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Abstract. The sensitivity of oceanic CQuptake to alter- 1 Introduction

ations in the marine biological carbon pump, such as brought

about by natural or purposeful ocean fertilization, has repeatThe oceanic control on atmospheric £@ the result of
edly been investigated by studies employing numerical bio-2 complex interplay of physical, chemical, and biologi-
geochemical ocean models. It is shown here that the resultgal processes. It primarily arises from the temperature-
of such ocean-centered studies are very sensitive to the aglependent solubility of C®(solubility pump) and the pho-
sumption made about the response of the carbon reservoit®synthetic conversion of dissolved inorganic carbon into
on the atmospheric side of the sea surface. Assumptiongarbon-containing organic particles that may sink away from
made include prescribed atmosphepi€0,, an interactive  immediate contact with the atmosphere (biological pump)
atmospheric C® pool exchanging carbon with the ocean (Volk and Hoffert 1985. While the ongoing global warming
but not with the terrestrial biosphere, and an interactive atis often assumed to affect mainly the solubility pump with
mosphere that exchanges carbon with both oceanic and tefelatively minor impacts on the biological pumBgrmiento
restrial carbon pools. The impact of these assumptions o@nd Le Q&ré, 1996, there is more and more evidence for
simulated annual to millennial oceanic carbon uptake is in-possibly significant disturbances of the marine biological
vestigated for a hypothetical increase in the C:N ratio of thepump: Increasing levels of sea-water £@re expected to
biological pump and for an idealized enhancement of phytoimpact on the marine biology, e.g., by making it harder to
plankton growth. Compared to simulations with interactive form calcium carbonate shellRigbesell et al.2000 or by
atmosphere, using prescribed atmosphex@0O, overesti-  affecting the ratio of the biotic carbon-to-nutrient drawdown
mates the sensitivity of the oceanic €aptake to changesin (Riebesell et al.2007). At the same time, the surface ocean
the biological pump, by about 2%, 25%, 100%, arBl00% is fertilized by a rapidly increasing atmospheric input of ni-
on annual, decadal, centennial, and millennial timescales, retrogen to the oceans due to emissions from the combustion
spectively. The smaller efficiency of the oceanic carbon up-Of fossil fuels as well as from the production and use of fer-
take under an interactive atmosphere is due to the back flux dilizers (Duce et al.2008. Purposeful ocean fertilization, in
CO, that occurs when atmospheric €8 reduced. Adding ~ particular using iron, is also discussed as a possible way to re-
an interactive terrestrial carbon pool to the atmosphere-oceafluce the acceleration of atmospheric £€ncentrations in
model system has a small effect on annual timescales, bu€sponse to anthropogenic emissioanipitt et al, 2008.
increases the simulated fertilization-induced oceanic carbon A number of modeling studies have addressed the poten-
uptake by about 4%, 50%, and 100% on decadal, centenniatial impact of such disturbances of the biological pump on the
and millennial timescales, respectively, fp€0, sensitiv-  oceanic carbon uptake. For examBehneider et al2004)

ities of the terrestrial carbon storage in the middle range ofinvestigated the impact of G&dependent C:N ratios of par-
the C4AMIP modelsKriedlingstein et aJ2006. For such sen-  ticulate organic matter formation and export. They found
sitivities, a substantial fraction of oceanic carbon uptake in-that by increasing the molar C:N ratio from 7.1 in year 1770
duced by natural or purposeful ocean fertilization originates,to 8.1 in year 2000 and thereafter, the oceanic carbon up-
on timescales longer than decades, not from the atmosphetéke increased by 70 PgC by year 2100 compared to a sim-
but from the terrestrial biosphere. ulation with a constant C:N ratio of 7.1. A recent study
by Oschlies et al(2008 assumed a somewhat larger £0
dependent increase in C:N ratios from 6.7 in year 1765 to

Correspondence toA. Oschlies 8.4 in year 2100 which, in their model, resulted israaller
BY (aoschlies@ifm-geomar.de) additional oceanic C@uptake of 34 PgC by year 2100. At
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first sight, there seems to be significantdctor 2) ambiguity  similar ecosystem models used Bppp et al.(2003 and
in the simulated impact of very similar changes in the marineMoore et al.(2006 or the varying C:N ratios employed by
biology on the oceanic carbon uptake. Schneider et a2004 andOschlies et al(2008.

Similarly different results have been reported for model Here a different hypothesis will be investigated, namely
studies investigating the impact of atmospheric dust supthat differences in the treatment of the atmospheric boundary
ply and the associated fertilization with the micronutrient condition can explain part of the differences among the dif-
iron: Forcing a model with different dust scenarios includ- ferent model studies. It appears that all those simulations
ing switches from interglacial to glacial conditioMdpore et that revealed high ratios of anomalous air-sea, GlOxes
al. (2009 reported that, on decadal timescales, 45% to 60%to anomalous biotic carbon-export fluxes used prescribed
of a dust-related increase in carbon export by the marine bioatmospheric C@ levels Schneider et al.2004 Moore et
logical pump was exporting carbon removed from the atmo-al., 2006 Jin et al, 200§. On the other hand, all simu-
spheric CQ pool via air-sea exchange. On switching from lations that allowed atmospheric GQevels to vary in re-
present-day to last-glacial maximum dust fielBspp et al.  sponse to air-sea GOluxes, yielded lower ratios of anoma-
(2003, on the other hand, found that merely 25% of the ad-lous air-sea C@fluxes to anomalous oceanic carbon-export
ditional carbon exported by the biological pump was derivedfluxes Bopp et al, 2003 Gnanadesikan et al2003 Os-
from the atmosphere on decadal timescales. chlies et al. 2008. Earlier studies have already acknowl-

The third example refers to simulated purposeful iron fer-edged a systematic overestimation of the impact of changes
tilization: For simulated localized iron fertilization in the in the biological pump on oceanic carbon uptake by simula-
tropical Pacific,Gnanadesikan et 2003 found that only  tions using fixed atmospherigCO;, (e.g., Schneider et al.
about 10% of the initial pulse of carbon exported out of the 2004 Jin et al, 2008 Oschlies et a).2008. A, to the au-
surface layer were actually removed from the atmosphere othor's knowledge, first quantitative estimate of this overes-
a 10- to 100-year timescale. A similar study by et al.  timate was given bylin et al.(2008 who referred to a pa-
(2008 reported, on the contrary, that more than 75% of theper in preparation by Sarmiento et al. (2009), according to
carbon exported in response to localized iron fertilization inwhich simulations with interactive atmospheric carbon pool
the equatorial Pacific came from the atmosphere, though thigesulted in a 20% reduction in fertilization-induced oceanic
percentage was reduced to 34% when the entire Pacific waSO, uptake over 10years (and 50% over 100 years) com-
fertilized. pared to simulations with fixed atmosphep€0,. The cur-

In all above examples, the simulated ratio of changes inrent study was performed independently and will investigate
air-sea CQ flux to changes in biotic carbon export, which not only the feedback arising from an interactive atmosphere,
has been referred to as atmospheric uptake efficiefinyef  but also the feedbacks arising from the exchange of carbon
al,, 2008, differs by a factor of about 2 or more among dif- between the atmosphere and the terrestrial biosphere on an-
ferent published model results. This difference is larger thamual to millennial timescales. As long as the timescales con-
the 19% scatter in simulated anthropogenic carbon uptakaidered do not exceed many thousands of years, weathering
for a range of different circulation models participating in feedbacks can be neglected and will not be considered in this
the Ocean Carbon Model Intercomparison Project (OCMIP)paper. A main result is that both atmospheric and terrestrial
(Orr et al, 2001). However, while the OCMIP simulations CO, feedbacks can lead to significant modifications in the
followed a common protocol for the treatment of the biolog- response of the marine carbon uptake to disturbances in the
ical pump and air-sea gas exchange, this was not the case fhiological pump.
the above-mentioned studies looking at sensitivities of air- The paper is organized as follows: after introducing the
sea CQ flux to changes in the biological pump. model experiments in the following section, Sect. 3 will

Jin et al.(2008 showed that part of the discrepancy among examine the atmospheric and terrestrial feedbacks for the
the different studies could be attributed to the different depthexample ofpCO,-sensitive C:N ratios. The relevance of dif-
distribution of fertilization within the euphotic zone. The ferent time and space scales considered in the perturbation
closer to the sea surface the biology is altered, the highebf the biological pump will be investigated for idealized ex-
is the likelihood that changes in export production are feltperiments with enhanced phytoplankton maximum growth
by the atmosphere. This is of particular relevance in tropi-rates in Sect. 4. A concluding section ends the paper.
cal regions with shallow mixed layers and deep chlorophyll
maxima where biotically induced air-sea flux shows lit-
tle correlation with local export productiorDéchlies and 2 Model
Kahler, 2004). Theldin et al.(2008 argument applies specif-
ically to differences between early models simulating iron The model used in this paper is the University of Vic-
fertilization by restoring euphotic zone nutrient levels to zerotoria (UVic) Earth System Climate ModeWgaver et al.
and more detailed marine ecosystem models that resolve bR00J) version 2.8. The oceanic component is a fully three-
ological processes within the euphotic zone. It is probably ofdimensional primitive-equation model with nineteen levels
less relevance to explain differences between the relativelyn the vertical ranging from 50 m near the surface to 500 m
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at the seafloor. It is coupled to a single-level energy-
moisture balance model of the atmosphere and a dynamic-
thermodynamic sea ice component. The configuration used
here is essentially as described $ghmittner et al(2008,
except for the molar C:N ratio of 6.6 and the molagr.®@ra-

tio of 10.6. It includes a simple marine ecosystem model
and an active terrestrial vegetation and carbon cycle com-
ponent, which is based on the Hadley Centre’s TRIFFID
model Cox et al, 2000. The trace nutrient iron is not
explicitly included. By tuning the biological parameters
(in particular the relatively low phytoplankton maximum
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growth rate of 0.13day! at ®°C), the model nevertheless Fig. 1. Schematic design of the different model configurations
achieves a reasonable fit to observed marine biogeochemﬂsed (see text). Shown are active carbon pools of configurations

cal tracer distributionsSchmittner et a).2005 2008. All
model components use a common horizontal resolution o
1.8° latitudex 3.6° longitude.

ATCO2const, VEGconst, COUPLED, and CLIMconst.
f<,pheriCpC02 is prescribed in ATCO2const, which corresponds to
assuming an infinitely large atmospheric carbon reservoir. CLIM-
const assumes constgn€O, in the atmospheric radiation budget

Atmo-

and therefore simulates an essentially constant climate apart from

2.1 Model experiments

Two different scenarios of disturbances of the marine biolog-
ical pump are discussed in the following sections: the impact
of pCOy-sensitive C:N ratios simulated by prescribing C:N
ratios that increase with time (Sect. 3), and the impact of
enhanced phytoplankton maximum growth rates, which may
be viewed as a highly idealized ocean fertilization scenario
(Sect. 4). The latter scenario uses a constant molar C:N ratio
of 6.6 and assumes a large perturbation by increasing phy-
toplankton maximum growth rates from 0.13 ddyin the
control experiment to 10.0day (at °C) in the perturba-
tion experiments beginning at time zero. These experiments
do not attempt to simulate a realistic phytoplankton behavior,
but were set up to resemble earlier model simulations and to
deplete surface nutrient concentrations. As shown below, it
turned out that even with these very high maximum growth
rates, surface nutrients could not be fully depleted in the
model. In different sensitivity experiments, elevated maxi-
mum growth rates are applied either globally or limited to
the tropical ocean between<8 and 18N or to the South-
ern Ocean south of 3G, which both include large HNLC
(high nutrient, low chlorophyll) areas.

All model runs start from the same model state that was

obtained by spinning up the model for 7000 years under pre3

industrial prescribed atmospherjgCO, of 280uatm and

- VEGconst:

possible CQ driven albedo changes.

uses a finite atmospheric carbon reser-
voir (initially 573 PgC, corresponding to 23@tm),
which can exchange carbon with the ocean (initially
37 300 PgC) such that total carbon is conserved. No ex-
change is allowed with the terrestrial carbon pool.

COUPLED: uses the same initial carbon reservoir sizes
as experiment VEGconst, but allows the atmosphere to
exchange carbon with both the ocean and the terrestrial
carbon pool (initially 1350 PgC in soils and 600 PgC in
vegetation), such that total carbon is conserved.

CLIMconst: uses the same initial carbon reservoir
sizes as experiment COUPLED and allows both ocean
and terrestrial vegetation to exchange carbon with
the atmosphere, but assumes constant atmospheric
pC0O,=280natm in the atmosphere’s radiation budget.
Note that this ensures only an approximately constant
climate, which can still change in response to £0
induced terrestrial albedo changes. See text below.

Impact of pCO»-sensitive C:N ratios

with a molar C:N ratio of 6.6. For each scenario, four dif- This section investigates the oceanic carbon uptake that may

ferent model configurations were employed (Fiy. differ-

result from a possible increase in the ratio of carbon to ni-

ing only in the treatment of the atmospheric and terrestrialtrogen drawdown in response to increasing,d&els in the

carbon pools and their interaction with each other:

atmosphere and in the ocean surface waters. There is some

evidence from mesocosm experiments for such an increase in

- ATCOZ2const: atmospherigCO is fixed at 28Quatm.

C:N drawdown withpCO, (Engel et al. 2004 Riebesell et

In consequence, annual mean climate and terrestrial caal., 2007), and model studies have investigated the hypotheti-
bon stocks stay constant. This configuration essentiallycal impacts of @ CO,-sensitive stoichiometry on the oceanic
assumes an infinitely large atmospheric carbon poolcarbon uptakeSchneider et al2004 Oschlies et a).2008.

such that C@ concentrations do not change in responseThe current study investigates the sensitivity of the simulated
to CO, exchange with the ocean. Total carbon is notimpact on the oceanic carbon uptake to carbon feedbacks on

conserved.

www.biogeosciences.net/6/1603/2009/

the atmospheric side of the sea surface.
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Interpolating the mesocosm-derive€O, dependence of 8.00 7 -
the of C:N drawdown by the biological pumpigbesell et £ o] r
al., 2007, the temporal evolution of the model's C:N ra- z 7.40 ] -
tio is assumed to follow observed and predicted atmospheric ; ;gg 1 r
pCO,. Here, historical data are used for the period 1765 € 6.80 1 »
until 1990, and the 1S92 scenarid@ughton et al.1997) is 6.60 1 T
used for the period 1990 until 2100, by which the model's @ 1800?10
C:N ratio reaches 7.98 (Fia). With respect to the as- 8.60 e
sumed pre-industrial C:N ratio of 6.6, this corresponds to an 820 1 L
increase in molar C:N ratios by about 21%. The setup is sim- S ao ] P i
ilar to that used byschlies et al(2008, except for the use of < VEGeonst L
prescribed anthropogenic G@missions in that study, with 5 7.40 ATCOZonst i
C:N ratios diagnosed from the model’s actual atmospheric 700 =
CO,. The current study, in contrast, does not explicitly in- () 1000 B0 ey H1%

clude CQ emissions and “only” prescribes the evolution of
C:Nratios, which is identical over all model runs irrespective experiments with varying C:N ratigb) Simulated export of organic

of the modeled atmos,phem_: QGE_VelS' . . carbon at=126 m (in PgClyr). The simulated export production is
All four model configurations introduced in the previous 4mqst identical among the different model configurations.

section were started from the same spun up state in year 1765

and integrated until year 2100. The increase in simulated bi-

otic carbon export in response to the increasing C:N ratios

from about 7 PgClyr in year 1765 to more than 8.4 PgC/yrTable 1. Simulated carbon inventories and flux changes.

in model year 2100 is very similar among all model runs

Fig. 2. (a) Time series of prescribed molar C:N ratio used in all

(Fig. 2b, Table1). Below, it will be shown that despite Property ~ ATCO2const VEGconst COUPLED CLIMconst
this close agrgement in §|mulated export prodyctlon, oceanic™ o, 280 270.3 273.8 2743
CO, uptake differs considerably among the different model  Acym 02 _20.7 _12.7 _11.4
runs. ACocn 41.0 20.7 26.9 28.8
ACter 0 0 -14.1 -17.2
; ASAT 0 —0.068 -0.031  -0.0015
3.1 Feedbacks from the atmospheric carbon pool ABP 1.40 145 Laa 140
Most model studies i tigati h in th ine bi AASE 0.53 0.27 0.37 0.39
ost model studies investigating changes in the marine bio-
ga nd g S ARSE/ 0.38 0.20 0.26 0.28

logical pump have, so far, neglected possible feedbacks from [ AEP
the terrestrial carbon pool. It is therefore appropriate to first
investigate the results of the two experiments ATCO2constExperiments fopCO,-sensitive C:N ratios prescribed according to
and VEGconst, which both keep the carbon content of theFig. 2a. All numbers are model results for year 2100. Units are
terrestrial vegetation and soils constant. Simulated atmo#atm for pCO and PgC for changes in atmospheric, marine and
spheric CQ, by definition, stays constant at 28@tm in ex-  terrestrial carbon poolsACatm, ACocn and ACer), and degrees
periment ATCO2const and drops by @.&m by year 2100 Celcius for thg change in gIobaIIy.averaggd surface alrtemperature,
: . . . . ASAT. ACqcn includes dissolved inorganic carbon and particulate
in run VEGconst on introducing the temporally increasing ; ;

. . . . . organic carbon, the latter of which amounts to about 0.4 PgC. Fluxes
_C:N ratios (Flg._3a). The increase in the oceanic Carbon arein PgCyTl for changes in export productiod EP) and air-sea
inventory associated with the enhanced export of organicco, exchange 4ASE) with respect to the constant stoichiometry
carbon is twice as large in run ATCOZ2const compared tOcase. The last line is the ratio of time integrals of air-sea carbon flux

VEGconst (Fig.3b: 41.0PgC and 20.7 PgC, respectively, and export production, respectively, from year 1765 to year 2100.

see also Tabl&). The carbon taken up by the ocean from 2 Total carbon is not conserved in experiment ATCO2const.

the atmosphere in experiment VEGconst lowers atmospheric

pCOy. This reduces the air-sea GQartial pressure differ-

ence and therefore leads to a back flux ofxG@m the sur-

face ocean to the atmosphere. No such back flux occurs imeaches 0.54 PgClyr in run ATCO2const and 0.27 PgClyr in

run ATCO2const. run VEGconst (Fig4a). It turns out that in experiment
The comparison of VEGconst and ATCOZ2const revealsATCO2const 38% of the additional carbon exported in re-

that, for the simulated case of globally uniform changes insponse to the elevated C:N ratios is derived from the atmo-

C:N ratios, the back flux included in model VEGconst com- sphere, whereas only 20% is derived from the atmosphere

pensates about 50% of the original air-sea carbon flux inin run VEGconst (Fig4b). This factor 2 difference in at-

duced by the perturbation of the biological pump in run mospheric uptake efficiency is similar to that found among

ATCO2const. In year 2100 the simulated air-seayGlx earlier studies referred to in the introduction.

Biogeosciences, 6, 1608613 2009 www.biogeosciences.net/6/1603/2009/
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3.2 Feedbacks from the terrestrial carbon pool I —— oo 40. -
S 2780] —— COUPLED ) [
Once the terrestrial vegetation is allowed to exchange car- éfmvof SEIGMW'\\ *M%@m [
bon with the atmosphere in experiment COUPLED, oceanic £7+] — "™ S-I i
carbon uptake induced by enhanced C:N ratios exceeds the ,,,,1 Ve 1 i
amount simulated by VEGconst by about 50% (Big). The @) 1800 1000 0 2 (b) 1800 o ey 1
main reason for this increase is that modeled terrestrial pri- — 0.00 Thopormrgytnatlong
mary production is sensitive to atmospheric C®hereas s | 5 oo | ) i
respiration is not. Primary production is reduced at lower ifm_oi ;70 o] i
atmospheric C@levels (assuming otherwise unchanged en- S 4] L
vironmental conditions), which leads to a net flux of carbon 500 | - It N
(c) 1800 1900 2000 2100 (d) 1800 1300 2000 2100

from the terrestrial carbon pool to the atmosphere. The UVic
model has a sensitivity of land carbon storage to atmospheric . ) _ ) L ) )
pCO, of about 1.2 PgGlatm estimated from climate change F|g. 3. R.esglts ofsmulaﬂops with prescribed increase of C:N ratios
simulations over essentially the same time interval as con—(F'g'za)' Simulated evolution o) atmospheriCO; (in watm),
sidered hereRriedlingstein et a).2006. In order to reduce

TIME (years) TIME (years)

(b) oceanic carbon inventory referenced to initial state (in Pg}),
terrestrial carbon (vegetation plus soils, in Pg(), global-mean

atmospherippCO;, by 1uatm, the ocean now has to take Up gy rface air temperature (fc).

not only 2.1 PgC of the atmosphere’s carbon equivalent of
1 patm, but also 1.2 PgC from the terrestrial biosphere. That
is, the interactive carbon pool seen by the ocean on the atmo-

spheric side of the sea surface has increased by almost 60%

in run COUPLED compared to experiment VEGconst.
Compared to the VEGconst run, atmosphegricO, de-

COUPLED
CLIMconst
VEGconst
ATCO2const

creases less (Fig3a), allowing more CQ to invade the
ocean (Fig.3b). The negative terrestrial vegetation feed-
back on atmospheric CQevels is thus equivalent to a po-
sitive feedback on oceanic GQ@ptake. Note, that this feed-
back depends on the GQertilization effect on the terres-
trial biosphere. The C@sensitivity and its magnitude in
the terrestrial component of the UVic Earth System model
are common among current coupled carbon-climate models
(Friedlingstein et a).2006. However, the degree of realism

of the modeled magnitude of this feedback is under debate ) _ - )
(e.g.,Sokolov et al, 2008. Fig. 4. Results of experiment with prescribed increase of C:N ratios

(Fig. 2a): (a) Simulated air-sea gas exchange of 0@ PgClyr).
(b) Ratio of cumulative air-sea carbon flux to simulated export of
organic carbon acrogs126 m.

0.00 —=dp===
1800

T T
1900 2000 21
100 ‘ . TIME (years),

e
Noe———
0.00 \r./\\/‘\ T T
1900 2000
TIME (years)

2100

3.3 Feedbacks from climate change

The perturbation applied to the biological pump in the above

experiments consists in a prescribed change in the C:N "apressure (Tabl&). Given an oceanic uptake of 28.8 PgC sim-
tio. This perturbation differs from anthropogenic greenhouse, | ateq by run CLIMconst, the feedback from fertilization-
gas perturbations as it immediately affects the biologicaliygyced climate change reduces the oceanic carbon uptake
pump. Changes in the marine carbon cycle then affect atyy, anout 796, This is small compared to the differences be-
mospheric C@ and, in tum, cause some climate change inyyeen the oceanic carbon uptake simulated by experiments
experiments VEGconst and COUPLED. As a result of the srco2const and COUPLED or VEGconst and COUPLED.
variations in C:N ratios considered, atmospheric2A0n-  The sensitivity of the biological-pump driven oceanic carbon
centrations decline by less than A8tm and induce a global ntake to fertilization-induced climate change is small com-

cooling of less than_0.0E (Fig. 3d) in runs_VEGC(_)nSt and pared to the sensitivities to atmospheric and terrestrial carbon
COUPLED, but notin CLIMconst. At the higher air temper- faadpacks.

atures of CLIMconst, terrestrial respiration rates are higher

and the terrestrial biosphere loses an additional 3PgC bg 4 Sensitivity to background CQ levels

year 2100 compared to run COUPLED with its lower tem-

peratures. Of this extra carbon released into the atmospherd\|ll simulations above employed a pre-industrial atmospheric
only about 1 PgC stay in the atmosphere, whereas the oceanjgCO, background of 28@.atm. Because of non-linear re-
uptake is higher by 2 PgC in run CLIMconst compared to sponses of the oceanic carbonate system and also of the ter-
COUPLED as a result of higher atmospheric partial,CO restrial biosphere to carbon addition, the detailed response

www.biogeosciences.net/6/1603/2009/ Biogeosciences, 6, 16032009
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to fertilization will be different at different atmospheric GO 4 Impact of enhanced phytoplankton maximum
levels. Unfortunately, it is more complicated to set up runs  growth rates
equivalent to VEGconst (and to some extent CLIMconst)
with increasing backgrounggCQO, than it is for constant While the experiments of the previous section assumed a
pCO,. To keep climate and/or vegetation identical to a con-globally uniform increase in C:N ratios on the centennial
trol run with increasing backgrounelCO,, one would have timescale of the anthropocene, this section considers the ide-
to prescribe the evolution of climate and/or vegetation for thealized scenario of an instantaneous switch in phytoplankton
entire fertilization run. growth rate in order to investigate the impact of atmospheric
To explore the sensitivity of the results reported above toand terrestrial carbon feedbacks on different timescales and
backgroundpCO; typical for historical and expected future for different regional patterns of the perturbation. The as-
CO; levels, two model runs corresponding to COUPLED and sumed perturbation is a large increase in phytoplankton max-
ATCO2const were performed for prescribed increasing C:Nimum growth rates (see Sect. 2).
ratios and increasing background atmospherig @@els ac- These experiments can be viewed as (yet another) indi-
counting for anthropogenic emissions. The COUPLED ex-rect attempt to estimate the potential impact of large-scale
periment, and a control experiment with constant C:N ra-iron fertilization on the global carbon cycle. The enhanced
tios, were forced by historical emissions until year 2000 andgrowth-rate approach taken here is intermediate between
the SRES A2 emission scenario thereaf@gl{mittner eta).  more idealized experiments that restore euphotic-zone nutri-
2008. The ATCO2const experiment was forced by the evo-ents to zero (e.g.Sarmiento and Oyr1991; Gnanadesikan
lution of atmospheripCO, taken from the control run. et al, 2003 and more detailed experiments with an explicit
The COUPLED experiment forced by G@missions re-  representation of iron (e.gAumont et al, 2006 Jin et al,
sulted in an atmospheric carbon inventory 27.5 PgC smalleR008. In particular, surface nutrients are not fully depleted
than that of the control run by A.D. 2100, an additional under enhanced maximum phytoplankton growth rates in the
oceanic carbon uptake of 30.8 PgC, and a terrestrial carbo8outhern Ocean, because of light limitation in winter, un-
loss of 3.4PgC. That is, for the same increase in C:N rader sea ice and in areas of deep mixed layers. This is il-
tios, the atmospheric CQOreduction is about twice as high lustrated in Fig5 by the surface phosphate fields simulated
as in the simulation with pre-industrial background atmo- for model run COUPLED after switching to the enhanced
sphericpCO, (12.7 PgC, Tablel), whereas the ocean up- phytoplankton maximum growth rate. Apart from a sensi-
take is only 14% larger than the value under pre-industrialtivity experiment discussed below, the maximum growth rate
backgroundpCO;, (26.9 PgC). The larger sensitivity of at- is enhanced at all depth levels, although light limitation sup-
mosphericpCO; to changes in the C:N ratio (or ocean fer- presses any significant impact below about 130m. For the
tilization) at higher atmospheripCO; is caused by an in- idealized global scenario, the four different configurations
crease in the Revelle factor at higher £Bvels (Kurz and  ATCO2const, VEGconst, CONSTclim, and COUPLED are
Maier-Reimer, 1993). Additional nonlinearities come from integrated over a period of 1000 years, for the regional sce-
the terrestrial biosphere’s response to changes in backgrounghrios the integration is limited to 100 years.
CO,, temperature, and hydrological cycle. The cumulative
terrestrial response to the perturbation induced by increasing.1 Temporal evolution
C:N ratios by year 2100 is smaller in the emission scenario
(—3.4PgC) than in the run with pre-industrial background On switching to higher maximum growth rates, all model
CO, (—14.1PgC). configurations show an initial peak in export production
For the experiment with prescribed increaspgO, (cor- caused by a rapid consumption of surface nutrients left unuti-
responding to ATCO2const), the oceanic uptake amounts tdized at the end of the model spin up. This peak in export
46.1 PgC by year 2100, which is 12% larger than the oceani@roduction reaches 34 PgClyr in the first year, i.e., about
uptake of run ATCOZ2const under pre-industrial background27 PgC/yr above the normal level simulated by the control
CO, (41.0PgC, Tablel). That is, the relative differences run with unchanged phytoplankton maximum growth rate.
in simulated fertilization-induced oceanic carbon uptake be-After 10years, the excess export production is already re-
tween experiments ATCO2const and COUPLED are similarduced to 9 PgClyr, and it reaches 4 PgClyr after 100 years
in the emission scenario and the pre-industpi@lO, sce-  and about 1.5PgC/yr after 1000 years (TaBleFig. 6a).
nario. Since the main focus of this paper is on relative rathefThe enhanced maximum growth rates increase export pro-
than absolute differences among different model configura-duction by more than 20% even after 1000 years of opera-
tions, this gives some support for the robustness of our retion. However, apart from experiment ATCO2const, oceanic
sults. carbon uptake has saturated during this time and residual
air-sea carbon fluxes are less than 0.03 PgC/yr in year 1000
(Fig. 6b). Accordingly, the oceanic uptake efficiency, which
is defined here as the cumulative £@ir-sea flux to the cu-
mulative excess export production, decreases with time and
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0.02
0.01

Fig. 5. Surface phosphate concentrations simulate¢apshe control experimentp) the experiment with globally enhanced phytoplankton
maximum growth rateqc) the experiments with maximum phytoplankton growth rates enhanced souttt 8f aad(d) with maximum
phytoplankton growth rates enhanced in the tropical belt betwee® Bhd 18 N. All results are shown for model year 100, but look
virtually identical already a few years after the onset of the perturbation. Units are mrmmpb

Table 2. Simulated changes in carbon fluxes for globally enhanced @ g
phytoplankton maximum growth rate. g 26.0 ] .
O 22.0 1 F
Propert Time ATCO2const VEGconst COUPLED  CLIMconst & 1807 -
perty i S S cons @ 14.0 1 r
om) “ 10,0 E\"‘“~‘>- : B
AEP 1 26.8 26.8 26.8 26.8 60—
(chyr—l) 10 8.7 8.9 8.9 8.7 o] 200 400 600 800 1000
100 41 53 5.0 41 TIME (years)
1000 1.64 1.15 1.35 154 1:2 j (b) counep L
AASE 1 9.8 9.6 9.5 95 s CLIMconst [
(PgCyry) 10 4.0 2.6 3.0 31 g 807 VEGeonst -
100 1.8 0.40 0.96 1.1 L 40 ATCOZconst |
1000 033  —0.029 -0.011 0.016 3 r
[ AASE/ 1 0.37 0.36 0.35 0.35 . =
IAEP 13'8 8247 ggg 8399 8229 o] 200 400 600 800 1000
: - . . TIME
1000 0.39 0.067 0.15 0.17 100 4tu ME (reore),
Tte r
Q 0.80 © r
060 F
~ 4 L
woso L —————
< B L
will eventually approach zero (Figgc). The oceanic up- 020 :xi
take efficiency is identical to the atmospheric uptake effi- O T T T o T s 1050
ciency defined bylin et al.(2008. The change in termi- TIME (yeors)

nology reflects the fact that in experiments with interactive _. : . .
terrestrial biosphere considered here (but notbyet al Fig. 6. Simulations with globally enhanced phytoplankton max-
’ imum growth rates: (a) Simulated export of organic carbon at

(2008), part of the carbon exchanged across the sea_surfac;__126m (in PgClyr).(b) Simulated air-sea gas exchange of CO
comes from the land. At the end of the 1000-year simula-(iy pgcyyr). (c) Ratio of cumulative air-sea carbon flux to simu-

tions with enhanced phytoplankton maximum growth rate, jated export of organic carbon acrass126 m.

the ocean has taken up 190 PgC in run VEGconst, 460 PgC in

run CLIMconst, 422 PgC in run COUPLED, and 1023 PgC

in run ATCO2const (Tabl8). uptake (Fig.7). The uptake simulated by the COUPLED
Qualitatively, the results of these millennial runs are and CLIMconst runs is less than half of the uptake simulated

very similar to those obtained in the previous section byby ATCO2const. At the same time, it is more than twice as

varying the C:N ratio on centennial timescales: Experi- high as in run VEGconst. While the terrestrial carbon pool

ment ATCOZ2const simulates the highest oceanic, G- remains unchanged in runs ATCOZ2const and VEGconst, it

take and VEGconst simulates the smallest oceanic carbosubstantially decreases in CLIMconst and COUPLED (by

www.biogeosciences.net/6/1603/2009/ Biogeosciences, 6, 16032009
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Fig. 7. Simulations with globally enhanced phytoplankton maxi-
mum growth rates: Simulated evolution @) atmospherigpCO»

(in natm), (b) oceanic carbon inventory referenced to initial state
(in PgC),(c) terrestrial carbon (vegetation plus soils, in Pg),
global-mean surface air temperature ().

Table 3. Simulated carbon inventory changes for globally enhanced
phytoplankton maximum growth rate.

Property Time ATCO2const VEGconst COUPLED CLIMconst
"
pCO 1 280 276.8 277.0 277.0
(natm) 10 280 260.0 264.5 265.6
100 280 218.1 240.5 247.1
1000 280 190.2 204.5 215.6
ACocn 1 9.74 9.51 9.42 9.42
(PgC) 10 53.9 43.3 45.0 45.2
100 269 131.0 186.3 193.3
1000 1023 190.3 422.4 460.1
ACter 1 0 0 —0.30 —0.33
(PgC) 10 0 0 —-11.4 —-13.9
100 0 0 -101.0 —-121.4
1000 0 0 —262.8 —323.6

The change in oceanic carbaRCocn includes dissolved inorganic

A. Oschlies: CQ back flux matters

the lower atmospheric CQeads to a shift from boreal forest
with an albedo of 0.17 to tundra with an albedo of 0.22 over
large parts of Asia and smaller parts of North America be-
tween about 60N and 68 N.

Similar to the results of the previous section, the efficiency
of the enhanced export production to take up carbon from
the atmosphere and store it in the ocean differs considerably
among the different model configurations (Fég). In model
year 1000, the oceanic uptake efficiency amounts to 0.39 in
run ATCO2const and to only 0.065 in run VEGconst. The ra-
tios diagnosed from experiments CLIMconst and COUPLED
are 0.17 and 0.15, respectively.

4.2 Regional perturbations

Consistent with the findings of earlier studies (e@nanade-
sikan et al. 2003 Aumont et al, 2006, enhancing phy-
toplankton maximum growth rates in the tropics has only
little impact on atmospheric GO with reductions in all
experiments being less thanu@tm over 100years in all
experiments (Fig8a, dashed lines). This is mirrored in
the simulated export production that is, after an initial en-
hancement during the first few years, only marginally (7%)
larger than that simulated by the unperturbed control run
(Fig. 8c). Oceanic carbon uptake amounts to some 20—
30 PgC after 100years (Figb), with an air-sea C®flux
of about 0.1 PgCyr (Fig8d). In contrast, enhancing phy-
toplankton growth in the Southern Ocean is much more ef-
fective in the model, resulting in a much larger decline of
atmospheric C@levels and a much larger increase in ex-
port production, air-sea Clux and oceanic carbon uptake
(Fig. 8, dotted lines). Typically, the impact of enhanced phy-
toplankton maximum growth in the Southern Ocean amounts
to about 80% of the impact obtained when phytoplankton
growth increased globally.

The oceanic uptake efficiency is relatively insensitive to

carbon and organic particulate carbon (the model does not explicitithe chosen perturbation area. For the COUPLED experi-
resolve dissolved organic carbon or particulate inorganic carbon)ment, the oceanic uptake efficiency after 100 years is 0.29
In year 1, increases in organic matter account for about 25% ofq the global perturbation, 0.31 for the tropical perturbation,

ACocn.

324 PgC and 263 PgC, respectively). Thatis, after 1000 year;

and 0.32 for the Southern Ocean perturbation (Bjg.In a

sensitivity experiment in which the phytoplankton maximum
growth rate was increased only in the first grid level of the
model (Az=50 m), the oceanic uptake efficiency increased to

most of the additional carbon taken up by the ocean come$).36 for the tropical perturbation and to 0.33 for the South-

from the land and not from the atmosphere!

The relatively small difference in terrestrial carbon loss f

between experiments CLIMconst and COUPLED is due to

ern Ocean perturbation. This increase is consistent with the
indings ofJin et al.(2008 who showed that an enhancement
of phytoplankton growth close to the sea surface resulted in a

the lower surface temperatures in the COUPLED experimentigher fraction of exported carbon being derived from the at-

(Fig. 7d), which reduce the respiratory losses of carbon from

the terrestrial carbon pool. Interestingly, experiment CLIM- e

mosphere than for an enhancement of growth over the entire
uphotic zone.

const shows a decline of surface air temperatures by about Interms of relative changes, the impacts of feedbacks from

0.22C within 1000years although atmospheric £19 as-

the atmospheric and terrestrial carbon pools are very similar

sumed constant in the atmospheric radiation budget. Thismong the different regional perturbations: After 100 years,
slight cooling is caused by changes in the albedo resultingsimulated oceanic carbon uptake is about 100% higher com-

from changes in terrestrial vegetation. In run CLIMconst,

Biogeosciences, 6, 1608613 2009

pared to the VEGconst experiment when atmosphe@©,
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Fig. 8. Simulations with enhanced phytoplankton growth rates ap-
plied globally (solid lines), to the tropical ocean betweef $&nd : . . s
18° N (dashed lines), and to the Southern Ocean south‘aB3dot- port production for experlments with enhanced phytgplankton max
ted lin Simulated atmospheri in uatm. left axis. and imum growth rates applieth) globally, (b) to the tropics between

ed lines).(a) ulated atmospherjeCO; (in atm, left axis, a 18° S and 18 N, (c) to the Southern Ocean south of°3®, and(d)

in PgC, right axis){b) oceanic carbon uptake (in PgQg) export : ; ;
production (in PgC/yr), ant) air-sea CQ exchange (in PgC/yr). to the uppermost grid box in the tropics betweefi $&nd 18 N.

Fig. 9. Ratio of cumulative air-sea COflux to cumulative ex-

60 W COUPLED

is prescribed at a fixed level, and is more than 30% higher B CLIMconst
when both atmospheric and terrestrial carbon feedbacks are g >0 VEGconst
accounted for in run COUPLED. Compared to these dif- % 40 = ATCO2const
ferences, the impact of the climate feedback is small and iE: 30
amounts to a few percent only. £

""2: 20

£ 10 I
5 Conclusions o
This study was motivated by the considerable differences in < Sttt F
published model-derived estimates of the impact of enhanced ) & & & & & &
biological production on oceanic carbon uptake. Ocean-only AR & € &@L"é'

studies that assumed a constant atmosphe@6®, (e.g.,
Schneider et al2004 Moore et al, 200§ Jin et al, 2008 Fig. 10. Compilation of the oceanic uptake efficiency, i.e., the ratio
typically predicted an oceanic carbon uptake about twic€of cumulative air-sea CEflux to cumulative export production for
as high as estimates from coupled ocean-atmosphere stuche different experiments. “varC:N” refers to the experiments with
ies that allowed atmospheric G@b vary in response to air- prescribed increase of C:N ratios (Sect. 3), “maxgr.” refers to the
sea CQ fluxes (e.g.Bopp et al, 2003 Gnanadesikan et al. experiments with enhanced phytoplankton maximum growth rate
2003 Oschlies et a).2008. While those investigators that (Sect. 4).
assumed constant atmosphericGDd generally obtained a
high oceanic uptake efficiency acknowledged that their esti-
mates were likely overestimates because of the choice of theuced, the oceanic uptake efficiency turns out to be overesti-
atmospheric boundary condition, the magnitude of this over-mated by about 25% on decadal timescales and about 100%
estimate has not yet been established. A first quantitativeon centennial timescales (Fig. 10). The addition of an in-
estimate is given in an as yet unpublished studyateady  teractive terrestrial carbon pool on the atmospheric side of
referred to bydin et al.(2008. In addition to the feedbacks the sea surface can, to some extent, buffer changes in atmo-
originating from a finite atmospheric carbon reservoir, the sphericpCO,. The magnitude of this “buffering” effect de-
current study also examined possible feedbacks from the tefgsends on thepCO, sensitivity of the terrestrial biosphere,
restrial carbon pool. which shows large differences among different models (e.g.
Prescribing atmospherigCO, rather than using an inter- Friedlingstein et a).2006. There is evidence that elevated
active atmospheric carbon pool implicitly assumes an infi-atmospheric C@concentrations stimulate net accumulation
nite size of the atmospheric carbon reservoir. Under this asef carbon in terrestrial ecosystenisip et al, 2006, though
sumption that neglects the back flux of €@rm the ocean this could not be confirmed in temperate latitude forest in-
to the atmosphere that occurs when atmospherig iS@e- ventories Caspersen et al2000. The overall situation is

www.biogeosciences.net/6/1603/2009/ Biogeosciences, 6, 16032009
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Table 4. Sensitivity of oceanic uptake efficiencies to atmospheric This can explain a substantial part of the difference reported

and terrestrial carbon feedbacks. by different previous studies. The results reported here are
also relevant for attempts to assess the impacts of either natu-
Experiment ATCO2const COUPLED  CLIMconst ral or purposeful ocean fertilization. Any local enhancement

VEGconst VEGconst COUPLED

of the biological pump will generate remote carbon fluxes,

varC:N 1.94 1.32 1.09 making a quantitative assessment of the net impact on atmo-
maxgr.1yr 1.02 0.99 1.00 spheric CQ difficult. Moreover, oceanic carbon uptake is
maxgr.10yr 1.26 104 1.00 not identical to atmospheric GQirawdown because of ter-
maxgr.100 yr 2.23 1.46 1.09 ial bon feedback

maxgr.1000yr  5.86 2.20 1.16 restrial carbon feedbacks. .

maxgr.S.Ocean  2.15 143 1.08 Given our curr_ent_ unders_tandlng c_>f gIo_baI carbon feed-
maxgr.tropics ~ 1.83 1.33 1.06 backs, the quantitative details of the idealized model exper-

iments presented remain uncertain, although the sign of at-
Ratios of oceanic uptake efficiencies computed for ATMCOZconstmOSF’h.e_rIC gnd_terrestrlal Ca.rbon feedbacks and their impacts
and COUPLED with respect to VEGconst, and of CLIMconst with On fertilization-induced marine carbon uptake are expected
respectto COUPLED. The experiments pg20,-sensitive C:Nra- {0 be robust. The results indicate the difficulties and inhe-
tios (varC:N) and enhanced phytoplankton maximum growth ratesrent uncertainties we are still facing when trying to assess

applied globally (maxgr.1yr to maxgr.1000yr), and over the South-the impact of natural or purposeful ocean fertilization on at-
ern Ocean (maxgr.S.Ocean) and over the tropics (maxgr.tropics)mospheric Co.

Values are given for year 2100 for experiment varC:N and for model
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