. The aeolian flux of
as modified by Sharada et al. (2005), or phosphorus or siliiron is that of Ginoux et al. (2001), with 2% of the iron as-
cic acid dependence (for diatoms only), both modeled asumed to be soluble in seawater. The total annual iron input
Michaelis-Menten kinetics. Figures 1a to ¢ show the geo-from the atmosphere is 3.31.0° mol yr—1 with an iron flux
graphic distribution of which macronutrient is limiting for of 0.68x10° molyr—1 from the sediments. The Supplemen-
each type of phytoplankton averaged over the three summetary Material shows the iron cycling equations and Table 3.3
months for each hemisphere. The general pattern is one dff the Supplementary Material summarizes all the parame-
nitrogen limitation in the subtropics for both small and large ters in the iron model and the observations on which they are
phytoplankton, and phosphorus limitation in the subtropicsbased. The iron inventory in the model ocean after a 1000-
for diazotrophs. The Equatorial Pacific upwelling HNLC re- year spin-up is 57%10° mol, giving a mean residence time
gion and subpolar and polar HNLC regions of the North Pa-of 144 years with respect to the combined dust and sediment
cific and Southern Ocean are generally replete (defined amputs. This is within the bounds of previous estimates such
>0.965) in P and N but limiting in Si for large phytoplank- as those discussed by Johnson et al. (1997). Since iron added
ton (diatoms). by fertilization is treated the same as the “natural” iron, this
Iron and light limitation are simulated using a novel quota- means that the iron added by iron fertilization will remain in
based light-Fe colimitation approach developed by Dunne ethe ocean for decades to centuries before being scavenged.
al. (2006; see Supplementary Material) based on fitting the Figures 2a through ¢ show a comparison of observed and
observations of Sunda and Huntsman (1997). This approachodel predicted annual mean phosphate at the surface of the
allows “luxury uptake” of iron so that the plankton are very ocean after a 1000-year spin-up prior to carrying out the iron
effective at taking up iron even when it does not result in anfertilization simulations. The correlation and relative stan-
immediate increase in growth rate. The calculation of thedard deviation of surface phosphate in the model compared
growth rate is based on Geider et al. (1997) with the Fe:Nwith the observations are 0.87 and 0.70, respectively; the root
ratio and light supply modulating the Chl:N ratio. The half mean square error is 0.46 mmotfof phosphate. For phos-
saturation constant for iron uptake by small phytoplanktonphate in the ocean as a whole, the correlation is 0.86 and
and diazotrophs is 0.1 pmolTA, and that for large phyto- the relative standard deviation is 0.87, which is compara-
plankton is 0.3 umol m3. The final value of the Fe contri- ble to the three models discussed by Schneider et al. (2008);
bution to the light-Fe colimitation term is shown in Fig. 1d the root mean square error is 0.34 mmolin The model
to f. This is calculated for the three summer months in eachgenerally captures the spatial distribution of the high nutri-
hemisphere by taking the ratio of the light-Fe colimitation ent regions in the North and Equatorial Pacific and Southern
term and dividing it by the light-Fe colimitation term that one Ocean, although it has too high phosphate in the tropics and
gets if iron is replete. The estimate of the Fe contribution tosubtropics and too low phosphate in the high latitudes of the
the light-Fe colimitation term is generally between 0 and 0.2North Pacific and Southern Ocean compared with the obser-
for large phytoplankton in the traditional HNLC regions, and vations. The amount of carbon sequestered by iron fertiliza-
very near 1 everywhere else except the North Atlantic, wheréion is closely tied to the change in unutilized or preformed
it drops to the 0.8 range. Small phytoplankton have the samautrients (Gnanadesikan and Marinov, 2008; Marinov et al.,
pattern, but with less limitation. Diazotrophs are iron limited 2008). We thus expect that our model would tend to over-
almost everywhere except where iron supply by dust is highpredict the response to iron fertilization in the tropics, and
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Limiting macronutrient Iron limitation
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Fig. 1. The left column shows which macronutrient is limiting small phytoplankton (top), large phytoplankton (middle), and diazotrophs
(bottom). These results are the three month summer averages for each hemisphere calculated from the control simulation after a 1000 yez
spin-up. Replete is defined as minimum limitati®0.965. The right column shows the average summertime magnitude of the iron-light
colimitation term divided by the magnitude of the iron-light co-limitation term when iron is assumed to be replete. In other words, itisa 0

to 1 measure of the iron contribution to iron-light colimitation.

under-predict the response to fertilization in the high lati- less than 10 mmol r? is in fact almost 7 times as great as
tudes relative to a model that is forced towards the observethe corresponding volume in the observations (22.@> m3
nutrients. versus 4.&105m?3, respectively). This problem of too

Figures 2d through f compare the observed and modelednuch subo_x_ia is_common to all the biogeochemical models
oxygen distribution at 300m. We show this here becauséVe are familiar with, though we would also note that the data
of the importance of denitrification for the response of the @€ also problematic at such low oxygen levels.

Equatorial Pacific to iron fertilization that we shall discuss  After the spin-up, a control simulation with no iron fertil-
later. The correlation and relative standard deviation of theization is carried out simultaneously with the four patch iron
model compared with the observations at this depth level ardertilization simulations described in the following section
0.88 and 1.18, respectively, with a root mean square erroand whose names and locations are given in Table 2 with lo-
of 43.3mmolnT3. For the ocean as a whole, the correla- cations shown in Fig. 2. Figure 3 shows several key diagnos-
tion and relative standard deviation are 0.89 and 1.10, respedics from the control simulation at each of the four fertiliza-
tively, with a root mean square error of 56.0 mmoi#n In tion sites. All the figures are depth versus time contour plots
general, the model over-predicts the oxygen at 300 m, whicHor a period of two years. Each also includes the KPP mixed
might lead one to expect lower denitrification. However, the layer depth (see Appendix B for definition). Consider first
volume of water in the model with oxygen concentrations the combined seasonality of the KPP mixed layer depth and
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Fig. 2. (a) Observed annual mean of the phosphate at the surface of the ocean in m?r(@mcia et al., 2006) compared with) surface
phosphate in the model(c) shows the difference between model and observel).and (e) show the oxygen concentration at 300 m

in mmol m~3 in the observations and model simulation, respectively, (@ndhows the model minus observed 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).

Table 2. Patch locations, bottom depth, and fertilization time in the 1x, 10x, and 100x simulations.

Name Location Number of Patch size Bottom depth Month of
model grid cells  (18km?)  in model (m) fertilization
PAPA (North Pacific) 50.DN, 145 W 2 72.3 4331 May
Equatorial Pacific 35S, 1042 W 1 106.5 3453  September
Southern Ocean 585, 172 W 2 116.3 4509 October
Ross Sea 76%08, 176 W 4 103.9 545 January

www.biogeosciences.net/7/3593/2010/ Biogeosciences, 7, 36932010
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Fig. 3. Results of the control simulation contoured as a function of depth versus 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 Ros:
Sea at the bottom. The first column shows irradiance in ¥ nga—d); the second column shows nitrate concentration in mniol ne—h);

the third column shows iron concentrationimol m—3, (i-l); and the final column shows chlorophyll concentration in nMgnm—p).

These are all for two years at the start of the control simulation.

irradiance shown in Figs. 3a to d. At PAPA, the Equatorial The mixed layer depth is crucial to determining the av-
Pacific site, and the subpolar Southern Ocean site, the KPEBrage irradiance level experienced by phytoplankton in the
mixed layer depth varies seasonally but never goes deepearmper euphotic zone, and thus the response of the system
than 100 m. By contrast, the Ross Sea site has a KPP mixetb iron fertilization. Figure 4 shows a comparison of the
layer depth of greater than 100 m for 6 months of the year. Aamodel mixed layer depths with mixed layer depths deter-
with mixed layer depth, the light supply at the Equatorial Pa-mined from observations. The figure shows model mixed
cific site has very little seasonal variability. However, the sea-layer depths calculated two ways using: (1) a buoyancy cri-
sonality in light gets progressively stronger as one goes fronterion of 0.0003 ms2, and (2) the KPP mixed layer depth as
PAPA to the Southern Ocean site and Ross Sea site, whemefined in Appendix B and shown in Fig. 3. Figure 4 shows
irradiance is below 5 W rm? for 6 months a year. One would that, except at the Ross Sea site, the buoyancy based model
expect that adding iron to the ocean during the wintertime pemixed layer depths are generally close to but always deeper
riods of deeper mixed layers and low light levels at PAPA, thethan the KPP mixed layer depth. The greater depth of the
South Pacific site, and, especially, the Ross Sea site, woulbuoyancy based mixed layer estimate is as expected given
be less efficient than at other times of the year. Indeed, thishat the KPP mixed layer is based on the actual turbulent
seasonality of the light supply and mixed layer depths is, wemixing and convective overturning specified by the model,
believe, one reason that Dutkiewicz et al. (2006) found a lessvhereas the buoyancy based mixed layer estimate reaches
efficient response to continuous iron addition in the high lat-below the base of the actual layer of homogenized water. The
itude Southern Ocean than in the Equatorial Pacific. much greater depth of the buoyancy based mixed layers than
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Fig. 4. Mixed layer depths determined from observations by de Boyer Btaritet al. (2004) at all four fertilization sites and Dong et

al. (2008) at the Southern Ocean fertilization site. The de Boyer &fpitet al. (2004) mixed layer depths are determined by averaging
together estimates of the mixed layer depth calculated from individual temperature profiles using a temperature critdrier0dt°C
referenced to the value at 10 m depth. Dong et al. (2008) use potential density calculated from Argo float data and only provide estimates
for the Southern Ocean region. Two versions of the model mixed layer depths are shown using (1) a buoyancy criterion of 09003 ms
(“Model mid”) and (2) the KPP mixed layer depth (“Model KPP”) as defined in Appendix B and shown in Fig. 3.

the KPP mixed layer at the Ross Sea site is because verticaélonal temperature based estimate, which suggests that the
stratification at this site in the model is extremely low. problem at the Ross Sea site is not so much that the mixed

Comparing the de Boyer Moagut et al. (2004) mixed layer depth is incorrectly simulated as that the model is too
layer depth estimate with the model derived buoyancy basedveakly stratified.
mixed layer depth in Fig. 4a and b shows that the model is In Figs. 3e to p, we show the time evolution of nitrate,
generally in good agreement with observations at both thdron, and chlorophyll at the four sites in the control sim-
PAPA and Equatorial Pacific sites, where the modeti® ulation. We see from the nitrate and chlorophyll contour
to 20 m shallower and-0 to 20 m deeper than observations, plots that all four locations fit the classical definition of an
respectively. The model buoyancy based mixed layer depttHNLC regime, with nitrate concentrations that never become
is shallower than the Dong et al. (2008) observations by 25 tadepleted, and chlorophyll concentrations that drop precip-
50 m in the summertime and100 m in the wintertime at the itously after the spring bloom at a time when the nitrate
Southern Ocean site (Fig. 4c), which means that the modetoncentrations, light supply, and mixed layer depth are all
will underestimate the effect of light limitation on phyto- still ideal for phytoplankton growth. We note that PAPA
plankton growth at this site. Finally, we see at the Ross Seand the Equatorial Pacific site drop to relatively low nitrate
site that the buoyancy based model mixed layer depth agreesoncentrations during the summertime nutrient minimum:
with de Boyer Monkgut et al. (2004) during the early months 4.3 mmol n3 and 3.7 mmol m?3, respectively; as contrasted
of the year, but then deepens a couple of months earlier thawith the much higher summertime nutrient minima of 17.1
the observations and shallows a couple of months later thaand 12.5mmolm? at the South Pacific site and Ross Sea
the observations (Fig. 4d). However, there is much bettersites, respectively. All else being equal, we might expect a
agreement of the KPP mixed layer depth with the observagreater conversion of preformed to remineralized nutrients
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and thus a bigger response of the air-segp ®@lance to  narios as the 1x, 10x, 100x, and 1200x cases, respectively.
fertilization at the latter two sites (cf. Marinov et al., 2008; In the one month and one month per year simulations, the

Gnanadesikan and Marinov, 2008). month of iron addition was chosen to be immediately after
the spring bloom when the iron concentration drops below
2.2 Iron fertilization simulations the 0.01 umol m3 contour (see Fig. 3i to | and column 6 of

Table 2). With four different fertilization locations, this rep-

The iron fertilization simulations are carried out at the endresents a total of 44 = 16 separate simulations.
of a 1000-year spin-up of the biogeochemistry model at The four sites selected for this study were chosen because
which time the global air-sea GQlux is drifting at a rate  they are located in HNLC regions, and because of their prox-
of 0.08 Pg Cyr?. The iron fertilization scenarios are based imity to the sites of actual in situ iron fertilization experi-
on the IFMIP protocol, which, in turn, is based to the ments (Table 3). A distinct difference between the model
greatest extent possible on the MIT adjoint model study ofjron addition simulations and the actual in situ iron fertiliza-
Dutkiewicz et al. (2006). The adjoint model makes it pos- tion experiments is the timescale and rate of deployment of
sible to efficiently calculate the separate effect of iron fer-the iron. In the 1x model simulations described in this paper,
tilization on a grid point by grid point basis for every single iron was added continuously for one month, whereas during
surface grid point in the model. However, this option was notin situ experiments iron was added over one to four patches,
available to other IFMIP participants and so we chose to doeach lasting~24 hr and spread out over a period of up to
patch fertilization at the four representative locations giveng few weeks. The difference in the amount of iron added
in Table 2 and illustrated in Fig. 2. These sites are all in thejs also notable:~90 g knT2 over a month in the 1x model
Pacific Ocean and span the three major HNLC regions of theimulations, versus an initiat24 hr deployment of iron in
North and Equatorial Pacific and Southern Ocean. Motivatedn situ patches of between 1400 and 5900 gfriTable 3).
by the Southern Ocean biogeochemical divide described byn order to be able to better compare the model simulations
Marinov et al. (2006), to the north of which nutrient deple- with the in situ iron addition experiments, we carried out an
tion affects primarily the global biological export production, additional series of one month (1x) iron fertilization simula-
and to the south of which nutrient depletion affects primarily tions with flux multiples of 5x (1x-5), 10x (1x-10) and 100x
the air-sea balance of carbon dioxide, we chose two sites if1x-100) times the original flux 090 g kn2, which give
the South Pacific: the subpolar region of the Southern Oceagumulative iron additions 0f500 g knm2, 900 g knT2 and
north of the divide, and the polar Ross Sea region south 00000 g knt2, respectively, thereby spanning the actual in situ
the divide. iron addition experiments. Furthermore, in order to compare

The size of the iron patches for each IFMIP model wasour southern ocean site simulations with results from the con-
supposed to be as close as possible to the size of the cell ar¢iauous natural iron fertilization studies at Kerguelen (Blain
of the MIT grid location closest to the patch. However, in et al., 2007) and Crozet (Pollard et al., 2009), we ran a fur-
our model simulations, we chose to fertilize an integral num-ther set of flux multiples of the continuous iron fertilization
ber of grid cells that would make the area of each of our four1200x scenario, which we refer to as 1200x-5, 1200x-10, and
fertilization sites as close as possible to each other so that th€200x-100 in the last column of Table 3.
total amount of iron added in each case would be approxi- The gross biological response of model iron additions av-
mately the same (see columns 3 and 4 of Table 2). Followingeraged over the month of iron addition compares well with
Dutkiewicz et al. (2006), bioavailable iron is added to the in situ iron addition experiments. In general in situ experi-
ocean continuously at a rate of 0.02 mmoifyr—1, which ments have resulted in about a 10-fold increase in chlorophyll
was chosen by them as representative of the background aeencentration, a 2-fold increase in Chl:C and a community
olian flux in their model, which ranges from a low of 0.001 shift from small to large phytoplankton (Table 3). The PAPA
to 0.5 mmol n2yr~1. The original IFMIP specification was model location of 50N 145> W, and fertilization month of
that simulations were to be carried out for 10 years, but weMay was near the 2002 SERIES (30 144 W, July) in
show here results of simulations that have been carried ousitu iron addition (Boyd et al., 2005). The PAPA 1x-10 and
for 100 years. 1x-100 model simulations obtained chlorophyll concentra-

We performed additional sensitivity studies using the sametions of 2.2-5.2 mgm?3, Chl:C ratio increases from 0.008
IFMIP bioavailable iron input of 0.02mmolnfyr—1. The  to between 0.015 and 0.019 g:g, and a community composi-
principal ones we use in our discussion below are: (1) a ondion shift from 15% large phytoplankton to between 50 and
month one time fertilization, which is the time scale used by 76% large phytoplankton (Table 3). The nearby SERIES iron
Gnanadesikan et al. (2003); (2) fertilization for one month addition experiment had a similar response, with maximum
per year for 10 years (10x as much iron as case (1)); (3) ferehlorophyll concentrations of 6.3 mgT, a doubling of the
tilization for one month per year for 100 years (100x as muchChl:C ratio in small phytoplankton from 0.004 to 0.008 g:g, a
iron as case (1)); and (4) continuous fertilization for 100 4-fold increase of the Chl:C ratio in large phytoplankton from
years as in Dutkiewicz et al. (2006) (1200x as much iron as0.005 to 0.024 g:g, and a floristic shift of large phytoplank-
case (1)). In what follows, we shall refer to these four sce-ton from 26% to 86% (Table 3; Boyd et al., 2005; Marchetti

Biogeosciences, 7, 3593624 2010 www.biogeosciences.net/7/3593/2010/
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et al., 2006). The model simulations and in situ experimentsuary during the middle of the bloom. The models predict an
also compared well at the other three sites, where the 1x—1Qei%';eutmzation of between 429000 in the 1200x simulation,
model simulations at Egpac, Southern Ocean and Ross Segtd 179000 in the 1200x-10 simulation. The model sim-
reached a peak chlorophyll concentration of 1.4, 2.1 and 5.2ulations tend to be higher than, but arguably in reasonable
respectively, while IronExIl (Landry, 2002), SOFeX North agreement with the KEOPS results, given the uncertainties,

(Lance etal., 2007) and SOFeX South (Coale et al., 2004) rebut are much higher than the Crozet results. The bias to-

ported ma:;ximum chlorophyll concentrations of 3.3, 2.1 andards higheIRi(r:c;I;eutilization in model simulations than in the
3.8 mg n7*, respectively (Table 3). observational estimates is consistent with a possible under-

There have been very few in situ measurements of carsampling of carbon export in the observational estimates, as
bon export associated with iron addition and they are limitedsuggested earlier for the iron fertilization experiments.

to the Southern Ocean. B|Sh0p et al. (2004) estimated an Wh||e there are no in Situ biogeochemica' response
R%’;eumizaﬁon of between 10000 and 100 000 mol C:mol Fe functions in the North and Equatorial Pacific to compare
for the SOFeX North experiment (Coale et al., 2004). At the models to, it is noteworthy that the 4 model regions
the Southern Ocean site, which is the most physically similarad similar biogeochemical response functions in the 1x
to the SOFeX study, the 1x, 1x-5, 1x-10 and 1x-100 modelruns, ranging between 201000 mol C:mol Fe at PAPA and
simulations predict all‘?i(r:é;eut”izaﬁon of between 168 000 and 165000 mol C:mol Fe at Egpac. In all regions, additional Fe
110000 mol C:mol Fe (Table 3), which is higher than the ob-(1x-5, 1x-10, and 1x-100) resulted in lower biogeochemical
servational estimate. Poleward of the Southern Boundary ofesponse functions. The most precipitous drop occurred at
the Antarctic Circumpolar Current, in an environment similar PAPA and Ross Sea (a 4-fold drop between the 1x and 1x-
to that of our Ross Sea site, Buesseler et al. (2004) estimatetio0 model runs), while the EqPac and Southern Ocean re-
Ri(r:(;';eumizaﬁon = 6600 mol C:mol Fe in the SOFeX South ex- gions declined more modestly.
periment (Coale et al., 2004). The Ross Sea 1x model suite

gives a much highelRi%EeutiHzaﬂon of between 42800 and

171000 mol C:mol Fe. The spatial and temporal time scales3 Results

may play an important role in explaining the bias towards _ ) _ _
high RCiFe in the model simulations. In situ obser- Ve discuss first the perturbation export production, then the

iron utilization . . - . . .
vational estimates were made from carbon export measurdlitrate, iron, and oxygen redistribution resulting from iron

ments below the highly dynamic patch during the enrichmentrtilization, and finally the perturbation air-sea £fux.
and assuming no loss in iron, whereas the model based estj-
mates integrate all the carbon export over the whole ocea
for the entire month of iron addition. I .
Observations at the natural fertilization Kerguelen PIateauThe initial response of the annual particulate carbon export
plus Ca o iron fertilization is very rapid in this
9 POC plus CaC@) t fertilizat din th

fﬁ;glz@peaf‘d Cro’zA\ett Kﬁgd;ess I_;,I\Il:irne e?lz(l) (l;%e()d?) tgs,;'zsn'model (Figs. 5a to d), with the peak export in the 1 month

tron utilization®  * - per year fertilization scenarios (1x, 10x, and 100x) occurring
mated a short termR; " ijizaton OF 53000molC:molFe,  gyring the month of fertilization, then dropping back to near
in the upper 100 m, anﬂi(r:gﬁeuﬁ"zaﬂon: 70000 molC:molFe  zero after 2 to 3 months. Except at the Equatorial Pacific site,
in the upper 200m. Using seasonal data, Blain et althe annual carbon export production continues to grow mod-
(2007) calcuIatedRi?(;';eut”ization = 668 000 mol C:mol Fe at estly from one year to the next as more iron is added in the
the Kergulean Plateau, subsequently revised to 154 000 b§0x, 100x, and 1200x cases until it saturates on a time scale
Chever et al. (2009); and Pollard et al. (2009) estimatedof a few decades in the 100x and 1200x cases (Figs. 5f to
Ri‘r:(;';emmzaﬁon: 17200 mol C:mol Fe at 100 m and 8600 at h). When fertilization is terminated in the 1x and 10x cases,
200m at Crozet. Based on the iron supply, the simulationghe perturbation export production plunges almost instanta-
to which these seasonal results are most appropriately conreously back to near zero. The behavior at the Equatorial
pared are the continuous iron fertilization 1200x, 1200x-5, Pacific site is atypical because of a major loss of nitrate by
and 1200x-10 cases: the KEOPS short-term estimate hadenitrification, as discussed in Sect. 3.2.
a diurnal iron flux most like that of 1200x-5; the seasonal As one would expect from the relatively constant annual
KEOPS estimate of the iron flux divided by the 90 day du- export production during the fertilization period in Figs. 5f
ration of the bloom in the +Fe area gives a mean iron de-o h, the cumulative total carbon export results in Figs. 5j to
livery of 5.5x 10~2> mmol m~2d~1,which is comparable to | show an almost linear increase with fertilization time at all
our 1200x simulation; whereas the Crozet seasonal flux disites (again with the exception of the Equatorial Pacific). Fur-
vided by the 61 day duration of the bloom in that region givesthermore, the linear scaling with amount of iron added works
a mean iron delivery of 6610~ mmolm2d~1, which is reasonably well even after the fertilization is terminated, with
comparable to our 1200x-10 simulation. The simulation re-the 1x and 10x cases showing roughly 1/100th and 1/10th of
sults shown in Table 3 are the average for the month of Janthe cumulative export production in the 100x case, and the

.1 Response of export production

Biogeosciences, 7, 3593624 2010 www.biogeosciences.net/7/3593/2010/
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Fig. 5. (a—d)show the perturbation response of the monthly particulate organic carbon (POC) an @ production £ O¢ & €aCQ
ig. 5. (a— w the perturbati p y particu gani g €q0a producti export
over the first 5 years for better resolution (see Appendix A for a definitioa Xopgrt& €aCQ and related terms)e—h) show the monthly

carbon exportAFé(ponover the first 100 years. The light colored lines show total car¥on,Org C & CaCQ, and the dark colored lines

show only the particulate component of organic carbdr, POC & CaCQ@, (i-1) show the cumulative export of carbaxld)éxpm 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 & Cag@xport 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.

1200x case showing approximately 12 times the response addded during this period in the 1200x case is swept out of
the 100x case. (Note that the vertical axes of Fig. 5i to | arethe surface into the deep ocean without influencing the ex-
scaled according to the total amount of iron added.) Asideport production (see Sect. 3.2).

from the Equatorial Pacific, the one significant exception to

this scaling is the huge drop in the cumulative Ross Sea re3.2 Response of iron, nitrate, and oxygen distributions
sponse to iron fertilization in the 1200x case versus the 100x

case. This drop is due to the highly unfavorable wintertime\ye show in Fig. 6 an analysis at year 100 of the impact of
mixed layer and irradiance conditions (see Fig. 3d) which re<he 1200x iron fertilization simulation on the horizontally
sults in Ross Sea biological production shutting down com-ntegrated vertical iron, nitrate, oxygen, and DIC distribu-
pletely for 5 months from June to October (Fig. 3p). 1ron tions, and in Fig. 7, the impact of the 1200x simulation on

www.biogeosciences.net/7/3593/2010/ Biogeosciences, 7, 36932010
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Fig. 6. Global horizontally integrated 100-year cumulative perturbation results of the 1200x iron fertilization scenarios plotted as a function of
depth. The first columr(a to d), is the iron concentration perturbation in kmatt the second columrfe to h), is the nitrate concentration
perturbation in Gmol m?; and the third column(j to I), is the oxygen concentration perturbation in Gmol'n 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.

the vertically integrated horizontal distributions of nitrate and regions, which are already nitrate-limited in the control sce-
oxygen. As might be expected, Fig. 6 shows that the additiomario (Fig. 7i-l), but have adequate light and iron (Fig. 1)
of iron increases the iron inventory at all locations, that thesuch that the additional iron has no impact (cf. Gnanadesikan
enhanced removal of nutrients from the surface ocean causex al., 2003).

a downward displacement of the perturbation nitrate distribu- o o

tion (reduced in the upper ocean and increased at depth), and At year 100, the oxygen deficit in the fertilization scenar-
that there is an overall reduction in the oxygen inventory (ex-0S 1S still largely confined to the vicinity of the four sites,

cept right near the surface due to photosynthetic productiofVNich means the north Pacific for PAPA, the eastern tropi-
of oxygen at the Equatorial Pacific site). cal Pacific for the equatorial Pacific site, and the circumpolar

region for the Southern Ocean and Ross Sea sites, though
Comparison of Figs. 6 and 7 shows that the nitrate surplusvith some influence on northward flowing bottom waters in

is largely a deep ocean phenomenon confined to the vicinitthe Ross Sea case. In the particular case of the Equatorial
of the four sites, whereas the nitrate deficit is largely an uppeiPacific, the reduction in oxygen is concentrated in the vast
ocean phenomenon with a widespread distribution. As a conregion of suboxia (defined a$® 10 mmol nT3) of the east-
sequence of the widespread upper ocean nitrate reductiorrn tropical Pacific shown in Fig. 2e. Reduced oxygen due
the cumulative perturbation export production away from theto fertilization at this site thus causes an expansion of the
fertilization sites is generally reduced in the subtropical gyresuboxic zone and an increase in the water column loss of

Biogeosciences, 7, 3593624 2010 www.biogeosciences.net/7/3593/2010/
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Fig. 7. Perturbation maps of the 1200x iron fertilization scenarios at year 100. The first caolantt), shows the nitrate concentration
perturbation in mmol m? integrated vertically from 98 m depth to the bottom; the second colugh), is the oxygen concentration
perturbation in mol m2 integrated vertically from 98 m depth to the bottom; and the third coluix), is cumulative export production
across 98 m integrated over the 100 years of the simulation in mm®l he 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.

Table 4. Global perturbation nitrogen budget for each of the iron fertilization scenarios in the 1200x case.

N change over 100 years (Tmol/100 yr)

Field PAPA  Equatorial Pacific ~ Southern Ocean Ross Sea
N fixation 0.195 0.837 0.125 0.009
Sediment denitrification —0.000 —0.003 —0.003 0.016
Water column denitrification —0.337 4.827 —0.269 —-0.014
Afixed N 0.532 -3.987 0.396 —-0.007

(A NO3) (0.514) (3.954) (0.259) +£0.033)

www.biogeosciences.net/7/3593/2010/ Biogeosciences, 7, 36932010
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nitrate by denitrification (which in this model is turned on A major feature of the annual perturbation atmospheric
when oxygen is<5mmolnt3). The cumulative 100 year CO, uptake shown in Fig. 8e to h is that the £0ptake
nitrogen budget given in Table 4 shows that denitrification by the ocean plummets into the negative range as soon as
resulting from iron fertilization at the Equatorial Pacific site iron fertilization ends in the 1x and 10x scenarios, and that,
totals almost 5Tg of N over 100 years. The large cumula-unlike the export production, it drops lower and lower over
tive N fixation of ~1 TgN resulting from iron fertilization time as the fertilization is continued over 100 years in the
at this site is too small to counterbalance the denitrification,100x and 1200x cases. The one exception to this behavior
and the cumulative loss of fixed nitrogen (mostly in the form is the Ross Sea site which drops to zero but does not be-
of nitrate) comes to almost 4 Tg N over the 100 year period.come negative in the 1x and 10x cases, and which remains
This overall response of enhanced denitrification exceedingearly constant over time in the 100x and 1200x cases. The
enhancement of nitrogen fixation is unexpected. It goes irrebound effect of C@escaping back to the atmosphere upon
the opposite direction from the feedback found by Moore cessation of fertilization that we find in the 1x and 10x cases
and Doney (2007) in their model study, which showed anat all the sites except the Ross Sea has been demonstrated
increase in the marine fixed nitrogen inventory, albeit with in many of the nutrient depletion scenarios (e.g., Sarmiento
global iron stress relief. The influence of iron fertilization on and Orr, 1991), and was also found in the ecosystem/model
the nitrate inventory at the other three sites is more modestsimulation of Aumont and Bopp (2006). However, cessation
All three show a slight increase of oxygen in the eastern trop-of fertilization in nutrient depletion scenarios occurs by im-
ical Pacific, and a corresponding decrease in water colummediately allowing restoration of surface nutrients back to
denitrification. The change in sedimentary denitrification is their normal control values, and is thus likely to exaggerate
very small at all sites except the Ross Sea where the increasdhe return flux of sequestered g@nd the model of Aumont
productivity coupled together with the shallow depth of this and Bopp (2006) has an interactive atmosphere and would
location (545 m, see Table 2), which means that a higher fractherefore have a significant contribution to the return flux
tion of the exported organic matter reaches the sedimentdue to lowered C®in the atmosphere. Here we find that
than at other sties, result in a fairly large increase in sedithe rebound effect occurs even with fixed atmospherie CO
mentary denitrification. All three also show an increase ofin our 1x and 10x simulations (Fig. 8e and f). Furthermore,
surface N fixation. Overall, PAPA and the Southern Ocean even the continued addition of iron in the 100x and 1200x
show a small increase in the nitrate inventory, while the Rosscases is not able to prevent the annual uptake of f£@mn

Sea is almost neutral due to the increase in sediment denitrithe atmosphere from dropping over time (with the exception

fication. of the Ross Sea site; Figs. 8g and h) despite the fact that the
magnitude of the export production remains high (except at
3.3 Response of air-sea C&flux the Equatorial Pacific site; Fig. 5g and h). This drop off has a

major negative impact on the efficiency of iron fertilization,

In this section, we follow the IFMIP protocols in showing as we shall see in Sect. 4.1, where we will also discuss why
only simulations with a fixed atmospheric @@t a pre- the Ross Sea site behaves so differently from the other sites.
industrial partial pressure of 278 patm. In Sect. 4.2.1, we Another interesting result in the 1x, 10x, and 100x atmo-
describe sensitivity studies that show how the results changspheric CQ uptake scenarios is that the cumulative Ross Sea
when the atmospheric reservoir of €@ allowed to drop  site uptake is much greater than the Southern Ocean uptake
as iron fertilization removes CO(cf. Gnanadesikan et al., (Fig. 8ito k and Table 5a) despite the perturbation export pro-
2003). duction of these two being virtually identical in the 10x and

A comparison of the air-sea fluxes from the 1x simulations100x simulations and very similar in the 1x case (Fig. 5i to
in Fig. 8a with the export production in Fig. 5a shows that thek). The reason for this will be discussed in Sect. 4.1. The rel-
peak in the air-sea flux occurs about a month after the pealative behavior of the Ross Sea and Southern Ocean sites re-
in the export production. The CQuptake pulse extends over verses in the 1200x scenario due to the previously discussed
about 3 months at the Ross Sea site, 9 months at the PAP#intertime shut down at the Ross Sea site.
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 sit# Discussion

uation where the DIC deficit generated by the iron fertiliza- We begin with a discussion of the efficiency of iron fertil-

tion lasts year around, whereas, as we shall show below, th%ation (the cumulative atmospheric G@ptake divided by

other sites are more strongly influenced by seasonality, wit o . .
the DIC deficit generated by the export pulse becoming exr}he cumulative iron addition as in Eq. 1) and the processes

tremely small in the wintertime. In particular, the surface that determine it, followed by a discussion of the sensitivity

DIC concentration at the Ross Sea site returns to its contro?tUdles that we carried out.
wintertime value for 5 months of the year and only departs
from it significantly for 3 to 4 months of the year.

Biogeosciences, 7, 3593624 2010 www.biogeosciences.net/7/3593/2010/
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Fig. 8. Results of the iron fertilization scenarios plotted as a function of time(&sd), annual uptake of C&plotted month by month for

the first 5 yearsAFggzseé (e—h), annual uptake of C®from the atmosphere for 100 years 1), cumulative CQ uptake from

the atmosphere;cpg?_zsea

and the bottom row is for the 1200x scenarios.

Fair—sea (-

4.1 Efficiency of fertilization world. The Ross Sea efficiency plunges well below the other
sites for the first-50 years of the 1200x continuous fertiliza-

. o . . tion scenario due to the ineffectiveness of iron fertilization
Figure 9 shows the overall fertilization efficiency and its g, ving the polar winter. Next in efficiency is the Southern
components that we defined in Eq. (1) and (2). F_ro_m Fig. cT)aOcean, which is about half as efficient as the Ross Sea in the
to ¢ and Table 5b, we see that by far the most efficient ferul—lOOX case and less than that in the 1x and 10x cases. but ex-
ization site is the Ross Sea, except in the 1200x case, Wher@eeds the Ross Sea in the 1200x case. Both PAPA ,and the

the Southern Ocean site becomes dominant. The Ross S%aquatorial Pacific site are by far the least efficient, with C:Fe

in particular has a very high CQuptake to iron fertilization — Jv,¢ that are about half of the Southern Ocean site for the
mole ratio of 150000 to 188000 for the 1x, 10x, and 100x 14, 100y, and 1200x scenarios. Because the efficiency in

simulations for the entire period of the fertilization. This is the 1x scenario for all four sites is extremely noisy due to

very similar to the efficiencies obtained by Arrigo and Tagli- ¢ gma|| size of the iron fertilization perturbation relative to

abue (2005) in their much higher resolution regional mOdeIthe background variability in this scenario, it has not been
of the Ross Sea, although the comparison must be made Witmcluded in Fig. 9

care since they calculated their efficiency over a local area
(their Box A), whereas we calculated ours over the entire

www.biogeosciences.net/7/3593/2010/ Biogeosciences, 7, 36932010
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Table 5. Effectiveness and efficiency of GQuptake from the atmosphere.

, (d-f) the physical-chemical efficienaphys-chem and, (g-i), the biogeochemical

The first row of results is for the 10x scenarios, the second for the 100x scenarios, and the bottom row is

(a) Effectiveness = cumulative GQuptake (Tg C)

Year 10 Year 50 Year 100
PAPA  EqPac S.Ocean RossSe#PAPA EgPac S.Ocean Ross Sp®#APA EqPac 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 2.25 3.33 3.55 4.93 5.98 12.1 17.2 6.76 9.03 19.2 335
1200x | 16.8 30.8 374 12.1 47.8 79.1 138. 66.8 69.4 117. 222. 136.
(b) Efficiency = C:Fe mol ratio of C@uptake to iron addition (x10
Year 10 Year 50 Year 100
PAPA EqPac S.Ocean RossSe#PAPA EqgPac S.Ocean RossSp®#APA EqPac 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

Biogeosciences,

7, 3593624 2010
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Fig. 10. Results from the 10x iron fertilization scenario at the Ross Sea site calculated the standard way with an ice barrdhiwg CO

and also with gas exchange allowed across the ice barrier. The figure dlapwwe annual uptake of C{plotted month by month for the

first 5 years,AFaCisteé (b) the annual uptake of CGfrom the atmosphere for 100 yeamFggzseé (c) the cumulative CQ uptake from
co,
the atmosphere}d)?i?_zseé (d) the efficiency of CQ uptake with respect to iron additioRg\:/Erea”: m; (e) the physical-chemical

APt iization
uptake efficiencyphys-chem and,(f) the biogeochemical response functirmﬁ%ﬁﬁtmzaﬂon

What accounts for the differences in responses to the irordue to fertilization at the Equatorial Pacific site already be-
addition between the four regions illustrated in Fig. 9a to gins to lower the biological export production within one to
c? To answer this question, we find it useful to analyzetwo decades after the initiation of fertilization (see Fig. 5),
the results in terms of the physical-chemical response funcand is the principal reason that the Equatorial Pacific site has
tion epnys-chem and the biogeochemical response function such a low efficiency in the 10x, and 100x cases shown in
Ri‘fé'r:]eaddmonn Figures 9d to i show the results of this analysis Fig. 9a and b. The only reason that the Equatorial Pacific
for the 10x, 100x, and 1200x simulations. The first result wesite has a higher efficiency than PAPA and the Ross Sea for
draw attention to is thadphys-chem goes above 1 during ap- the first several decades of the continuous fertilization 1200x
proximately the first decade at the PAPA, Equatorial Pacific,case of Fig. 9c is because of the reduced effectiveness of the
and Southern Ocean sites (Fig. 9d to f). These high valueon addition at PAPA and the Ross Sea during the winter-
of ephys-chem during the first decade are due to an early ac-time. The anomalous decrease of the perturbation carbon
cumulation of dissolved organic carbon (DOC), after which export also causes the physical-chemical response function
it levels off. The accumulation of DOC results in a removal shown in Fig. 9d to f, to sweep upwards after first decreasing
of CO, from the atmosphere that is not matched by a cor-like the other fertilization sites. This behavior is due to the
responding export of POC and CagOThe accumulation unusual biological response, namely denitrification, and not
of DOC also causes a reduction Blfé':e over the first  to the biological, physical, and chemical processes we are
decade (Fig. 9g to i). trying to diagnose with the physical-chemical response func-

tion. We thus will not comment any further on the Equatorial

The second result we draw attention to is that the biogeo-Pacific site results in Fig. 9.
chemical response function in Fig. 99 to i is quite different  Turning to the other three sites, we see first that the Ross
at the Equatorial Pacific site than at any of the others. TheSea and Southern Ocean are similar to each other in terms
Equatorial Pacific site has less nitrate in the control scenariof the biogeochemical response function (Fig. 9g and h), ex-
to start with (see Fig. 3f), and in addition, as discussed incept when the fertilization is extended to include the Austral
Sect. 3.2, there is loss of nitrate by denitrification due to anwinter in the 1200x case (Fig. 9i). In this latter case the win-
increase in the volume of suboxic waters. The nitrate losgertime deep mixing and lack of light in the Ross Sea (Fig. 3)

n addition
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Fig. 11. Sensitivity studies of factors contributing to the efficiency of the 1200x simulations. Raf)elsd(b) examine the sensitivity to

the inclusion of an atmospheric reservoir, and Pa(@land(d) examine the sensitivity to the retention of iron, all plotted as a function of

time from 0 to 100 years. The first row shows the uptake efficiefgys chemand the overall C:Fe iron utilization ratiai(r:éf]gddmonfor

the simulation with a variable atmosphere divided by the corresponding quantity in the standard 1200x simulation. The second row shows
ephys-chemand R%ﬁgddiﬁonfor the simulation with no iron remineralization divided by the corresponding quantity in the standard 1200x

simulation.

causes its biogeochemical response function to plummet talown into the abyss. The excess DIC is reflected in reduced
the bottom of the group. Where the Ross Sea clearly stand®, (Fig. 61) and we see in Fig. 7h that the oxygen deficit in
out above the Southern Ocean (as well as PAPA) is in its highhe deep and bottom waters is carried towards the east in the
physical-chemical response function (Fig. 9d to f). One rea-circumpolar region and towards the north into the Pacific. We
son it has such a high physical-chemical response functioralso considered whether the shallower summertime mixed
is that the Ross Sea site is covered by seasonal ice, whiclayer and euphotic zone of the Ross Sea site (Fig. 3d) might
prevents sequestered g®om escaping during the winter- play a role as suggested by the Jin et al. (2008) sensitivity
time. A 10x simulation in which sea ice was allowed to be studies, which showed that the physical-chemical response
completely porous to gas fluxes shows a loss op GQwin- function depends on the depth at which the enhanced forma-
ter (Fig. 10a), a rebound loss of excess 3f@m the ocean tion of organic matter occurs in response to iron addition.
when iron fertilization is terminated after 10 years (Fig. 10b), However, while there may be some contribution from this
a lower cumulative C@ uptake overall (Fig. 10c), and a mechanism, the fact that the physical-chemical efficiency is
reduced physical-chemical efficiency (Fig. 10e). However,lower at the Ross Sea site than at the other sites during the
even with porous ice, the Ross Sea site still has a highefirst decade and longer (Fig. 9d to f) does not support this
physical-chemical efficiency than the Southern Ocean andnterpretation.

PAPA sites, which we believe is due mostly to the fact that By contrast with the Ross Sea, the Southern Ocean and
the excess DIC is stored primarily in the inaccessible deefPAPA sites have similar physical-chemical response func-
and bottom waters of the ocean (Fig. 6p) rather than in theions (Fig. 9d to f). The reason that the Southern Ocean
thermocline and intermediate waters as at the other sitekas much higher iron fertilization efficiency than PAPA is
(Fig. 6mto 0). The Ross Sea site has a bottom depth of 545 rbecause of the biogeochemical response function, which is
in the model, so it is not the depth of remineralization that isfar greater at the Southern Ocean site than at PAPA (Fig. 99
putting the DIC excess in to the deep and bottom waters, buto i) due to the higher initial nutrient concentrations at this
rather the lateral transport of water from the Ross Sea sitdéocation (Fig. 3).
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Table 6. 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 years.

Iron flux multiple 1x 10x 100x 1200x
Time of analysis 10yr 100yr 10yr 100yr 10yr 100yr 10yr 100yr
PAPA 058 024 0.79 0.26 0.79 045 080 047

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

4.2 Model sensitivity studies 4.2.2 lron retention

o _ _ A 1200x simulation was carried out in which the added iron
Four sets of model sensitivity studies were carried out as parfy5s assumed to be scavenged from the ocean permanently
of our study. once it is taken up by biology. We refer to this as the “iron
added and removed” simulation. Our intention was to exam-
ine the explanation of Gnanadesikan et al. (2003) for the ratio
of ~1:20 in CQ uptake efficiency (2% versus 42%) between
the simulations that they characterized as behaving like an
The IFMIP protocol specified a fixed atmospheric S@n- iron added and removed scenario, and those they character-
centration following the design of the original study by ized as behaving essentially like iron added and retained sim-
Dutkiewicz et al. (2006). However, we expect that as;CO ulations. Note: since the Gnanadesikan et al. (2003) model
is removed from the atmosphere by iron fertilization, this did not include an explicit parameterization of iron cycling,
will lead to a reversal in the global air-sea €@radient rel-  their equivalent to our definition of the iron fertilization effi-
ative to what it would have been without the €@moval.  ciency given in Eq. (1) replaces the iron addition term in the
Much of the CQ taken up locally in the iron fertilization re-  denominator with the carbon export during the one month of
gion will thus escape back to the atmosphere in the rest Ofertilization,ACDE)%Corf‘ CaCQ fertilization period), i.e.,
the ocean, as demonstrated by Gnanadesikan et al. (2003)
(cf. also Oschlies, 2009). In order to examine the magnitude APCS2
of this feedback, we carried out a set of sensitivity studies iN~—pocgcac o : 3)
which the 1200x simulations were repeated but in an ocearf* ®export (fertilization period

mod_el that was coup_led to an atmos_pheric reservoir._ Thel'he carbon export during the fertilization period is taken by
CO; in the atmospheric reservoir was fixed at 278 ppm in they, o, 15 be representative of the initial iron addition. The

moddgl Sp'”'U_IP’ and then "’I‘"‘?WGO' to Vﬁry In k_)o(;h thehcqntrol results from our simulations that we show below are based
and iron fertilization simulations for the period of the iron on our original definitions in (1) and (2).

fefruhzauzn. W(;:f Ieavehfor fl.J”turIe 5|.mulat|0rr115 the w;cluilon Figure 11c and d show the ratio of our 1200x iron added
0 secf?n. ary €l ecl:ts(,j't at will also m;pgctt € lror;] grtl |zg— and lost scenario to our standard 1200x scenario for the
“Of_‘ efmciency, Inciuding a more rea_|st_|c atmosp enczc_: physical-chemical response function and our biogeochemical
trajectory driven by fossil fuel Cfemissions and terrestrial iﬁiciency. Figure 12 shows the efficiency of iron retention in

sources and sinks (cf. Joos et al., 1991; and Oschlies, 200 e standard 1200x scenario. At the end of 100 yea%
as well as the impact of climate on the terrestrial and oceani%f the added iron is still in the ocean. whereas in the iron

sources and sinks.

4.2.1 Coupling to an atmospheric reservoir

added and lost scenario, only the most recently added iron is
Figure 11a and Table 6 show that including a variable at-present. Figure 11c shows that our iron added and lost sim-
mosphere allows 20% of the G@aken up in the fixed atmo- ulations have almost the same physical-chemical response
sphere 1200x simulation to escape after only 10 years, anfunction as the standard 1200x simulations at all the sites.
~50% after 100 years. The 100x fertilization is very similar, The EgPac site is a little high because the iron added and lost
but for the shorter-term 1x and 10x cases, the reduction okimulation does not have as much denitrification as the stan-
CO, uptake is more drastic, getting as high as 76% after 100dard 1200x scenario. The biogeochemical efficiency ratios
years in the PAPA 1x case. This is clearly a major effect thatin Fig. 11d confirm that it is the continued ability of retained
cannot be ignored in model simulations. Note from Fig. 11biron to maintain the flux of carbon out of the surface at a
that the biogeochemical response function is identical to thahigh level that is principally responsible for the much higher
of the 1200x simulation with a fixed atmosphere, as wouldefficiency of the standard 1200x scenario over the iron added
be expected. and removed scenario. Indeed, the EgPac site has 1/20th as
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4.2.3 Alternate growth formulation o1 L, ] [
One of the limitations of this model's formulation of iron o1 0 T

Jan Jul Jan Jul Jan  Jan Jul Jan Jul Jan

limitation of phytoplankton growth was the need to utilize
elevated values of the maximum growth ré&¢, ,, (see Sup-

plementary Material) compared to observations of phyto-rijg 13 Mean iron and nitrate in the top 10m of the four fertil-
plankton growth under ideal conditions. In order to examinejzation sites after 10 years of constant fertilization with increasing
how the results might change with a more realistic maximumadditions of iron expressed here as a multiple of the standard 1200x
growth rate, we carried out sensitivity studies using a Liebigscenario. The 1200x-100 and 1200x-1000 iron concentration pro-
formulation for the dependence of phytoplankton growth files are off-scale. Note that the mean surface nitrate concentration
rate on the chlorophyll to carbon ratio (see Supplementarystabilizes after-4 years of continuous fertilization so the 10 year
Material) and lower maximum zero-temperature-normalizedCO”_(?ent_raﬁO” is pretty much already at steady state for the given
growth rates of 0.987 as observed in the SEEDS experi- fertilization scenario.

ment for Chaetoceros debilis (Tsuda et al., 2003). This mod-

ification resulted in only a modest 1-2% change in the iron

fertilization CQ, uptake relative to the base formulation.

Month (years 9 and 10) Month (years 9 and 10)

Biogeosciences, 7, 3593624 2010 www.biogeosciences.net/7/3593/2010/



J. L. Sarmiento et al.: Efficiency of small scale carbon mitigation 3615

Chlorophyll Small phytoplanton Large phytoplanton Diazatrophs
-3 -3 -3 -
(mgm™) (mmolm™) (mmolm™) (mmolm™)
[ 10 M R 1 0.20 L 1
61 @ — ool @ L2871 0 [ 1 m r
- X -
5 - 1200x-5 081 247 [ o6
g —— 120010} E F oo L 1 I
4 4 1200x-100 f (g 4 LA I 0.12 =
i —— 1200x-1000 | 1.6 1 I i I ©
] A NAN N[ ; >
] | 04 L 124 I 0.081 3
2] [ [ 08 oo
71 [ 0.2 + E [ 0.04
1 — — | 044 3
0 - 0.0 T 0.0 0.0 :
L 10 L L 0.20 :
] L 284 . +
6 4 (b 16 F1 o0 L1 o I
5 | 081 244 [0.167 -8
] o] r -S
2.0 4 + 1=
4 1 o F o121 o
| 164 L =
3 121 L T
27 [ 008 =
2 . E F O,
0.8 4 L S
I 1 [ 0.047 ro
1 | 044 /\,/—-\/\f-\ L 1 : ;\ : |
0 0.0 §, — ot+—T—T7——
28 L 020 L
6 8 3
4 ® 1 o
5 3 2~4: F0.16 7 e
. [ 204 3 i -‘-;
] oo 0121 I
| 16 ] | ('3‘2
3 1 /t
r 1-2-\\ /\ F0.08 1 B
5 L1 Fo |
038 L o
oo F0.04 1 Fo
| FEa e a
0 X 0.0 L 0.0 — T .4/
L P R M B 1
6 4 (d 10 o 2], 0.20_
] L 40 3 ()
5 4 I 0.8 244 I 0.16 1
] L ] L1 3 | o
4 ] i 2.0 3 9
0.6 1 r 1 F0.124 v
g 3 ] | 16 I I v
3 4 3 | i L )
1 I 044 12 L 0.08 LY
5 i | | L
g L 08 L
1 | 021 FoA I 0.04 4
| | 0.4+ 3 |
0 . 00 T 00 : 00 T S e
Jan Jul Jan Jul Jan  Jan Jul Jan Jul Jan  Jan Jul Jan Jul Jan Jan Jul Jan Jul Jan
Month (years 9 and 10) Month (years 9 and 10) Month (years 9 and 10) Month (years 9 and 10)

Fig. 14. Mean chlorophyll, and nitrogen in small phytoplankton, large phytoplankton, and diazotrophs in the top 10 m of the four fertilization
sites after 10 years of constant fertilization with increasing additions of iron expressed here as a multiple of the standard 1200x scenario.

4.2.4 Amount of iron added in the 1200x control simulation (which we refer to as 1200x,
1200x-5, 1200x-10, 1200x-100, 1200x-1000 respectively) in
The per unit area iron flux of 0.02mmofyr—1 in the order to determine how far we could go towards depleting
standard 1200x simulation was chosen by Dutkiewicz etthe nutrients before something else became limiting. As we
al. (2006) as representative of the background aeolian fluxsee in Fig. 13a to d, it is only in the 1200x-100 scenario (off
in their model, which ranges from a low of 0.001 to scale in the figure) that the iron concentration climbs well
0.5mmolnT2yr—1. In none of the 1200x simulations was above the large phytoplankton half saturation constant, but
this aeolian flux sufficient to bring the iron concentration three of the four sites are nearly depleted in nitrate by the
even close to the half-saturation constant of 0.3 pmolm time the iron flux is increased by only 5 times the 1200x case,
for uptake of iron by large phytoplankton, which dominate and the Southern Ocean becomes depleted with an iron flux
iron fertilized blooms (Fig. 13a to d); nor was it sufficient thatis somewhere between 10 and 100 times the 1200x case
to deplete surface nutrients even at the time of the nutrien{Fig. 13e to h). Note, however, that, except at the Equatorial
minimum (see Fig. 13e to h). We carried out sensitivity stud- Pacific site, and to a lesser extent at the PAPA site, this de-
ies with 1, 5, 10, 100, and 1000 times as much iron flux aspletion of nutrients can only be accomplished at the time of
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the nutrient minimum. Because of the seasonality of the lightreason our model is able to deplete nutrients during the grow-
supply and mixed layer depth, the nutrient concentration aing season is because of the way iron-light colimitation is
the time of the nutrient maximum at the other sites is almostmodeled, the influence of mixed layer depth on the response
unaffected by the iron flux. clearly merits further study.

The ability of our model to completely draw down nitrate  Although a full discussion of the dynamics of the proto-
during the summertime nutrient minimum in the Southerntype TOPAZ ecosystem model is beyond the scope of this
Ocean is in contradiction to the similar analyses of Mon- paper, we do show here a few additional relevant results from
gin et al. (2007), and Aumont and Bopp (2006), in both of the phytoplankton and Si-system response to increased iron
which cases the model became light limited. Dutkiewicz etsupply. Figure 14 shows the response of chlorophyll and the
al. (2006) also find greater light sensitivity than iron sen- three types of phytoplankton in the model. We see that small
sitivity in their model. The differences between all these phytoplankton respond to additional iron with increased con-
models are complex and subtle. What we can say about ourentration in the 1200x case, but then begin to decrease in
model is that it has a relatively high half-saturation constantthe 1200x-5 and 1200x-10 simulations as nitrate concentra-
for the dependence of large phytoplankton (which dominatetions drop off. Large phytoplankton are able to keep increas-
iron fertilized blooms) on iron, 0.3umolni. This means ing their concentrations with higher iron additions until the
that our model will in general be more sensitive to addi- 1200x-100 to 1200x-1000 cases by blooming during periods
tional iron. Moreover, in our model the sensitivity to light when nitrate is still present, which is earlier in the year in the
is itself dependent on iron because additional iron allows forhigh latitude sites and in July to September in the Equatorial
more chlorophyll synthesis, which greatly lowers the light Pacific, site. The exception to this is the Ross Sea, where
sensitivity under iron replete conditions. For example, thethe early bloom does not develop due to the deep wintertime
half-saturation light level at the Southern Ocean site is onlymixed layer and low irradiance (Fig. 3d), as a consequence
~3Wm~2 for iron-replete conditions as compared with the of which large phytoplankton drop off slightly at 1200x-10,
fixed value of 20 W m? used by Dutkiewicz et al. (2006) and even more so as greater amounts of iron are added and
(though for iron concentrations of 0.1 umot#our half- nitrate concentrations get extremely low during the period
saturation light level is closer to 12 WTR). The treatment  when light is present. Diazotrophs are not limited by the
of iron-light colimitation in many models such as those of fixed nitrogen supply and thus continue to increase at all sites
Mongin et al. (2007) gives increased limitation under con-as more and more iron is added. Interestingly, phosphate
ditions of increased growth rate. As discussed in Galbraithdoes not become limiting to diazotrophs, or phytoplankton
et al. (2010), this behavior is common in current model for- in general, except during the middle of the growing season at
mulations, particularly ones where only the impacts of ironthe Southern Ocean site (not shown).
concentration on growth rates are modeled. In fact, observa- The role of silicic acid in the response of the large phyto-
tional studies such as those of Hiscock et al. (2008) show thaplankton to iron addition is of considerable interest because
quantum yield and chlorophyll to carbon ratio also increaseof the important role that diatoms play in the blooms that fol-
under iron fertilization. As noted by Galbraith et al. (2010) low iron additions. As shown in the Supplementary Material,
only more detailed observational studies that parse out differthe rate of uptake of silicic acid by large phytoplankton is a
ent phytoplankton physiological responses can properly coneomplex function of a hyperbolic silicic acid limitation term
strain which models are most correct. with a half saturation constant of 5 mmotd) the minimum

An additional factor that plays a role in how light affects of the hyperbolic fixed nitrogen, phosphate, and iron limita-
the model response to relief of iron stress is the thicknesdion terms, a Si:N ratio that varies between 0.2 and 5.0 as a
of the mixed layer during the growing season and its influ- function of the silicic acid limitation term, and a maximum
ence on the average irradiation that phytoplankton experigrowth rate that itself is a function of the minimum of the
ence within the mixed layer. As previously noted, our mixed fixed nitrogen, phosphate, and silicic acid limitation terms.
layer depths are in reasonable agreement with observation&e show in Fig. 15a to d the model predicted silicic acid
estimates at three of our four sites, but not at the Southermoncentration, and in Fig. 15e to h, the model predicted Si:N
Ocean site. As Fig. 4c shows, the summertime mixed layemolar uptake ratio by large phytoplankton.
thickness at our Southern Ocean site-85 to 50 m, where We consider first the silicic acid concentrations shown in
the Dong et al. (2008) Argo float observations give a depthFig. 15a to d. Both the PAPA and Equatorial Pacific sites
range of~50 to 100 m, i.e., 25 to 50 m deeper. In the 1-D have very low silicic acid concentrations that get lower and
model study of Mongin et al. (2007), the nitrate drawdown lower with increasing iron additions until large phytoplank-
in response to iron fertilization was much greater when theyton begin to suffer from nitrogen limitation, at which point
reduced the wind stress forcing and their summertime mixedhe silicic acid concentration increases slightly. The Ross
layer shallowed by-50 m from the 50 to 100 m range to less Sea site has much higher silicic acid concentrations, but its
than 25m. However, even this shallowing was insufficientresponse to iron addition during the time when photosynthe-
to cause nitrate to become depleted in response to iron fersis can occur is similar, with silicic acid concentrations drop-
tilization in their model. While we believe that the principal ping with additional iron in the 1200x and 1200x-5 cases, as
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Fig. 15. Mean silicic acid, Si:N, and DIC in the top 10 m of the four fertilization sites after 10 years of constant fertilization with increasing
additions of iron expressed here as a multiple of the standard 1200x scenario.

long as nitrate is present, but then increasing in the 1200x-1@itrate (and phosphate) limitation kick in and prevent silicic
and higher cases as nitrate concentrations become extreme#gid concentrations from dropping to the point where they
low. As regards the Southern Ocean site, both of the naturabecome limiting. The Si:N uptake ratios shown in Fig. 15e
fertilization studies at Kerguelen and Crozet show silicic acidto h drop at all sites as iron stress is relieved, but then begin to
dropping to extremely low concentrations during the growth increase again at higher iron concentrations when nitrate be-
season:<2 mmol nT3 at Crozet, and 1-2 mmol$rat Ker- comes limiting. This reduction in the Si:N uptake ratio with
guelen (Pollard et al., 2009; and Blain et al., 2007, respecincreased iron supply is one of the factors that prevents the
tively), by which time they are limiting to diatom growth. silicic acid from becoming limiting in our model.

Our simulations of silicic acid at the Southern Ocean site As would be expected, surface DIC concentrations ini-
get close to but not quite this low (Fig. 15c), nor do our tially drop as additional iron is added at all sites (Fig. 15i
models experience significant silicic acid limitation before to I). However, this effect saturates at 1200x-100 at the two
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Southern Ocean sites, with 1200x-1000 being virtually iden-
tical. Furthermore, at the equatorial and North Pacific sites,
high iron levels lead to increased surface DIC concentrations,
possibly reflecting the release of sequestered carbon at depth
during wintertime months. Such nonlinear responses to iron
fertilization demonstrate the difficulty of scaling the C:Fe
flux response from small-scale fertilization experiments up
to conclusions about global-scale responses to iron fertiliza-
tion.

4.2.5 Regional iron stress relief

We were curious to know how much G@vould be removed
from the atmosphere by our model if iron stress were relieved
over large regions such as those given in Column 1 of Table 1.
Except in the North Atlantic, and to a lesser extent in the
tropics, the results of the set of such simulations summarized
in column 3 of Table 1 are quite similar to the KVHISOUTH
year-around nutrient depletion simulations shown in column
2. This result is perhaps a bit surprising given that our patch
scale simulations with increasing amounts of iron addition
demonstrate that nutrient depletion is possible only during
periods of adequate irradiance, which is year around in the
Equatorial Pacific, but only about half the year at the other
three sites (Fig. 13e, g, and h). Previous work by Marinov
(2005) showed that nutrient depletion for 3 summer months
in the Southern Ocean south of 30° S gave only about two-
thirds of the CQ response as a model simulation with year
around depletion as in our KVHISOUTH simulations. A
more detailed analysis of this interesting result is beyond the
scope of this paper, but we note the following: (1) the Mari-
nov (2005) seasonal nutrient depletion sensitivity studies de-
pleted nutrients for only 3 months of the year. Our simula-
tions give nutrient depletion for 6 or more months of the year,
which may be sufficient to lift the response above the two-
thirds level of Marinov’s 3-month nutrient depletion period.
(2) Except for the North Atlantic case, the global mean re-
duction in nutrients resulting from each fertilization scenario
is very similar in the two sets of simulations shown in Ta-
ble 1. Possible contributors to this are that the KVHISOUTH

scenarios are damped towards observed nutrients outside the

nutrient depletion zone, which means that the reduced nutri-
ents in the depletion zone are quickly allowed to grow back
in outside the fertilization zone. Also, the 30-day damping

time scale of the KVHISOUTH nutrient depletion scenarios o

is long enough to allow wintertime nutrient concentrations to
rise somewhat in response to deep mixing.

5 Conclusions

We emphasize the following results from our study:

1. As regards the atmospheric @Qptake efficiency (cu-
mulative CQ uptake divided by cumulative iron addi-
tion), our model shows a large response to iron addition

Biogeosciences, 7, 3593624 2010

J. L. Sarmiento et al.: Efficiency of small scale carbon mitigation

at all four of our sites if iron is added for one month per
year during the growing season. The atmospherig 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 Equatorial Pacific trailing
behind. Our results are thus consistent with the findings
from the regional nutrient depletion simulations sum-
marized in Table 1. Judging from our own continuous
fertilization 1200x scenario, where the Ross Sea effi-
ciency drops drastically, part of the reason Dutkiewicz
et al. (2006) found maximum efficiency in the tropics
and minimum 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 pro-
duction. Another reason is because their phytoplankton
maximum growth rate is more limited by light and less
sensitive to iron as discussed in Sect. 4.2.4.

The Ross Sea stands out above all other locations as a
place where once atmospheric £@ sequestered, it
tends to stay sequestered over at least a century time
scale (Fig. 8e and f). It also has a high physical-
chemical efficiency (Fig. 9d and e) due primarily to the
prevention of degassing of excess £rough the ice

in wintertime (Fig. 10), and the sequestration of much
of the excess C®in the deep and bottom waters of
the ocean (Fig. 6p). Because the Ross Sea site is well
south of the biogeochemical divide defined by Marinov
et al. (2006), removal of nutrients at this location would
have 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
(Fig. 6 and 7), and the issue of verification of the CO
uptake is at least as serious here as anywhere else.

The Equatorial Pacific and PAPA sites are less efficient
as sites for atmospheric GBequestration. The Equa-
torial 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 biolog-
ical productivity.

We examined whether additional iron could lead to de-
pletion of nutrients during at least part of the year and
found that all the stations can be driven to zero nitrate
in the summertime, but only the Equatorial Pacific can
be driven to zero mean nitrate year around (Fig. 13). In
fact, in the Southern Ocean and Ross Sea, we found that
wintertime light limitation causes the nutrient concen-
tration 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 nutri-
ents to the surface in these two regions. Other model
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studies do not show the same ability to draw down ni-
trate to zero in the summertime that our model does,
which we argued in Sect. 4.2.4 is due primarily to how

iron-light colimitation is represented in the models, al-

though the shallow mixed layer in our Southern Ocean
simulation (Fig. 4c) may also contribute to our simula-

tion suffering less from light limitation.

. The back flux of CQ from the ocean when a realistic at-
mospheric reservoir is included is substantial (Fig. 11a
and Table 6; cf. Ghanadesikan et al., 2003). We strongly
recommend that this effect should be taken into account
when comparing various COsequestration 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 C£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.

. When the iron added to the ocean follows the same be-
havior 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 con-
tinues to play a role in boosting the biological produc-
tivity (as illustrated by the contrast with the simulation
where iron was added then lost, Fig. 11d) and main-
taining lower surface nutrient concentrations. By con-
trast, the physical-chemical efficiency is insensitive to
whether the iron is retained or lost (Fig. 11c).

Additional findings which were already covered by the stud-
ies of Gnanadesikan et al. (2003) and Matsumoto (2006) in-
clude the difficulty of detecting the air-sea flux of g@cross

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 biological productivity,
which we have discussed but not emphasized; and the ex-
traordinarily low efficiency of iron fertilization in removing
CO, from the atmosphere in an iron added and then lost sce-
nario which is intended to mimic the comparable scenario
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 sce-
nario.

Based on our model simulations, we would suggest the
following as important unknowns that will have a major im-
pact on predictions of the COemoval that results from iron
fertilization:

1. Processes that determine the physical-chemical effi-
ciency:

www.biogeosciences.net/7/3593/2010/
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(a) The locations at which the excess £2®moved

by fertilization is stored in the ocean. This is gov-
erned not just by the poorly known remineralization
length scale, but also by the subsequent transport
of the water masses in which the remineralization
occurs. As noted earlier, the Ross Sea site has par-
ticularly high fertilization efficiency due in part to
the fact that much of the remineralization occurs in
waters that subsequently sink into the deep ocean.

(b) The role of a wintertime ice cover in preventing
escape of excess G@rapped during the summer-
time growing season.

(c) The return flux of CQ that occurs in models
with a realistic atmospheric reservoir where £0
drops below where it would otherwise be in re-
sponse to the iron fertilization. This return flux
will be sensitive to the actual concentration of £0

in the atmosphere and the corresponding oceanic
buffer capacity.

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 as-
sociated experimental work would be very useful
in helping to set up a standard set of simulations
that would highlight critical responses of the mod-
els and test and improve them.

(b) The long-term fate of the added iron, which
has a major impact on the biogeochemical response
function (Fig. 11d). This represents an important
uncertainty 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 examined, and which causes the tropics to be
the worst location for iron fertilization in this study.

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

Biogeosciences, 7, 36932010
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Appendix A allows for convective plumes to stir up thermocline water.
The overflow parameterization of Campin and Goosse (1999)
Definition of variables was included in this run in order to maintain the stability of

the Atlantic overturning and to increase the stratification in
We define the flux of tracers such as Fe, organic matterthe Southern Ocean. The vertical diffusion away from the
CaCQ, or CO; across the air-sea interface or a given depthmixed layer varies between 0.158s1? in the pycnocline
level, asf in mol m2 yr—1. We further define the areaintegral and 1.2 cris—? in the abyss throughout the World Ocean

of this flux as (in contrast with the CM2.1 models where the pycnocline
b e d AL diffusivity was 0.3cmd s~ 1 in the polar regions). Sea ice is
= fdxdy AD Simulated using the GFDL dynamic/thermodynamic Sea Ice

Simulator (SIS) model.

The surface forcing used for the model is the data prod-
uct of Large and Yeager (2004) prepared for the Coordinated
&= /T F dt (A2) Ocean Reference Experiment (CORE) project (Griffies et al.,

“Jo 2009). The data product used here is a “climatological year”
constructed 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 realis-
A = Ofertilization — O control (A3) tic 6 h variability in wind speeds, air temperature, relative
humidity and atmospheric pressure (thus permitting compu-
tation using bulk formulae of sensible and latent heat fluxes
and wind stress), realistic daily variability in radiative fluxes,
and realistic monthly variability in precipitation, and annual-
mean runoff. Such formulations do not allow for feedbacks

with units of molyr1, and the cumulative area and time in-
tegral as

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

Here, the subscript fertilization refers to the patch iron fer-
tilization scenario and control refers to the control scenario
with no patch iron fertilization.

Appendix B between evaporation and precipitation, as atmospheric rela-
tive humidity and temperature are prescribed. Thus, itis nec-
Physical model essary to weakly force (restore) surface salinities towards ob-

servations to prevent the thermohaline circulation from col-
The circulation model used in this study is based on the oceafapsing. A restoring time scale corresponding to 146 days
component of the GFDL CM2.1 global coupled climate over the top 10 m is used for the salinity, with the required
model (Griffies et al., 2005b; Gnanadesikan et al., 2006), butorrections being applied as a surface freshwater flux.
with coarser resolution so as to permit long simulations, and
a few changes in physical parameterization noted below. Thé&upplementary material related to this article is available
horizontal resolution is 3« 3° in the mid-latitudes telescop- online at:
ing to 3 x2/3 near the equator, thus capturing the critical http://www.biogeosciences.net/7/3593/2010/
scales of the equatorial current system. The model has 289-7-3593-2010-supplement.pdf
levels in the vertical with a top layer with a nominal thick-
ness of 10m, 9 layers in the upper 100 m, and bottom to-
pography represented using partial cells so that the bottom i?CK”OW'edgememS]Ls’ RDS, and MRH acknowledge support
relatively independent of vertical resolution (Pacanowski and’ o™ DOE grant DE-FG02-00ER63009 and by the Carbon Mitiga-

. . . tion Initiative supported by BP and Ford Motor Company. Early
Gnanadesikan, 1998). Both the mixing and residual flow as, ersions of this paper were written during delightful sabbatical

soc_lated Wlt_h_mesoscgle e<_jd_|es are parameterlz_ed using d'g'lsits to Niki Gruber at ETH in Zurich and Nadia Pinardi at the
fusion coefficients as in Griffies et al. (2005a), with the dif- NGy in Bologna. Comments by Xin Jin were very helpful in
ference that the maximum thickness diffusion coefficient iscjarifying our analysis of the fertilization efficiency. We greatly
increased from 800 51 to 1000 nf s~ (this was done to  appreciate comments by S. Henson, K. Rodgers, and M. Westley
try to limit excessive Southern Ocean convection). As theas well the excellent reviews of A. Oschlies and S. Blaine and
model has coarser horizontal resolution, the lateral viscositycomments by A. Tagliabue, all of which helped to improve the
is increased so as to resolve the Munk layer in the westeripaper.
boundary. ) _

The model uses an explicit free surface, allowing repre-Editéd by: J. Middelburg
sentation of real freshwater 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
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