Biogeosciences, 7, 973605 2010 A ]
www.biogeosciences.net/7/979/2010/ ‘GG’ Biogeosciences
© Author(s) 2010. This work is distributed under _
the Creative Commons Attribution 3.0 License.

Projected 21st century decrease in marine productivity: a
multi-model analysis

M. Steinachert2, F. Joos?, T. L. Fr 8licher?, L. Bopp®, P. Cadulé®, V. Coccd-?, S. C. Doney, M. Gehler?,
K. Lindsay®, J. K. Moore®, B. Schneider, and J. Segschneidér

Climate and Environmental Physics, Physics Institute, University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland
20eschger Centre for Climate Change Research, University of Bahmirgjerstrasse 25, 3012 Bern, Switzerland
3Laboratoire du Climat et de 'Environnement (LSCE), L'Orme des Merisiéiis B12, 91191 Gif sur Yvette, France
4Dept. of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA
SClimate and Global Dynamics Division, National Center for Atmospheric Research, Boulder, CO 80307, USA

6Dept. of Earth System Science, University of California, Irvine, CA 92697, USA

"Institute of Geosciences, University of Kiel, Ludewig-Meyn-Str. 10, 24098 Kiel, Germany

8Max-Planck-Institut fir Meteorologie, Bundesstrasse 53, 20146 Hamburg, Germany

Received: 21 July 2009 — Published in Biogeosciences Discuss.: 4 August 2009
Revised: 5 February 2010 — Accepted: 4 March 2010 — Published: 11 March 2010

Abstract. Changes in marine net primary productivity (PP) ing observation-based estimates compared to a simple multi-
and export of particulate organic carbon (EP) are projectednodel average. Model results are compared to recent pro-
over the 21st century with four global coupled carbon cycle-ductivity projections with three different algorithms, usually
climate models. These include representations of marinepplied to infer net primary production from satellite obser-
ecosystems and the carbon cycle of different structure andations.

complexity. All four models show a decrease in global mean
PP and EP between 2 and 20% by 2100 relative to preindus-
trial conditions, for the SRES A2 emission scenario. Two
different regimes for productivity changes are consistently
identified in all models. The first chain of mechanisms is

izml?aht n dthe '(;’V.V' artld ;n'd'lat'tUd? pcetalj "’:m:r']n the l;l]o?h portant elements of the climate system. Biological processes
antic. reduced input of macro-nutrients Into the eupho ICinfluence, among other Earth system properties, the atmo-

zone related to enhapced ;tratlflcatlon, reduced m|?<ed layegpheric abundance of radiative agents such as(@@.Volk
depth, and slowed circulation causes a decrease in macrg-

nutrient concentrations and in PP and EP. The second regin%]n;;i?lzzrrgliii Sg':{?ﬁ}?é?}i';(; (?;dGV(\)lﬁjns]tzﬁépé{\I;? S)lcj)g

is projected for parts of the Southern Ocean: an aIIeviationSChmittner and Galbraith2008, dimethylsulphate Bopp
of light and/or temperature limitation leads to an increase in; | 2003 and aerosols as wéll as the bio-optical proper-

.PP and EP as produptivity Is fueled by a sustained m.Jtrien[ies of seawater and upper ocean physigsmermann and
input. A region of disagreement among the models is theJin, 2002 Manizza et al, 2008. However, the representa-

Arctic, where three models project an increase in PP y\/hlletion of ocean ecosystem§4rmiento et al.1993 Fasham
one model projects a decrease. Projected changes in S 1993 Six and Maier-Reimer996 Moore et al, 2004

sonal and interannual variability are modest in most regionsLe du'ené et al, 2005 Maier-Reimer et a).2005 A,umont
Regional model skill metrics are proposed to generate multi—and Bopp 200é Vichi et al, 2007 and bioé;eochemical cy-
model mean fields that show an improved skill in represent-gjes in comprehensive atmosphere-ocean general circulation
models (AOGCMsBopp et al, 200%, Fung et al,2005 Wet-

zel et al, 2006 Crueger et a).2009 is a relatively new field

Correspondence ta¥1. Steinacher that requires further development to provide matured and ro-
BY (steinacher@climate.unibe.ch) bust results.

1 Introduction

Marine productivity and the marine biological cycle are im-
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The goal of this study is to provide a multi-model esti- or the direct impact of elevated temperature on physiology
mate of long-term trends in net primary productivity (PP) considerably affect regional responses in productiByfp
and export of particulate organic material (EP) using globalet al, 2001). A decrease in global PP and new production
warming simulations from four fully coupled atmosphere- by 5 to 8% is also projected in an off-line simulation with an
ocean general circulation models and to identify the mech-ecosystem modeMoore et al, 2002 driven by the climate
anisms behind these changes. These are the IPSL-CM4nduced changes in ocean physics from an AOGCM simu-
LOOP model from the Institut Pierre Simon Laplace (IPSL), lation of the SRES Al mid-range emission scenaBoyd
the COSMOS Earth System Model from the Max-Planck and Doney 2002; the decrease is primarily attributed to
Institute for Meteorology (MPIM), and two versions of the the prescribed reduction in subsurface nutrients. In contrast,
Community Climate System Model (CSM1.4-carbon and Sarmiento et al(2004 projects an increase in global PP by
CCSM3-BEC) from the National Center for Atmospheric 0.7 to 8.1% using an empirical model approach. We also
Research. In this paper these models are referred to as IPShpte thatSchmittner et al(2008 find a strong increase in
MPIM, CSM1.4, and CCSM3, respectively. The focus of PP in 21st century COscenarios albeit new production and
the analysis is on how decadal-to-century scale changes iEP decrease. The increase in PP in their study results from
physical factors and nutrient availability affect global and re- an exponential dependency of phytoplankton growth rates on
gional PP and EP. The motivation is to provide an account ortemperatureEppley, 1972.
the performance of current climate-ecosystem models under Schneider et al(2008 present results for three (IPSL,
global warming and to derive a best estimate of changes itMPIM, and CSML1.4) of the four Earth System models used
productivity using regional model skill metrics. Our interest in this study. They provide detailed information on the per-
is further fueled by the contradicting projections for global formance of these three models under current climate con-
PP from some “mechanistic” models, as used here, and a raditions and compare modeled physical (temperature, salin-
cent statistical model approacBgrmiento et al2004). ity, mixed layer depth, meridional overturning, ENSO vari-

A general finding across the hierarchy of mechanisticability) and biological (PP and EP, chlorophyll concentra-
models is that global EP decreases in 21st century globation) results with observation-based estimates. Of particu-
warming simulationsKlepper and De Haarl995 Maier- lar interest is the model performance with respect to sea-
Reimer et al.1996 Joos et al.1999 Matear and Hirst1999 sonal and interannual variability as changes on these time
Plattner et al.2001, Bopp et al, 200% Fung et al. 2005 scales may be linked to the century scale changes examined
Schmittner et a).2008 Frolicher et al, 2009. Increased here. The models capture the general distribution of higher
stratification and a slowed thermohaline circulation in re- absolute PP and higher seasonal variability in the interme-
sponse to surface warming and freshening cause a decreadite to high latitudes, though all models overestimate sea-
in the delivery of nutrients to the surface. As a consequencesonal variability in intermediate southern latitudes. Interan-
global EP and in some models also PP is reduced. In thesaual variability is largely controlled by the permanently strat-
models, the marine biological cycle is closed in the sensdfied low-latitude ocean in all three models consistent with
that nutrient uptake by phytoplankton, export of organic ma-satellite dataBehrenfeld et a).2006. However, the MPIM
terial into the thermocline, remineralization of organic ma- model strongly overestimates the amplitude and frequency
terial and transport of inorganic nutrients by the circulation of interannual PP variations, while the variability amplitude
is represented. In the simpler models, EP (or some approxiis slightly too low in the CSM1.4 model. Only the IPSL
mation of PP) is tied to the availability of nutrients (such as model is able to capture the correlation between observation-
phosphate or iron), light and temperature without considerbased PP, sea surface temperature and stratification in the
ing food web dynamics, whereas in the more complex mod-ow-latitude, stratified ocean. The MPIM model, and to a
els the growth of phyto- and zooplankton, nitrogen fixation, lesser degree, the CSM1.4 model, suffer from a too strong
and food web interactions and floristic shifts are explicitly iron limitation compared to the real ocean. In the MPIM
taken into account, albeit in a simplified way. Large scalemodel, overall iron limitation is caused by the combination
biogeochemical models often lack an explicit representatiorof low aeolian deposition and, more importantly, a high half-
of the microbial loop. The energy and nutrient flows ini- saturation value for iron. In the CSM1.4 model, iron appears
tiated by bacterial consumption of dissolved organic matterto be too strongly scavenged, especially in the subtropical
and grazing by bacterivore®\fam et al, 1983 are repre-  Pacific, also resulting in too strong iron limitatioBghnei-
sented by a decay function for dissolved organic matter. Theder et al, 2008. It remains difficult for any model to repre-
decay of dissolved organic matter releases nutrients whiclsent the iron cycle with its intricate coupling between phys-
are in turn available for plankton consumption. Globally, ical transport, spatial and temporal varying iron sources by
the change in nutrient supply is the dominant mechanism fodust deposition (e.gVlahowald et al.2006 and sediments
EP and PP changes in 21st century global warming simulafe.g.de Baar et a).1995 Dulaiova et al. 2009, iron sinks
tions, whereas other factors such as changes in light availby particle scavenging, complexation by organic ligands (e.g.
ability and the growing season length due to sea ice retreat?arekh et aJ.2008 and ecosystem and remineralization pro-
altered oceanic mixing conditions, and cloud characteristicscessesBoyd et al, 2007).
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The skill of the ocean component of the CCSM3 model Meehl et al, 2007). In the case of the CCSM3 model a
in simulating PP and related variables has been assessed bgrsion without carbon cycle was used for the IPCC report.
Doney et al.(20093. In that study, the model was forced In this study, all model versions include carbon cycle mod-
with physical climate forcing from atmospheric reanalysis ules for the terrestrial and oceanic componeRisedling-
and satellite data products and atmospheric dust depositiorstein et al. 2006.

The results were then evaluated using data-based skill met-

rics. It was found that the model surface chlorophyll tend tos 1 1 |psL

be too high in the subtropical gyres and too low in the sub-

polar gyres. This error pattern may result from a too weakThe IPSL-CM4-LOOP (IPSL) model consists of the Lab-
grazing by zooplankton relative to PP in the picoplanktonoratoire de Mteorologie Dynamique atmospheric model
dominated subtropics and a too strong grazing in bloom en{LMDZ-4) with a horizontal resolution of abouf 3 3° and
vironments. Further, their simulation shows excess surfacd 9 vertical levelsidourdin et al, 2006, coupled to the OPA-
macronutrients in the tropical Pacific, which is also true for 8 ocean model with a horizontal resolution 6f22° - cosp

the simulation in the present study. This is likely a result of aand 31 vertical levels and the LIM sea ice modilagec
combination of physical circulation errors and too much iron et al, 1998. The terrestrial biosphere is represented by the
scavenging. PP is found to be higher than observed in tropglobal vegetation model ORCHIDEK(inner et al, 2005

ical and subtropical Pacific, suggesting that errors may als@nd the marine carbon cycle is simulated by the PISCES
arise from other aspects of the biological cycling (e.g., exportmodel Aumont et al, 2003. PISCES simulates the cycling
flux, subsurface remineralizatioDpney et al.20093. of carbon, oxygen, and the major nutrients determining phy-

A challenge for any multi-model analysis is how to extract toplankton growth (P&, NO3, NH, Si, Fe). The model
and distill the information contained in the individual models has two phytoplankton size classes (small and large), repre-
in a quantitative way. Ideally, the strengths of each individ- senting nanophytoplankton and diatoms, as well as two zoo-
ual model would be combined while weaknesses and failuregplankton size classes (small and large), representing micro-
would be removed to obtain an optimal multi-model mean. zooplankton and mesozooplankton. Phytoplankton growth
Here, we use regional weights to compute multi-model mearis limited by the availability of nutrients and light. The
fields in PP and EP changes. nanophytoplankton and diatom growth rates as well as the

In this paper we analyze centennial-scale changes in PBrazing rate of microzooplankton are temperature depen-
and EP under anthropogenic climate warming. Unlike earlierdent and increase by a factor of 10 over the temperature
studies, we make use of four interactively coupled global car+ange from—2°C to 34°C. The temperature sensitivity of
bon cycle-climate models that include iron cycling and rep-the mesozooplankton grazing rate is slightly high@rid=
resentations of the marine biogeochemistry of different com-2.14). For all species the C:N:P ratios are assumed constant
plexities. The use of a multi-model ensemble increases th¢122:16:1;Takahashi et al.1989, while the internal ratios
robustness of the results and allows us to explore uncertainef Fe:C, Chl:C, and Si:C of phytoplankton are predicted by
ties. The models are forced with prescribed Gnissions  the model. Iron is supplied to the ocean by aeolian dust de-
from reconstructions (1860—2000 AD) and a high emissionposition and from a sediment iron source. Iron is also added
scenario, SRES A2 (2000-2100 AD). In the next section,at the surface if the iron concentration falls below a lower
models and experimental setup are described. In the resultmit of 0.01nM. Iron is taken up by the plankton cells and
section, we first present projections for marine PP. Then, wgeleased during remineralization of organic matter. Scav-
investigate underlying physical and biogeochemical mechaenging of iron onto particles is the sink for iron to balance
nisms, quantify model sensitivities, and also address changegxternal input. There are three non-living components of
in the seasonal cycle. Regional model skill metrics are use@rganic carbon in the model: semi-labile dissolved organic
to compute multi-model mean changes. In the discussiortarbon (DOC), with a lifetime ranging from a few days to
section, results of the mechanistic models are compared witlseveral years as a function of bacterial biomass and activ-
those ofSarmiento et al(2004 and discussed in the light of ity, and large and small detrital particles, which are fueled
earlier studies. Throughout this paper, the variables PP anBly mortality, aggregation, fecal pellet production and graz-
EP are used to represent net primary productivity and exportng. Small detrital particles sink through the water column

of particulate organic carbon (POC), respectively. with a constant sinking speed of 3 m day while for large
particles the sinking speed increases with depth from a value

of 50mday ! at the depth of the mixed layer, increasing to
2 Methods a maximum sinking speed of 425 m ddyat 5000 m depth.
21 Models For a more detailed description of the PISCES model see
' Aumont and Bop{2006 andGehlen et al(2006. Further
All models used in this study are fully coupled 3-D details and results from the fully coupled model simulation
atmosphere-ocean climate models that contributed to thef the IPSL-CM4-LOOP model are given Friedlingstein
IPCC Fourth Assessment Repoi$olomon et al. 2007 et al.(20096.

www.biogeosciences.net/7/979/2010/ Biogeosciences, 7,190%-2010



982 M. Steinacher et al.: Projected decrease in marine productivity

2.1.2 MPIM zone and is remineralized at depth. Furthermore, dissolved

organic matter is produced by phytoplankton exudation and
The Earth System Model employed at the Max-Planck-zooplankton excretion.

Institut fur Meteorologie (MPIM) consists of the ECHAMS | 0 odel version used in this study, all biological pro-

(Roeckner et 200§ atmospheric model of 31 vertical lev- ,qtion rates (photosynthesis, mortality, grazing etc.) were
els with the embedde_d JSBACH terrestnal_ bpsphere mOde{emperature-independent, assuming that phytoplankton ac-
gnd the MPIOM physical ocean model, which includes a seg;jimate to local conditions. A constant climatology of global
ice quel Marsla_nd etal.2003 _and th_e HAMOCC5'1 Ma-  qust deposition fields fronStier et al.(2009 was used as
rine biogeochemistry modeMaier-Reimer 1993 Six and  g4,1ce function of bioavailable iron. Removal of dissolved

Maier-Reimer 1996 Maier-Reimer et 8].2009. The cou-  jqn gecurs through biological uptake and export, and by

pling of the marine and atmospheric model components, and4yenging. Scavenging of iron is described as a relaxation
in particular the carbon cycles, is achieved by using the OA~, the deep-ocean iron concentration of 0.6 nM with a time

SIS coupler. . _ ) scale of 200 years where the local concentration exceeds

HAMOCCS.1 is implemented into the MPIOM physical s yaue. The Fe:C ratio, also used to calculate the half-
ocean model configuration using a curvilinear coordinateg ration value for iron, was set to a value of -6 (John-
system with a 1.5nominal resolution where the North Pole son et al, 1997). With regard to the later discussions of re-
is placed over Greenland, thus providing relatively high hor-g i+« it should be noted here that the dust fiel&bér et al.

izontal resolution in the Nordic Seas. The vertical resolution(zooa and the applied Fe:C ratio cause a too strong iron lim-
is 40 layers, with higher resolution in the upper part of the j-+ion of the model. Both using tHdahowald et al(200
water column (10m at the surface to 13m at 90m). A de-y,q; fie|ds or using an Fe:C ratio 0k20~8, which would be

tailed description of HAMOCCS.1 can be found Maier- o the jow end of thdohnson et a(1997 estimates, would
Reimer et al(2009, while here only the main features rele- 1,5y ayoided this. Unfortunately, the simulations with the

yant for the despribeq experiments and analyses will be o_utZ:oupIed model were so computationally expensive that they
"“ed- The marine biogeochemical model HAMOCCS.1 is (14 not be repeated until today, and the issue was only dis-
designed to address large-scale, long-term features of thg,, ared when evaluating the experiment
marine carbon cycle, rather than to give a complete descrip- . . o . .
. . Export of detritus is simulated using prescribed settlin
pon of the marine eposystem. Consequently, HAMO(.:(.:S'lvelocri)ties for opal (30 mday?), calcite sghglls (30mday) 9
is a NPZD model with one phytoplankton group (implicitly and organic carbon (10mda§/) Remineralization of or-
divided into calcite (coccolithophorids) and opal (diatoms) nic matter depends on the. availability of oxygen. In
producers and flagellates) and one zooplankton species al . . ) - . P

: . : noxic regions, remineralization occurs via denitrification.
particulate and dissolved dead organic carbon pools. The cal The modgl also includes cyanobacteria that take up nitro-

bonate chemistry is identical to the one describeMaier- ) .
y gen from the atmosphere if the local N:P ratio is below the

Reimer(1993. . . o :
PP depends on the availability of light)(and nutrients. R_edﬁelq ratlo. as a result of denitrification, and transform it
directly into nitrate.

The local light supply is calculated from the temporally and ) ) ) _
spatially varying solar radiation at the sea surfda®, ), as HAMOCCS.1 also includes an interactive sediment mod-
provided by the OGCM. Below the surface, light intensity is Ule- This component simulates pore water chemistry, the

reduced due to attenuation by sea watgj @nd chlorophyll ~ Solid sediment fraction and interactions between the sedi-
(kc) using a constant conversion factor for C:CR&.chr: ment and the oceanic bottom layer as well as between solid

sediment and pore water constituents.
1(z,t) = 1(0,1) e kwtkePHY12Rc:p/Re.chi)z 1)

PP depends linearly on the availability of light, without satu- 2-1.3  CSM1.4

ration of growth rates for stronger irradiandg@.(The growth

rate J(I(z,t)), is calculated ag/(I) = apyyI(z,t), where  The physical core of the NCAR CSM1.4 carbon climate

apny is the slope of the production vs. light intensity curve. model Qoney et al. 2006 Fung et al. 2005 is a modified

J is then multiplied by the nutrient limitation factor, which version of the NCAR CSM1.4 coupled physical model, con-

is calculated from a simple Monod function, limited by the sisting of ocean, atmosphere, land and sea ice components in-

least available nutrient (either phosphate, nitrate, or iron) tategrated via a flux coupler without flux adjustmerB®yille

derive PP. etal, 2002, Boville and Gent1998. The atmospheric model
Particulate organic matter (POM), also termed detritus, iSCCM3 is run with a horizontal resolution of 3.7&nd 18 lev-

formed from dead phytoplankton and zooplankton, and zoo-ls in the verticalKiehl et al, 1998. The ocean model is the

plankton fecal pellets. POM production is taken to be pro-NCAR CSM Ocean Model (NCOM) with 25 levels in the

portional to the phytoplankton and zooplankton concentra-vertical and a resolution of 326n longitude and 0.8to 1.8

tions through constant mortality rates of plankton, and to thein latitude Gent et al. 1998. The sea ice component model

zooplankton grazing rate. POM sinks out of the euphoticruns at the same resolution as the ocean model, and the land

Biogeosciences, 7, 972005 2010 www.biogeosciences.net/7/979/2010/
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surface model runs at the same resolution as the atmospherikhe CSM1.4-carbon source code is available online and de-
model. scribed in detail irDoney et al(2006).

The CSM1.4-carbon model includes a modified version
of the terrestrial biogeochemistry model CASA (Carnegie-2.1.4 CCSM3
Ames-Stanford ApproachRanderson et gl.1997), and a
derivate of the OCMIP-2 (Ocean Carbon-Cycle Model Inter- The CCSM3 Biogeochemical Elemental Cycling (BEC)
comparison Project Phase 2) ocean biogeochemistry modehodel includes several phytoplankton functional groups, one
(Najjar et al, 2007. In the ocean model, the biological zooplankton group, semi-labile dissolved organic matter, and
source-sink term has been changed from a nutrient restoringinking particulateshMoore et al, 2004. Model-data skill
formulation to a prognostic formulation inspired Maier- metrics for the simulated marine ecosystem in uncoupled
Reimer(1993. Biological productivity is modulated by tem- ocean experiments are reportedaney et al(20093. The
perature T), surface solar irradiancd), mixed layer depth  BEC includes explicit cycling of C, N, P, Fe, Si, O, and al-

(MLD), and macro- and micro-nutrients (I%Q and iron): kalinity. Iron has external sources from dust deposition and
marine sediments, and the scavenging of iron onto particles
_ T+2°C min< [POy] [Fel ) 1 balances these sources with 10% of scavenged iron presumed
~ T+10°C [POu]+kpo, [Fel+kre) I+k; lost to the sedimentav{oore and Braucher2008. Phyto-
) [Fel zmp \ 1 plankton functional groups include diatoms, diazotrophs, pi-
~m|n<[PO4], ; ) max(l, ) = ) coplankton, and coccolithophores. The export ratio is largely
FeP Zc T ) . e A
a function of phytoplankton community composition with di-
where kpg, = 0.05umol/l, «re = 0.03 nmoll, «; = atom production being exported more efficiently than pro-
20W/m?, reep=5.85x 1074, r = 15 days, andc = 75m. duction by small phytoplankton. Phytoplankton growth rates

This empirical parameterization is intended to model theand zooplankton grazing rates are modified by a tempera-
large-scale nutrient utilization by marine ecosystems. Forture function that includes @19 factor of 2.0. Thus, max-
example, the temperature function, together with iron limita-imum growth rate would change by a factor of 8 for a tem-
tion, forces a low productivity and nutrient utilization in wa- perature increase from°€ to 34°C. Phytoplankton growth
ter that is colder than about’Z. On the other hand produc- rates are also a function of nutrient and light limitation and
tivity depends only weakly on temperature in warmer waters.these factors are multiplicativélpore et al, 2004). Phyto-

The temperature factor increases by less than two for a templankton Fe/C, Chl/C, and Si/C ratios adjust dynamically to
perature increase from°€ to 34°C; this may be compared ambient nutrient and light, while the C/N/P ratios are fixed
to an increase by a factor of seven in the IPSL model andwithin each groupNloore et al, 2004. The CCSM3 ocean

no temperature-dependent growth rates in the MPIM modelcirculation model is a coarse resolution version of the paral-
Following the OCMIP-2 protocoldNajjar et al, 2007) total lel ocean program (POP) model with longitudinal resolution
biological productivity is partitioned 1/3 into sinking POC of 3.6 degrees and a variable latitudinal resolution from 1-2
flux, here taken to be equivalent to export productivity (EP), degrees. There are 25 vertical levels with eight levels in the
and 2/3 into the formation of dissolved or suspended organiaipper 103 m$mith and Gent2004 Yeager et a].2006.

matter, where much of the latter is remineralized within the

model euphotic zone. Total productivity thus contains both2.2 Experiments and satellite-based productivity

new and regenerated production, though the regenerated con-  estimates

tribution is probably lower than in the real ocean, as only the

turnover of semi-labile dissolved organic matter (DOM) with The models are forced by anthropogenic G&nissions due

a decay time scale of half a year is considered. CSM1.4 neto fossil fuel burning and land-use changes as reconstructed
primary productivity (PP) thus represents, rather, the carborfor the industrial period and following the SRES A2 emis-
flux associated with net nutrient uptake and is not strictly sion scenario after 2000 AD. The CSM1.4, CCSM3, and
equivalent to net primary production as measured'4g MPIM models also include CliHand CFCs. MO, volcanic
methods. It appears to be a reasonable proxy for the timemissions, and changes in solar radiation are additionally
and space variability of PP if somewhat underestimating theaken into account by the CSM1.4 and CCSM3 models as
absolute magnitudeSghneider et 812008. For reasons of  described byFrolicher et al.(2009. Dust deposition fields
simplicity, net nutrient uptake times the C:P ratio of 1AR{ were kept at a constant climatology in all experiments. All
derson and Sarmient@994) is considered here as PP, even models were integrated for more than one thousand years for
though it is not exactly the same. The ocean biogeochemicaspin up Schneider et al2008 Thornton et al.2009. For
model includes the main processes of the organic and inoranalysis, all variables have been interpolated onto a com-
ganic carbon cycle within the ocean and air-sea GlOX. mon 1°x1° grid using a Gaussian weighted average of the
A parametrization of the marine iron cycl®dgney et al, data points within a radius of4vith a mapping scale of°2
2006 includes atmospheric dust deposition/iron dissolution,Control simulations in which C®emissions are set to zero
biological uptake, vertical particle transport and scavenging.and other forcings are set to constant preindustrial levels are

www.biogeosciences.net/7/979/2010/ Biogeosciences, 7,190%-2010



984 M. Steinacher et al.: Projected decrease in marine productivity

Table 1. Simulated global annual primary production (PP) and POC export (EP) for the four models IPSL, MPIM, CSM1.4, and CCSM3
under SRES A2. PP values are also given for weighted means of the four models derived from regional skill sprese@@square errors

(PPE), and global skill scores (pr’ob), as well as for the arithmetic average &%®. Global skill scoresSgiob) and root mean square errors

(RMSE) indicate the ability of the individual models and the multi-model means to reproduce the satellite-based estimates of PP (average
1998-2005, see main text for details). Values are averaged over the periods 1860-1869 (1865), 1985-2004 (2000), and 2090-2099 (2095
APP andAEP indicate changes between corresponding periods.

Primary production IPSL MPIM CSM1.4 CCSM3 PP PPE PPSglob ppave

PPRylob 1865 [GLC yr 1] 34.9 23.9 27.5 49.4 37.1 35.9 36.3 33.8
PPRyiob 2000 [GLC yr 1] 33.8 23.7 26.6 49.1 36.1 34.9 35.3 33.0
PPyiob 2095 [GtCyrY] 30.3 21.6 25.6 48.4 34.2 33.0 335 31.2

APPRyop 1865-2000 [GICYrY]  —1.1(-3%) —0.2(-1%) —0.9(-3%) -0.3(-1%) -1.0(-3%) -1.0(-3%) -10(-3%) -0.8(-2%)
APPyjop 2000-2095 [GICYFY]  —3.5(-10%) —2.1(-9%) —1.0(-4%) —0.7(-1%) -1.9(-5%) -1.9(-5%) -18(-5%) —1.8(-5%)
APPRyiop 1865-2095 [GICYrY]  —4.6 (-13%) —2.3(-10%) —1.9(-7%) —1.0(-2%) -2.9(-8%) —2.9(-8%) -—2.8(-8%) —2.6(-8%)

Sglob 0.49 0.16 0.37 0.46 0.40 0.33 0.30 0.25
RMSE [mgC m2 day 1] 284 353 334 305 259 265 268 278
POC export IPSL MPIM CSM1.4 CCSM3

EPglob 1865 [GtC yr 1] 9.1 5.0 9.1 7.2

EPyiob 2000 [GIC yrY] 8.7 5.0 8.8 71

EPyiob 2095 [GIC yrY] 7.3 45 8.4 6.8

AEPgiop 1865-2000 [GICYT]  —0.4 (-4%) 0.0 (0%) —0.3(=3%) —0.1(-1%)

AEPyjop 2000-2095 [GICYr]  —1.4(-16%) —0.5(-10%) —0.4(-5%) —0.3 (~4%)
AEPyjor 1865-2095 [GICYr]  —1.8(-20%) —0.5(-10%) —0.7 (-8%) —0.4(~6%)

used to remove century-scale model drifts for each grid point3 Results

and for each calendar montkrlicher et al, 2009. Af-

fected are the three-dimensional distribution of temperature3.1 Projected annual mean net primary productivity
salinity, and nutrient concentrations in the IPSL and CSM1.4 and export production under SRES A2

models, as well as PP and EP in IPSL. For these variables,

detrended values from the scenario simulations are used fope briefly discuss the magnitude and spatio-temporal pat-
analySiS. We note that trends in surface values are small ifﬁerns of net primary production (PP) in Comparison with
the CSM1.4. satellite-based estimates (s8ehneider et al(2008 for a
As a point of reference and followin§chneider et al.  more comprehensive analysis) and compare simulated e-
(2008, we utilize throughout this study satellite-based es-ratjos, i.e. the ratio of annual EP to PP, to field data compiled
timates obtained with the Behrenfeld algorithm (VGPM; py | aws et al(2000 before addressing long-term changes in
Behrenfeld and FaIkOWSkI].997b Behrenfeld et aJZOOQ PP. Global annual PP ranges between 24 Gt‘éWP”\A)
for data-model comparison and to compute skill-scoregnd 49 Gt Cyr! (CCSM3) for modern conditions (Table
weighted multi-model averages. The satellite-derived esti-|:ig_ 1). Only the CCSM3 model lies within the satellite-
mates have uncertainties. For examglarr et al.(2006 re- based range of 35 to 70 Gt Cyr (Behrenfeld et a).2006
port that global PP estimates from twenty-four ocean-color-cayrr et al, 2006. The range of the other three models is
based models range over a factor of two. On a more posiconsiderably lower. The very low PP in the MPIM model
tive side, ocean-color-based models agree with respect to thg |ikely linked to an overall too strong limitation of PP by
Spatial pattern of CthI’Ophyll distributions and correlations iron (Schneider et alzooa This is Supported by the fact
among the resulting fields are typically high. Given thesethat surface nitrate concentrations are largely overestimated
substantial uncertainties in satellite-based productivity databy this model. PP in CSM1.4 represents carbon uptake as-
the comparison of model results with one single satellite-sociated with net nutrient uptake, rather than overall net pri-
based data set should be viewed as an illustrative eXample. mary productivity, and is thus underestima‘ting real net pri-
mary production by design. There are also deficiencies in the
regional representation of PP (FI)). High PP along conti-
nental margins is not adequately represented in coarse reso-
lution models. The MPIM model underestimates PP outside
the equatorial regions, and the CSM1.4 model has too low
PP in the equatorial Pacific. These deficiencies are related to
the iron cycle of the two models. IPSL and CCSM3 appear
to underestimate PP in high northern latitudes. The CCSM3
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1900 | 1950 | 2000 , 2050 , 2100 et al. (2006 report that global PP estimates from twenty-
four ocean-color-based models range over a factor of two,
but correlations among the resulting fields are typically high.
The e-ratio (EP:PP) is a measure of the contribution of
regenerated production to total PP. The regenerated produc-
tion is driven by nutrient recycling through the activities of
heterotrophs, including bacteria. In the IPSL, MPIM, and
CCSM3 models, the regenerational loop is described through
the interaction of a limited number of different biomass pools
and the production of dissolved organic matter (DOM) by

52

- (aL

N
S
1

|

PP (GtC/yr)

N
o]

et i

20

10 1psL— csM1.4— Mean- L : ;
MPIM— CCSM3— plankton and the release of nutrients during DOM decay.

B Hence, the bacterial loop, which recycles nutrients to the
food web by bacterial consumption of DOM and nutrient
release by bacteria and grazing of bacteria by zooplankton,
is implicitly described. In the CSM1.4 model, that features
i L only one biomass pool, the e-ratio is fixed to 0.3. In the

16 - MPIM model, the annual-mean e-ratio shows a small spatial
T r variability around a value of 0.2 (Figb,e). In the CCSM3
15 " 19'00 " 19'50 i 20'00 i 20'50 i 2100 model the Spatial Va”ab”lty is Only S“ghtly Iarger and the e-
Year (AD) ratio ranges from 0.05 to 0.3 (Figc, f). In the IPSL, the
75— e-ratio is low in mid- and low-latitude regions, intermedi-

11 - . CCSM3: i ate in the Southern Ocean, North Pacific and North Atlantic
e E{LO_F)% 28-0-23 i and high in the Arctic (Fig3d). The spatial variability in

. ' the CCSM3 and IPSL models are driven mainly by phyto-

plankton community. Both models assume higher export for

diatom production and with more diatom production at high

latitudes the e-ratio increases. Followibaws et al.(2000,

Slope = -0.61  * S\,

APP (GtC/yr)

2_ R2= 0.73 MPIM: B we compare the simulated e-ratio as a function of SST with
34 Slope = -0.60 field data from a few sites (Figda, b, c). The regression
- S R=085 L slope found for the IPSL modeH0.0097°C1) is some-
-4 PSL: N - what lower than the slope of th_e field dataQ0198°C~1)
. Slope = -1.35 - but covers most of the data points, whereas the MPIM and
-5+ R?= 0.95 - CCSM3 models don’t capture the observational range in the
— s 1 " 3 T I T 2 e-ratio. We note, however, that there are cold, iron-limited
ASAT (°C) sites in the Southern Ocean that differ significantly from the

regression line fitted to the data from the few sites selected
Fig. 1. (a) Global annual mean primary production (p%rﬁ) by Laws et al.(2000. There is almost no correlation be-
and(b) sea surface temperature (SST) simulated by the IPSL tween the e-ratio and PP, consistent with observation-based
(black), MPIM (red), CSM1.4 (green), and CCSM3 (blue) models estimates. Only the e-ratio in the CCSM3 model seems to be
for the period 1860-2100 under SRES A2. The cyan curve indi-slightly biased towards higher values at locations with high
cates the weighted mean PP derived from the regional skill scorePp,
of the four models(c) APP as a function of changes in global mean Despite the deficiencies of individual models, the mod-
surface air temperature (SAT) for the same models and time periodg|s as a class represent the pertinent features of the satellite-

based observations such as a low PP in the oligotrophic gyres

and the southern high latitudes (all models), high PP features
model clearly overestimates PP in the eastern tropical Pain the North Atlantic (CSM1.4, IPSL, CCSM3), in the North
cific. The skill of individual models to represent the satellite- Pacific (IPSL, CCSM3), around 3® to 50 S (CSM1.4,
based PP field is rather low with correlations between mod4PSL, CCSM3), and in the equatorial and eastern bound-
eled and satellite-based fields of less than 0.6 @iy. The  ary upwelling systems. Other reproduced features are the
errors in the simulated PP fields reflect both deficiencies inhigh seasonal variability in the North Atlantic and in south-
the simulated physical fields and in the representation ofern intermediate latitudes (all), the low seasonal variability
ecosystem processes in the coupled AOGCM. Results fronaround the equator (CSM1.4) and in mid latitudes (all), and
ocean only models with prescribed surface forcing comparehe correlation of temperature and stratification with PP on
typically better with observation-based estimates.We recalthe interannual time scales for the low-latitude, permanently
that the satellite-derived estimates have uncertain@esr stratified ocean (IPSL) or the Nino3 region (IPSL, CSM1.4).
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Standard Deviation (norm.)

SeaWiFS

0.2 0.4
Standard Deviation (norm.)
n N s

(b) 0

PP (mgC/m¥day) " APP (mgC/m¥day)
0 150 300 450 600 750 -400 -100 -25 0 25 100 400

Fig. 2. Productivity (left) and projected changes by 2090-2099 (right). Vertically integrated annual mean primary producﬁiﬁ%ﬁ;ﬁ

derived from ocean coldi) (SeaWiFSBehrenfeld et aJ.2006 Behrenfeld and Falkowski997h and simulated by IPS[c), MPIM (e),
CSM1.4(g), and CCSM3(i) under preindustrial conditions (decadal mean 1860-1869). Dashed lines indicate the transects through the
Atlantic and Pacific analyzed in this study. The Taylor diagfairshows the correspondence between model results and the satellite-based
estimates Taylor, 200J). In this diagram the polar coordinates represent the correlation coeffiRi¢polar angle) and the normalized
standard deviatiobmedel/oops (radius). Paneld, f, h, andj show the projected changes by the end of the 21st century under SRES A2 for

the four models. The changes are shown on an exponential scale and represent the difference between 2090-2099 and 1860-1869 (decac
means).
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Fig. 3. Export ratio (e-ratio; EP:PP) simulated by the IPSL (left), MPIM (middle), and CCSM3 (right) models. The preindustrial (decadal
mean 1860-1869) e-ratio is shown as a function of sea surface tempegeatbrec) Each point represents one grid cell and the colors
indicate low (blue; 10-150 mg Cﬁ)‘day), medium (green; 150-450 mg C?/Auiay), and high (red>450mg C/n@/day) PP. Circles show

field data (cfLaws et al, 200Q Fig. 4) for the following locations: BATS (B), HOT and Arabian Sea (H), NABE (N), Peru-normal (1), Peru-

El Nifio (2), EqPac-normal (3), EqPac-EIfidi (4), Ross Sea (R), Station-P (P), and Greenland polynya (G). The straight solid lines indicate
the linear regression for IPSlr%: 0.58, slope=-0.0097), MPIM (rz =0.21, slope=0.0010), and CCSM82(= 0.28, slope=-0.0021),

while the dashed line indicates the regression of the field data selecteaisyet al.(2000 (r2 =0.86, slope=-0.0198). Maps show the
simulated e-ratio under preindustrial conditiqds e, f) and the projected changes by the end of the 21st century under SRES B 2).

Where PP is below a minimum threshold of 10 mg é/kday the e-ratio is not shown. In the CSM1.4 model the e-ratio is fixed at 0.3 and
not shown in this figure.

This comparison with satellite-derived and in-situ estimates7% (1.9 GtCl/yr), respectively. The CCSM3 model, which

allows us to continue with some confidence as well as withyields the highest PP, projects the smallest reduction of 2%

caution to the discussion of 21st century projections. (1.0GtClyr). Despite these small changes on the global
scale, the CCSM3 model shows local changes of the same

All four models show a reduction in the globally inte- o qar of magnitude as the other models, but these changes
grated annual mean PP in the simulations from 1860 AD 0.4 to cancel out to Some extent.

2100 AD under SRES A2 (Fid, Tablel). The IPSL model

shows the biggest changes. In that model PP declines by The projected PP decrease by the end of the century de-
4.6 GtC/yr by the end of this century, which is a reduction pends on the magnitude of the projected climate change
of the simulated preindustrial PP by 13%. The MPIM and and thus on the climate sensitivity of the models. A linear
CSM1.4 models show reductions of 10% (2.3 GtC/yr) andregression between global PP and global mean surface air
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temperature is used to normalize PP changes with respeds simulated in the IPSL model; cooler temperatures are often
to climate change in order to account for the different cli- associated with higher nutrient concentrations which tend to
mate sensitivities of the models (Fitg). This yields a slope, favor a higher e-ratio, consistent with the observation-based
i.e., the global PP decrease pérwarming, of 1.4 Gt Cyr! slope of e-ratio versus temperature (FR3g). Large negative
°C~1 for the IPSL model, but only 0.6 Gt Cyt °C~1 for changes in the e-ratio of up to 0.25 are simulated at the bor-
the MPIM and CSM1.4 models and 0.2 Gt CyrrC—1 for der of highly productive regions where PP decreases from
CCSM3. moderate to low values (e.g. at the edge of the subtropical
We identify a number of regions with large reductions gyres, (Fig.3d, g). The reasons for this decoupling of PP
(more than 50mg C mf day 1) in PP (Fig.2). These cor- and EP in the IPSL model are a shift from diatoms and zoo-
respond to high PP areas. A large reduction in PP is found irplankton to the smaller nanophytoplankton and the increased
the North Atlantic in the IPSL, CSM1.4, and CCSM3 mod- recycling of nutrients and carbon in the surface oc&opp
els, around 35S in the Pacific in the IPSL and less pro- et al, 2009.
nounced in the CSM1.4, in the upwelling regions off Africa
in all models and in the equatorial Pacific in the MPIM and 3.2 Mechanisms of long term shifts in PP under climate
IPSL model. These reductions are qualitatively consistent change
across three out of the four models with the obvious caveat
that no major reductions can be expected in regions where an
individual model fails to simulate a significant preindustrial

PP (€.9. MPIM outside the equator, CSM1.4 in the equatorlalln order to identify links between long term shifts in PP and

Pacific). An exception is the moderate increase in PP sim-_. .
ulated by the CCSM3 model in parts of the tropical Pacific. climate change, we first focus on the NCAR CSML.4-carbon

Consistent moderate increases in PP are simulated in the hig:g]esults. This model features the simplest formulations for

latitude Southern Ocean (all models) and around Svalbard lological production among the four models. PP is deter-

indicating that the high PP zone in the North Atlantic is mov- fined by the product PR Fy - ;- Fr - B (Eq. 2), where
. : . . : the first three factors represent nutrient, light, and tempera-
ing northward with climate warming and sea ice retreat. An

increase in PP is simulated in the Pacific north of MGn tre limitation and5 is a biomass proxy derived from phos-

hate and iron concentrations. The relative changes in these
fche IPSL, QSMlA,_ar_]d CCS.MB. moglels. We note that S’ez#)actors (Fig.4a—d) directly yield the relative changes in PP
ice extent is unrealistically high in this area in the CSM1.4 (Fig. 4e). Light availability is tied to the mixed layer depth
model Steinacher et 312009 Weatherly et a].199§. In nd sea ice fraction in the CSM1.4 model. It increases when

e e e ey deph (ML) exceeds 5o, T et
q 9 feature affects light limitation in the South Pacific (increased

Atlantic, and moderately enhanced in polar regions. MLD/light availability) around 45 S and in a number of grid
Climate change might not only affect PP, but also EP, ar]dcells in the North Atlantic. We recall that the biomass prox
the relative contribution of news{¢) and recycled£ 1—¢) ' proxy

production. In the MPIM and CCSM3 models, the e-ratio corr_esponds. to the phosphate or (scaled) iron concentrgmon
. . . . (which ever is smaller) and thus directly represents nutrient
remains spatially relatively uniform and shows almost no

change during the simulation (Fige, h, f, i), much like concentrations.

) 9. 9 R AT The biomass proxy decreases in most areas of the world
in the simpler CSM1.4 model, where the e-ratio is fixed atocean (Fig4d). This can be attributed to a more efficient uti-
0.3. Thus, the relative reduction in EP follows closely the re- gad).

duction in PP in these three models. The e-ratio in the IPSI_“.zatlon of nutrients under global wetlrm!.ng as found in pre-
- . . vious work (e.g.Plattner et al. 2001, Frolicher and Joqgs
model shows distinct regional changes by the end of this cen:

; ; - 2010. Reduced nutrient concentrations in combination with
tury (Fig. 3e). On global average, the (PP-weighted) e_ratloreduced export are indicative of reduced nutrient input from

declines. Correspondingly, the reduction in EP is larger thar}he thermocline into the mixed layer. Such conditions pre-

1 . i 0, 0, i -
;?Oszéﬁsddeclmes by 20% and PP by 13% over the SlmuIavail in the Atlantic between 205 and 65N, in the west-

. . . . ., ern part of the Indian Ocean, and around RBCand 35 S in
Turning to regional changes in the e-ratio, we find

" . . ) .~ the Pacific between 18@& and 140W. PP shows little or
both positive and negative changes in the IPSL simulation ) . . .
: S X . —_no response to climate change in the tropical and subtropi-
(Fig. 3g). The attribution of simulated changes in the e-ratio o ) .
cal Pacific, where PP is low due to an unrealistically strong

IS gener_ally difficult as the s_et of equa_ltllons dgsqublng PPiron limitation. On the other hand, sea ice retreat and warm-
and EP is complex and non-linear. Positive deviations in the

. L ; . . ing in the Arctic alleviate the strong limitations by light and
e-ratio, e.g. as found in high-productive upwelling regions ) - )
. . e temperature and enhance Arctic PP. Similarly, a reduction
off South America and Africa, are small and difficult to as-

cribe to a forcing factor. The shifts to higher e-ratios south of " temperature limitation boosts PP around Antarctica in the

Greenland and north of the Ross sea appear to be linked to thrgodel.

fact that these are the only two regions were a slight cooling

2.1 Attribution of PP changes to individual drivers in
the CSM1.4 model
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Fig. 4. Long-term changes in PP limitation by nutrieis, light (b), and temperaturé) simulated by the CSM1.4 model. In the CSM1.4

model, these factors, together with changes in the biomass gddxgletermine the changes in R®. Panels (a-e) show relative changes

in percent from preindustrial (average 1860-1869) to projected future conditions under SRES A2 (average 2090-2099). Positive values
indicate changes that enhance PP, negative values indicate changes that tend to reduce PP. All values are averaged over the compensat
depth (75m), where all of the production is restricted to occur. The light limitation factor (b) also accounts for changes in mixed layer
depth(f).

In the North Atlantic, where the largest PP changes occurPP in some areas in the Indian Ocean, around Australia, and
the PP decrease is dominated by a decrease in the biomassthe South Atlantic around 2% can mainly be attributed
proxy. Nutrients are used up more efficiently, and PP de-to an increased nutrient supply due to stronger upwelling.
creases likely in response to less surface-to-deep exchange
which is linked to a reduction in the North Atlantic thermo- i 2 . . :
haline circulation Erdlicher et al, 2009 and a reduced deep linked to changes in nutrient input into the euphotic zone in

wintertime convection. The model also simulates an increas&ombm""tlon with an alleviation of light and temperature lim-

in light limitation, mainly caused by the decrease in mixed itations i'n high Iatitudes. .A reduced nutrient input into the
layer depth, and a somewhat stronger limitation by iron insurface is expected in climate change scenarios as surface

the east and by phosphate in the west. The slight increase iﬁtratlﬂcatlon tends to increase in response to warming and

reshening. Next, we will investigate changes in physical

"In conclusion, PP changes in the CSM1.4 model are tightly
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Fig. 5. Long-term trends of PP, EP and related properties simulated by the IPSL, MPIM, CSM1.4, and CCSM3 models under SRES A2. Each
panel shows the projected changes of one property with respect to preindustrial conditions (average 2090-2099 minus average 1860—186¢
for the following regions: Global oceans (black), Southern Ocean (green; south 8j 4zermanently stratified, low-latitude oceans (blue;

annual mean SS¥15°C), low-latitude oceans (red; 30\—3C° S), low-latitude Pacific (black, SIN-3C° S), North Atlantic (gray; 30N-

80° N), and Arctic Ocean (yellow). The properties are vertically integrated PP, POC export (EP), surface temperature (SST, averaged over
top 75 m), stratification (STRAT), short wave heat flux (QSW) at the surface, mixed layer depth (MLD), and surface nutrient concentrations
(PQy, Fe, NG;; averaged over top 75 m). N@s not available for the CSM1.4 model.

factors such as stratification and upwelling as well as in nu-3.2.2 Basin-scale changes in productivity, physical
trient availability and their link to PP for all four models. properties, and nutrient concentrations

There is a surprisingly good overall consistency in projected
trends among the models on the basin-scale and for a range of
variables. Figur® shows projected changes in selected large
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regions for PP, EP, related physical properties, and nutrient In the Arctic Ocean, light availability in the surface ocean
concentrations for all four models. This comparison betweens strongly enhanced in all models due to sea ice retreat. The
changes in PP and in potential drivers is indicative of un-annual mean sea ice cover in the Arctic is reduced by 32%
derlying mechanisms, albeit it does not allow for a stringent(IPSL), 25% (MPIM), 23% (CSM1.4) and 20% (CCSM3)
attribution as done in the previous section for the CSM1.4with respect to preindustrial conditions. This leads, together
model. Overall, the results are qualitatively consistent acrossvith an increase in SST and MLD, to a strong increase in
models and regions. PP, EP, MLD, and surface nutrient conPP and EP in the MPIM (+130%), CSM1.4 (+215%), and
centrations are projected to decrease in all models and in alECSM3 (+150% for PP; +200% for EP) simulations, de-
most all regions, while sea surface temperature (SST) andpite the strong (+90% in CSM1.4; +80% in CCSM3) and
stratification increase. Next, we will show that the mecha-moderate (+20% in MPIM) increase in stratification and re-
nisms identified for the CSM1.4 model are also key for theduced surface nutrient concentrations. Although insolation
productivity changes in the IPSL, MPIM, and CCSM3 mod- and SST increase also strongly in IPSL, this model shows an
els. Namely, we find that a reduced nutrient input relatedopposite response in PP and EP. This can be explained with a
to enhanced stratification, reduced MLD, and a slowed cir-strong increase in stratification of about 90% and the reduc-
culation tends to decrease PP and EP under transient glob&ibn in MLD and surface macro-nutrients of 50—70%.
warming not only in the CSM1.4, but also in the other three  The increase in surface iron concentration simulated by
models. the IPSL model (20% in the global mean) is a consequence
All models exhibit pronounced changes in MLD and strat- of the parametrization of the elemental ratio in phytoplank-
ification in the North Atlantic, which transform to strong re- ton. The ratio between carbon and nitrogen or phosphorus
ductions in surface macro-nutrient concentrations. Conseis kept constant. In contrast, the iron-to-carbon ratio of phy-
quently, PP and EP decrease in the IPSL and CSM1.4 model®plankton is assumed to decrease with increasing nutrient
by about 40% and 30%, respectively. In the CCSM3 model,(and light) limitation. Consequently, lower macro-nutrient
PP is reduced by 13% and EP by 23%. In the MPIM model,concentrations in the euphotic zone lead to a relatively lower
preindustrial PP in the North Atlantic is unrealistically small uptake of iron compared to other nutrients by plankton and to
due to too strong iron limitation and the 21st century reduc-a lower iron-to-carbon ratio in organic material. In turn, less
tion in PP is thus small as well. iron is exported out of the euphotic zone and iron concentra-
All models show an increase in stratification and a de-tions increase, while macro-nutrient concentrations decrease.
crease in MLD and macro-nutrients in the stratified oceanln the IPSL model, surface iron concentrations are restored to
(SST> 15°C). We again link this tentatively to a reduced a minimum value of 0.01 nM. This influences the interannual
nutrient input into the euphotic zone under global warming. variability in PP Schneider et 312008. However, this po-
Productivity and export decrease accordingly in all models. tential artificial iron source does not contribute significantly
In the Southern Ocean<@é5° S), relative PP trends are to the long-term trend in surface iron because, first, the num-
smaller than in other regions and vary in sign between dif-ber of grid cells and months where iron is restored is reduced
ferent regions within the Southern Ocean. Changes that faduring the simulation, and second, these regions do not cor-
vor production, such as increased SST and light, and changegspond to the regions where large changes in surface iron
that tend to reduce production, such as reduced nutrient inare simulated. In the CCSM3 model, the iron-to-carbon ra-
put, balance to some extent on the regional average. In th#o is also variable but this has only a small effect on surface
IPSL, CSM1.4, and CCSM3 simulations, PP increases on aviron concentrations. In the CSM1.4 and MPIM model, the
erage, while MPIM shows a decrease of about 5%, whichiron-to-carbon and other elemental ratios are constant. Gen-
is probably linked to the very strong decrease in MLD. The erally, surface iron tends to increase in regions with substan-
CCSM3 model projects a relatively large PP increase aroundial aeolian iron input and increased stratification or reduced
40° S which results from the combination of a moderate tomixed layer depth, whereas it tends to decrease in parallel
strong increase in SST and a reduction in nutrient limitationwith macro-nutrient concentrations in the surface ocean in
in some areas in that region. To some extent, this feature isegions with little iron input. This leads to an increase in
also present in the CSM1.4 and IPSL simulations. global mean surface iron of 4% in the CCSM3 model, while
There are also some qualitative inconsistencies in proCSM1.4 and MPIM project a slight decrease of about 2%.
jected trends between models. Most notable are the followdn contrast to the IPSL model, these three models all project
ing three. (1) IPSL simulates a decrease in PP and EP in tha decrease in surface iron in the Southern Ocean and in the
Arctic Ocean, in contrast to MPIM, CSM1.4, and CCSM3 Arctic.
that project an increase (Fi§). (2) Surface iron concen- Nutrient and light limitation factors are output variables of
tration is projected to increase in all regions in IPSL and onthe CCSM3 model and therefore allow the direct attribution
global average in CCSM3, while MPIM and CSM1.4 project of changes in PP to changes in these factors. The PP increase
a decrease in most regions (F&. (3) CCSM3 projects an  projected by the CCSM3 model in the central Pacific be-
increase in PP in the central Pacific betweeh3@nd 20N tween 10 S and 20 N is a result of a strong increase in SST
(Fig. 2), whereas the other models simulate a decrease. and a slight reduction of iron limitation in combination with
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Fig. 6. Linear correlation between vertically integrated annual mean PP and surface temperature (SST), stratification index (SERAT), PO
Fe, mixed layer depth (MLD), and light (QSW) for the IPSL, MPIM, CSM1.4, and CCSM3 models (columns from left to right). The
regression has been calculated for simulated annual mean values in each grid cell from 1860 to 2100 (SRES A2), &8TFE@re
averaged over top 75 m depth. Normalized regression sIomEBE’ngC/m2 day] per relative change of SST, STRAT, PO4, Fe, MLD, and
QSW in percent) are shown wheR# > 0.1. Areas wher&k? < 0.5 are shaded.
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Fig. 7. Long-term trends of PP, EP and related properties simulate
by the IPSL (black), MPIM (red), CSM1.4 (green), and CCSM3R
(blue) models under SRES A2 for a transect through the Atlantic
that covers major productivity features (dashed lines inZge, g,

i). Changes in vertical velocityXW) are shown in addition to the
parameters displayed in Fi§.

dFig. 8. Same as Figr but for a transect through the Pacific (dashed
linesin Fig.2c, e, g, i).

3.2.3 Local correlations between changes in PP and po-
tential drivers

almost no change in macronutrient limitation and a moder-In this section, we address to which extent the features identi-
ate increase in light limitation. In this region, R@nd NG fied on the basin-scale are also evident on the local scale. We
concentrations are reduced in response to large changes @orrelate simulated changes in annual mean PP with annual
stratification and MLD and increased export, but they remainmean changes in SST, stratification, MLD, and shortwave ra-
relatively high and PP limitation by macronutrients remains diation, as well as with phosphate and iron for each single
small. In contrast, a similar reduction in macronutrients leadsgrid cell (Fig.6) and compare projected changes along two
to a significant increase in nutrient limitation around 80 transects through the Atlantic (and Arctic), and the Pacific
and consequently to a pronounced reduction in PP. We notéFigs. 7 and 8). The transects, indicated in Fig, are se-
that the model overestimates present-day phosphate concelected to cover major PP features in the two basins. The re-
trations in the Pacific south of 40l and that PP is too high sults tend to confirm the findings from the two previous sec-
in the eastern tropical and subtropical Pacific. Thus, the simiions, although the links between stratification, mixed layer
ulated macronutrient limitation might be too weak and the depth and macro-nutrient concentrations are often somewhat
projected PP too high in this region. We also note that despit@bscured on the grid cell scale as evidenced by the small re-
the moderate PP increase in the central equatorial Pacific, P§ression coefficient®?) found for many cells.
decreases slightly by 0.4% when averaged over the Pacific In the IPSL simulation, the PP decrease in the Pacific,
between 30S and 30 N. North Atlantic and Indian Ocean correlates with enhanced
stratification and decreased surface phosphate concentrations
(Fig. 6). Changes in MLD correlate only weakly with PP
trends; only in the North Atlantic and south-eastern Pa-
cific are some relevant correlations found. Surface iron
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concentrations correlate positively with PP because surfacenodel, and in parts of the Southern Ocean in all four models.
iron increases almost everywhere in the IPSL simulation.Globally, the first regime is most important and global PP
Correlations for EP are similar (not shown). and EP decreases in our 21st century global warming simu-
The MPIM model shows generally weak correlations, lations.
which can be explained with the strong iron limitation in
that model. Under present climate conditions, PP is iron-3.3 A weighted multi-model mean of projected PP
limited in all regions except the tropical Atlanti§¢hneider changes
et al, 2008. Because surface iron concentrations decrease
only slightly in most regions, no significant correlations are In the previous sections, it is shown that the models as a
found. Exceptions are the low and mid latitudes of the Pa-class represent most of the pertinent features also seen in the
cific, where surface iron concentrations decrease by abougatellite-based PP estimates and that the underlying mech-
20% and correlations of PP changes are found with surfac@nisms for changes in PP are broadly consistent across the
iron (mainly in the subtropical gyres). Also, the PP decreasgange of models. However, individual models clearly fail to
in the western tropical Pacific correlates with increased stratfepresent certain regional features.
ification and reduced MLD. The challenge is to combine the information from sev-
In the CSM1.4 simulation, increased stratification corre-eral models into a quantitative projection. In the assessments
lates to some extent with reduced PP and EP in the tropicadf the Intergovernmental Panel on Climate Change this has
and southern Pacific, as well as in the North Atlantic. Thisbeen achieved by averaging the results from individual mod-
model shows a stronger correlation between PP and MLDels (Meehl et al, 2007). In this way, each model, whether
than the other three. The latter may be an artifact of theskillful or not, is given equal weight. Obviously, such an
model formulation for light limitation. Significant positive approach is less than ideal as unrealistic features of a partic-
correlations are found in the North Atlantic, North Pacific, ular model influence the multi-model mean. For example, if
and in the Southern Ocean. Reduced surface nutrient corgne of the models simulates rainfall in a desert region, the
centrations mainly correlate where the respective nutrient ignulti-model mean will also show rainfall in the desert. An
limiting; POy in the low- and mid-latitude Atlantic and in alternative would be to rely on the model with the best skill
the northern Indian Ocean, iron in the Pacific and southerrscore with respect to suitable observations. However, this
Indian. seems also less than ideal as each model has certain weak-
In the CCSM3 simulation, increased SST, enhanced strathesses and useful information from the other models is lost.
ification and reduced surface phosphate correlate with reHere, we suggest the use of regional skill scores as weights to
duced PP and EP in the tropical and North Atlantic, in the compute a “best” or “optimal” estimate of projected changes.
Pacific around 30N, and in the northern part of the Indian The goal is to take advantage of the skill of individual mod-
Ocean. There is almost no significant correlation betweerels in simulating regional features and to exclude or minimize
changes in MLD and PP. Enhanced PP at high latitudes anthe influence of regional results where a model is in conflict
to some extent also in the tropical Indian and Atlantic corre-with observational evidence.
lates with increased light availability. Technically, the multi-model mean is computed following
In conclusion the multi-model analysis confirms important the skill score metric developed Fyylor (2001). For each
conclusions obtained by attributing changes in PP and EP tonodelm and grid cell at coordinates, () a skill score
individual drivers in the CSM1.4 model. We identify two dif-
ferent regimes for PP and EP changes in all models. First, & L= 2(1+Ri j) ’ )
decrease in the concentrations of the limiting nutrientincom- ~~ (01, +1/0i j)?
bination with a decrease in EP is indicative of reduced nutri-.

ent input from the thermocline into the mixed layer. This first IS F:ar:i:u(ljated T?B{I.or’ 200;).,.Wr;ebretR,~,j |sththe (1|s|':§tmcbe- d
regime is dominant in the low- and mid-latitude ocean and in/velghted correiation coetticient between e satefiife-base

the North Atlantic in all four models and in the Arctic for estimates (Pépg and the simulated PP (RPaverage 1998

the IPSL model. This regime is for example indicated by the2005) ando;.; is the corresponding standard deviation nor-

positive slope between productivity (PP and EP) and Iimitingmal'z.ed by the standard deviation of the ot_)servatlons. This
nutrient (yellow and red color in the panels for P&hd Fe in ”.‘e‘.”c per.1al|zes models that have normalized standard .de-
Fig. 6) and the negative slope between PP and stratificatioﬁ”at'onS either greater than or less than one by reducing

(blue color in the STRAT panel of Fi§) in areas where pro- fjhe Sk'l_l sccl)rg. The V]Ye'g?ts are calculated using a two-
ductivity is decreasing. For the second regime, an alleviation Imensional aussian function

of light and temperature limitation leads to an increase in PP =xi )2 (y—vi )2

and EP, while PP and EP is fueled by a sustained or evemw(x,y); j = eXp{—( 5 2’] + 5 2,1 )}
increased nutrient input into the euphotic zone. This sec- P P

ond regime is found in the Arctic in the CSM1.4 and MPIM A(x,y) )
model, to some extent in the tropical Pacific in the CCSM3 ZM,A(x,y)’
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IPSL skill score

MPIM skill score

MPIM CSM1.4 CCSM3

IPSL

Fig. 9. Regional skill scores showing the ability of the IP&), MPIM (b), CSM1.4(c), and CCSM3d) models to reproduce the satellite-
based estimates of PP. Pafe] shows which model has the highest skill score at a specific point and therefore dominates the skill-score
weighted multi-model mean shown in Fit0. The dotted areas indicate regions where the contribution of the model with the highest skill
score to the multi-model mean is less than 40%.

wherex; ; andy; ; are the longitude and latitude of the grid Where no observation-based data is available to calculate a
cell (i, j), A(x,y) is the area of the grid cell at coordinates skill score (e.g. in the Arctic) the model results are averaged
(x,y), andp = 10° characterizes the width of the distribution using equal weights.

(the distance at which the weight has decreased from one The above skill score metric emphasizes pattern similari-
to 1/./e). We note that the results are not sensitive to theties, but does not penalize offsets between the mean of the
exact choice op. The multi-model mean then is calculated fields. Therefore, we also investigate an alternative metric,

in proportion to these regional skill scores (Fdg-—c): E, based on mean square errors:
PP, = Z—S’";’f PP, ] G)  Emii= Y w(x, )i, j (PRobs(x,y) — PRy (x,))? (6)
m mOm,i, j X,y
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Fig. 10. (a)Multi-model mean of vertically integrated annual mean PP under preindustrial conditions (decadal mean 1860-1869) and
(b) projected changes by the end of the 21st century under SRES A2. The changes are shown on an exponential scale and represent tt
difference between 2090-2099 and 1860-1869 (decadal means). The multi-model means have been computed by using the regional skil
scores shown in Fid as weights. The dotted areas indicate that none of the regional skill scores is higher than 0.5. Where no observation-
based data is available to calculate skill scores (e.g. in the Arctic) the arithmetic mean of the model results is shown.

The weightsw(x,y); ; used here are the same as given captures best the magnitude and pattern of PP arouh8.40
above. The multi-model mean with this second metric is cal-Therefore these models dominate the mean in those regions

culated as (Fig.9d), and all these features are present in the multi-model
g1 mean (Fig.10a). There remain weaknesses. All models un-

PPf, =Y PR, (7)  derestimate PP in the Arabian Sea and off the west coast of
’ D m E, i North America. Consequently, the multi-model mean also

In addition, we have Computed the arithmetic mean frommisses these features. Overall, this method imprOVES the
all models (PP*®) as well as the mean obtained by weight- Multi-model mean significantly compared to simpler averag-

ing individual models with their globalo(= cc) skill score  ing methods (Tabl&).
(PPSulob), Regional skill scores are applied to calculate the multi-

Next, global skill scores gob) and global root mean model mean of preindustrial PP and of the projected changes
square errors (RMSE) are computed for the individual modelPy the end of the 21st century (Fig0) and as a function of
results and for the multi-model fields obtained by the four the global mean surface air temperature (g4l Fig. 11d).
different averaging methods (Tatle The global skill score ~ The globally integrated annual mean PP decreases from
for the first field (PP) is considerably higher than for the 37-1GtCyr? (preindustrial) to 33.0 Gt C yr by 2100 AD
others. All averaging methods result in a lower global skill (—2.9 Gt Cyr; —8%) for the multi-model mean (Fid,
score than that of the two best models (IPSL and CCSM3).Tablel). Large decreases in PP are projected for the North
However, the RMSE is lower for the ﬁmeld than for each AtlantiC, off the coast of Africa in the South Atlantic, in the
individual model and for the other multi-model fields. In the Pacific around the equator and around,34hd in the north-
following, we discuss results from this metric only. We note €rn part of the Indian Ocean; a slight increase in PP is found
that differences in the results obtained by the first two metricdn the Southern Ocean and in the Arctic (Figb). Calculat-
(PP and PP) are generally small. ing the mean by 2100 has the disadvantage that PP changes

This skill score method accounts for the different skills are merged that correspond to different temperature changes
of the mode|s at reproducing regiona' features Of the Sate'.as the models have different climate sensitivities. One Way to
lite based estimates, while not degrading the overall skill inavoid this is to calculate the regression slapeP/ASATgion
representing the satellite-based field compared to the best irfor each grid cell (Figlla—c) as done for the global PP in
dividual model. For example, the CSM1.4 model reproduced™id. 1c. The patterns of the resulting PP change per centi-
the high PP tongue around Rl in the North Atlantic. The ~ grade SAT increase are broadly consistent with the patterns
IPSL model captures most of the high PP features along th&f the projected PP change by 2100.
coasts of South America and Africa. The MPIM model has
a high skill in the central Pacific and the most realistic latitu-
dinal extension of the equatorial PP belt, while the CCSM3
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Fig. 11. Projected changes in vertically integrated annual mean primary production for a nominal increase in global mean surface air
temperature (SAdjop) of 1°C. The panels show the slogePP/ASATqp, at each grid cell for the IPS(a), MPIM (b), CSM1.4(c), and
CCSM3(d) models. The multi-model mege) is the weighted mean (based on regional skill scores) of the individual slopes. The color
code is on an exponential scale and changes are calculated from a linear regression of annual mean values over the period 1860—2099. Are:
whereR? < 0.1 are shaded in panels (a—d).

3.4 Changes in the seasonal cycle In the global zonal mean, the seasonal amplitude is
projected to decrease everywhere in the IPSL simulation.
One aspect of the simulations to explore is how the seasonalargest reductions of about 200 mg Cfday ! can be
cycle and interannual variability are modified under global found at 40 N—70° N, where the reduction is clearly distin-
warming. Here, we compare the simulated maximum seaguishable from preindustrial interannual variability. Further,
sonal PP amplitudes (annual maximum minus annual minia marked reduction is found at low latitudes around-20
mum) and their interannual variations for the decades 1860-30> and in the Arctic Ocean north of 88. The reduction

1869 and 2090-2099 along the two sections in the Atlanticin the north is linked to a large reduction in PP in the At-
and the Pacific shown in Fig.and for the global zonal mean |antic between 30N and 60 N from April to July and in the
(Fig. 12). Pacific between 53N and 70 N from April to September
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Fig. 12. Seasonal PP amplitude (maximum — minimum) zonally averaged (top), and for specific sections in the Atlantic (middle) and Pacific
(bottom) as simulated by the four models IPSL, MPIM, CSM1.4, and CCSM3 (columns from left to right) for preindustrial conditions (blue;
decade 1860-1869) and projected by the end of the century (red; decade 2090-2099). Lines indicate the decadal mean and shadings tt

interannual variability £¢). Please note that the scale of the vertical axis is different for the Atlantic section.

(not shown). Not only the seasonal amplitude, but also the In the global zonal mean, the seasonal amplitude projected

interannual variability in PP is projected to decrease for mosthy the CCSM3 model decreases betweeh8@nd 70 N by

latitudes. about 200 mg C m? day 1, broadly consistent with the re-

The zonally averaged seasonal PP amplitude in the MPIMsults of the other models. In the Arctic Ocean the amplitude

simulation is also reduced betweerf R0and 60 S. Largest  increases by about the same amount. A slightincrease is also

reductions of about 200 mg CtA day ! are located in the found around 45N. The reduction around 60 can be at-

Southern Ocean and around the equator. Southo§@hd  tributed to changes in the North Atlantic, while the changes

north of 70 N the seasonal amplitude increases, consistenaround 30N are dominated by the Pacific. In the topical

with an increase in PP in these areas. The MPIM model exAtlantic the amplitude tends to be reduced slightly.

hibits a larger interannual variability than the other two mod-  In summary, changes in seasonal cycle amplitude are rel-

els, and at most latitudes the projected changes are withiatively small, though there are exceptions. The seasonal am-

the range of preindustrial interannual variability. Maximum plitude tends to become smaller when overall PP decreases.

changes in PP occur from December to February in thenterannual variability in the seasonal amplitude is substan-

Southern Ocean and during July/August in the Arctic Oceantial and projected to decrease in two of the four models (IPSL

In the CSM1.4 model the zonally averaged seasonal PRind CSM1.4).

amplitude is reduced by up to 300 mg C frday ! between

40° N and 60 N. An increase is found north of 80, in

the Southern Ocean (48-60 S), and in the Arctic Ocean. 4 Discussion and conclusions

Changes are small in other regions. The changes in the north

are dominated by the Atlantic where PP is strongly reducedlhe trends in ocean productivity in response to anthro-

between 40N and 60 N (March—June) and enhanced be- pogenic climate change have been analyzed with four cou-

tween 60 N and 70 N (April-June). pled carbon cycle-climate models that incorporate marine
biogeochemical-ecosystem models of different complexity.
The decreasing trend in global net primary production (PP)
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and particulate organic carbon export (EP) is a robust result, The cycling of iron is quantitatively not well understood
but relative and absolute magnitudes differ among modelsand difficult to represent in ocean models. It involves a tem-
and regions. porally and spatially variable aeolian dust source, sediment

The underlying mechanisms of change are qualitativelysources, as well as complex physical and chemical processes
consistent across the models, except in the Arctic and irsuch as complexation to organic ligands and scavenging by
parts of the tropical Pacific. All four models show a con- particles (e.gParekh et a).2004). All models in this study
sistent change in physical drivers, surface concentrations oiave atmospheric iron deposition and the IPSL and CCSM3
macro-nutrients, and PP when considering regional averagesodels also have a sediment source. Sensitivity studies with
(Fig. 5). Namely, the models project an increase in sea surthe ocean only model of MPIM showed a decrease in EP of
face temperature and stratification in all regions and an in-0.4 GtC in response to a 30% decrease of dust deposition in
crease in available light in the Arctic in response to sea icea 2xCO;, climate as predicted bilahowald et al.(2006.
retreat. Macro-nutrient concentrations in the euphotic zoneTagliabue et al(2008 found a NPP reduction of about 3%
are projected to decrease in all regions and for all modelsin response to a 60% reduction in iron input from dust in
Two different regimes for change in PP and EP are iden-a 21st century simulation with the IPSL model. Variations
tified, that were already discussed previously in the litera-in the dust input of iron significantly impact nitrogen fix-
ture Bopp et al, 200% Sarmiento et al.1999. First, all ation, export production, and air-sea £é&xchange in the
models indicate a decrease in PP and EP in the low- an€CSM3 model Kloore et al, 2006 Moore and Braucher
mid-latitude ocean and in the North Atlantic in response t02008 Doney, et al. 2009). This suggests that there may
reduced nutrient delivery to the surface ocean linked to enbe a significant even though not first order impact on atmo-
hanced stratification, reduced mixed-layer depth and slowedpheric CQ. The predicted change and even the sign of
ocean circulation. This is broadly consistent with earlier pro-change in dust deposition, however, are still highly uncer-
jections using box models, Earth System Models of Interme-tain and, therefore, dust climatologies were kept constant in
diate Complexity or general circulation modedépper and  this study.

De Haan 1995 Maier-Reimer et a).1996 Joos et a].1999 None of the models used here explicitly represents bac-
Matear and Hirst1999 Plattner et al. 2001, Bopp et al, terial pools. The microbial loop describing the energy and
2001, Fung et al. 2005 Frolicher et al, 2009. Second, light  nutrient flow initiated by bacterial consumption of dissolved
and temperature limitation is reduced in the high-latitude organic matter and grazing by bacterivores is implicitly rep-
ocean, whereas nutrient supply remains sufficient to suppontesented in the models. Dissolved organic matter is assumed
an increase in PP and EP. This second regime is found in thto decay and released nutrients are then available to fuel pro-
Arctic in the CSM1.4 and MPIM model and in parts of the ductivity. Three of the models show a lower global PP than
Southern Ocean in all four models. A qualitative difference observation-based estimates and one might be tempted to
among models is found in the Arctic, where IPSL projects alink to the low productivity to the missing explicit represen-
decrease in PP and EP related to a reduced supply of macrdation of bacteria. However, the PP of 49 Gt C ¥simulated
nutrients, whereas CSM1.4, MPIM, and CCSM3 project a PPby the CCSM3 model falls well within the satellite-based
and EP increase due to reduced light and temperature limitarange of 35 to 70 Gt C yr* and the PP of the IPSL model is
tion. In any case, absolute changes in PP in the Arctic andwvith 34 Gt C yr! only slightly lower than the satellite-based
the Southern Ocean are relatively small in the IPSL, MPIM, range. As already discussed, PP in the MPIM model is too
and CSM1.4 models. An exception is the CCSM3 modelstrongly limited by iron and the simple empirical formulation
where the PP increase in the Arctic and Southern Ocean isf productivity in the CSM1.4 is biased low by design. Taken
of the same order of magnitude as the decrease in the tropidegether, this suggests that the missing explicit representation
and in the North Atlantic. This explains the relatively small of bacteria does not necessarily cause an underestimation of
decrease in PP on the global scale projected by that model. PP.

The models project also a different evolution of iron. The  The formulation of the temperature dependency of growth
MPIM and CSM1.4 models use constant elemental ratios irrates and other processes vary qualitatively and quantita-
their production algorithms and consequently surface irontively among the four models. An exponential tempera-
concentration are decreasing in parallel with macro-nutrienture dependency is used for growth rates, microzooplankton
concentrations in regions without substantial aeolian iron in-grazing, and POC remineralization in the IPSL and CCSM3
put. In the IPSL model, the iron-to-carbon ratio of assimi- models withQ1o values of 1.9 and 2.0, respectively. This
lated material is reduced under nutrient stress. As a consds comparable to the temperature dependency for growth
quence, iron concentration increases in the euphotic zone amtes proposed b¥ppley (1972 and applied bySchmit-
less iron is exported to depth in the form of organic matter.tner et al.(2008. In contrast, growth rates are temperature-
The CCSM3 model also features a variable iron-to-carbonindependent in the MPIM model, thereby assuming that phy-
ratio but the effect on surface iron concentrations is rathertoplankton acclimate to local temperature. The temperature
small and changes are mainly driven by physical processelmitation for productivity in CSM1.4 corresponds formally
such as increased stratification. to a Michaelis-Menton type formulation (EQ) and has a
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concave shape in contrast to the exponential-type formulatached to the model that represents an individual regional fea-
tions. In other words, the nominal sensitivity of PP to a tem-ture best, whereas little weight is attached to the models that
perature change is highest at low temperatures in CSM1.4, iffiail to reproduce the regional feature. The regional metrics
contrast to CCSM3 and IPSL where the sensitivity of growth quantify the regional performance of each model (Eg.
rates is highest in the warm ocean. Interestingly, global PR-eatures that all models fail to represent as evidenced by
is decreasing in all four models under global warming, inlow skills can be flagged in the multi-model average. Dis-
contrast to the model dchmittner et al(2008. The IPSL  advantages are that suitable target fields have to be defined
model with the highest temperature sensitivity for growth and scale lengths to be determined. The choice of an an-
rates and a realistic relationship between the export ratio andual mean climatological field as a target is debatable. Ad-
temperature (Fig3) yields the largest decrease in PP per ditional targets including seasonal or interannual variability
nominal change in surface temperature (BEm. Apparently,  (Santer et a.2009 may be applied. Most preferable would
increasing nutrient limitation is more important in regulating be observation-based data that include decadal scale trends
PP on the global scale than the direct temperature effect omwhen evaluating projections of the 21st century. Further, our
growth rates in the IPSL model and in the other models ap-approach, as any weighting scheme, is based on the assump-
plied here. tion that the relative skill of the model remains about the
Quantitatively, the four models show large differences in same over time. A more fundamental caveat is worth men-
regional responses. These are often linked to differencesioning. Each individual model provides an internally consis-
in the simulation of the mean PP fields. For example, irontent representation of heat and mass fluxes, nutrient cycling,
limitation is too strong in the MPIM in the low and mid- and ecosystem dynamics taking fully into account first order
latitude ocean and in the CSM1.4 model in the equatorialprinciples such as mass and energy conservation. By using
Pacific. Consequently, PP in these regions is very low forregional weights, regional features from different models are
these models and the projected decrease is also small by neembined to a new global mean field which may lack internal
cessity. Other differences are related to the climate sensieonsistency. We believe that our regional weight approach
tivity of the models. The CSM1.4 model has the smallestis preferable compared to the conventional “one model, one
climate sensitivity and shows a smaller surface warming andiote” approach to generate a multi-model mean projection of
smaller changes in low-latitude stratification than the IPSLPP. However, we caution that this might not be the case for
and MPIM model. The comparison between observation-other applications.
based PP estimates and simulated PP @&i§chneider et al. Our results are contradictory to the resultsSaErmiento
2008 suggests that it is not advisable to simply average theet al.(2004) on the global scale and in most regions (Rig).
results from the four models as obvious shortcomings of theSarmiento et al(2004 project an increase in global PP by
models would unfavorably influence the multi-model mean 0.7 to 8.1% and not a decrease. These authors rely on an em-
projection. pirical model approach in combination with output for phys-
We have applied regional model skill metrics as weights inical variables from AOGCM global warming simulations.
the computation of multi-model means. Here, we have usedrhe cycling of nutrients and nutrient concentrations are not
the satellite-based PP estimates (average of annual mean RRplicitly considered. Seven physics-based diagnostics (sur-
for the period 1998 to 2005) &ehrenfeld et al(200§ asan  face temperature, salinity and density, upwelling and verti-
example target against which the performance of individualcal density gradient in the top layers, mixed layer depth, and
models is assessed; in the future it might be useful to comice cover) are used to define 33 biogeographical provinces.
pare models to the ensemble of satellite-based reconstru@n empirical chlorophyll model, describing chlorophyll as
tions of PP and chlorophyll given their uncertainties. Otheran exponential function of temperature, salinity, mixed layer
metrics, such as how well the models reproduce current surdepth and growing season length, is fitted to the SeaWiFS
face nutrient distributions, could be used as additional targetghlorophyll data for each province and used to project 21st
(Doney et al. 20093. A scale length is introduced for the century changes in chlorophyll from the AOGCM output.
regional skill score calculation that can be adjusted for theFinally, PP is estimated from the chlorophyll concentration
problem considered. Here, the scale length has been selectéar three different productivity algorithm®Bgehrenfeld and
to be representative for the spatial scale of marine biogeoFalkowskj 1997a Carr, 2002 Marra et al, 2003. This chain
graphical provinces¥10°); the exact choice of the numeri- of models yield an increase in PP almost in the entire ocean
cal value is not crucial for our application. The multi-model for the Marra et al. algorithm and, to a lesser extent for the
mean PP changes are expressed as PP change per a no@arr algorithm, whereas the Behrenfeld and Falkowski algo-
nal increase in global mean surface air temperature®°@ 1 rithm yields a decrease in PP in low and mid latitudes and
to account for the different climate sensitivities of the mod- an increase in high-latitudes. Only the projected decrease in
els. The use of regional metrics has advantages. It results itow and mid latitudes with the Behrenfeld and Falkowski al-
an improved skill in representing the satellite-based PP fieldgorithm is consistent with this and an earlier analysis with
compared to a conventional, IPCC-type multi-model averagehe IPSL modelBopp et al, 2001). On the global scale, the
where each model is given equal weight. Most weight is at-increase in PP projected I8armiento et al(2004) is in the
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Fig. 13. Changes in zonally integrated PP under global warming as found with an empirical approach (left; cf. Fi§attiento et al.

2004 and simulated with the mechanistic models IPSL, MPIM, CSM1.4, and CCSM3 (right). In the left panel the productivity is calculated
with the three different primary production algorithmsBghrenfeld and FalkowsklL997a B&F), Carr(2002, andMarra et al(2003. The
multi-model mean shown in the right panel (cyan) has been calculated using regional skill scores.

range of about 0.2% to 2% per nominal change in surfaceéPP is projected to decrease in low and mid latitudes with
air temperature of °IC for the three algorithms. The corre- the Behrenfeld and Falkowski algorithm and to increase with
sponding range is-4% to —0.5% for the four models used the Marra et al. algorithm in transient warming scenarios.
here, whereas the model 8thmittner et al(2008 shows  These discrepancies between algorithms may reflect the dif-
a more than five times larger sensitivity than inferred by theficulties to separate light and nutrient effects on BEBhren-
empirical approach. feld et al, 2008. We note that observation-based changes

What are the reasons for the discrepancies between rdD global chlorophyll and inferred global PP Behrenfeld
sults from the empirical approach and those from processet al.(2009 evolve in parallel. An implicit assumption in the
based climate-biogeochemical-ecosystem models used impirical approach is thatthe spatial relationship between PP
this study? A fundamental conceptual difference is thatand physical forcing found for the modern ocean can be ap-
the cycling of nutrients and nutrient availability is explic- Plied to temporal changes into the future. Howegatinei-
ity considered in the process-based models, whereas nuder et al.(2008 find that the relationship between PP and
trient limitation is only implicitly included in the empirical temperature in the low-latitude ocean is different for inter-
approach ofSarmiento et al(2004 and the satellite pro- annual variations of the last decades and the century-scale
ductivity algorithms. As nutrients are a key factor for phy- trends in transient warming simulations.
toplankton growth and PP, it appears necessary to take the Process-based models are far from perfédthfieider
decadal-to-century scale evolution of nutrient cycling into et al, 2008 and their results must be interpreted with some
account as done in the process-based models. As discussedution. However, it appears evident from our analysis that
by Sarmiento et al(2004), projected changes in chlorophyll the cycling of nutrients and changes in the supply to the
are small for their empirical approach, and their changessurface and in the concentration of nutrients must be real-
in PP depend critically on the applied satellite algorithm. istically represented to project changes in PP and EP with
Sarmiento et al(2004 highlight the importance of the as- some realism. What is required for further progress is to
sumed relationship between temperature and PP for a giveaombine satellite, field, and laboratory observations, empiri-
chlorophyll concentration. This temperature sensitivity of PP cal approaches and process-based models to further improve
is very different among the satellite algorithms. For exam-our quantitative understanding. Novel metrics such as (mul-
ple, PP increases with temperature by a factor of about twdivariate) regional skill scores may prove useful to synthesize
between 18C and 30°C for the Marra et al. algorithm, but results from models and observational studies in a quantita-
decreases by a factor of two over the same temperature randiwe and transparent way. As far as modeling is concerned,
for the Behrenfeld and Falkowski algorithm. Consequently, factorial experiments dedicated to quantify the link between
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PP and individual parameters will be helpful to improve the
understanding of model behavior and to compare model re-

M. Steinacher et al.: Projected decrease in marine productivity

mate change on marine export production, Global Biogeochem.
Cycles, 15, 81-99, 2001.

sults with experimental data. Improved parametrizations of8opp, L., Aumont, O., Belviso, S., and Monfray, P.: Potential im-
ecosystem processes that take into account emerging resultsPact of climate change on marine dimethyl sulfide emissions,

from field and laboratory studies are required to close gaps
in understanding.

Acknowledgement3ie would like to thank J. Sarmiento and

B

Tellus B, 55, 11-22, 2003.

opp, L., Aumont, O., Cadule, P., Alvain, S., and Gehlen, M.: Re-

sponse of diatoms distribution to global warming and potential
implications: a global model study, Geophys. Res. Lett., 32, 1-4,
2005.

R. Slater for providing us with the data from their study. We also Boville, B. A. and Gent, P. R.: The NCAR Climate System Model

thank the SeaWiFS Project and M. Behrenfeld for providing data

from satellite observations. Furthermore, we thank J. SarmientQz\ijle B. A.. Kiehl. J. T.. Rasch. P. J.. and Bryan, F. O.:

and M. Behrenfeld for their valuable comments that helped to
improve the manuscript and K. Taylor for sharing his expertise

on model skill metrics. This work was funded by the European Boyd, P. W. and Doney

Union projects CARBOOCEAN (511176-2) and EUROCEANS
(511106-2) and is a contribution to the “European Project on

version one, J. Climate, 11, 1115-1130, 1998.

Improve-
ments to the NCAR CSM-1 for transient climate simulations, J.
Climate, 14, 164-179, d0i:10.1029/2002JD003026, 2001.

S. C.: Modelling regional responses by
marine pelagic ecosystems to global climate change, Geophys.
Res. Lett., 29, 1806, d0i:10.1029/2001GL014130, 2002.

Ocean Acidification” (EPOCA) which received funding from Boyd, P. W,, Jickells, T., Law, C. S., Blain, S., Boyle, E. A., Bues-

the European Community’s Seventh Framework Programme
(FP7/2007-2013) under grant agreement no. 211384. Additional
support was received from the Swiss National Science Foundation.
SCD acknowledges support from the NASA Ocean Biology and
Biogeochemistry Program (NNX07AL80G). LB aknowledges sup-
port from the EU Project MEECE (Marine Ecosystem Evolution in
a Changing Environnement, grant agreement 212085).

seler, K. O., Coale, K. H., Cullen, J. J., de Baar, H. J. W,,

Follows, M., Harvey, M., Lancelot, C., Levasseur, M., Owens,

N. P. J., Pollard, R., Rivkin, R. B., Sarmiento, J., Schoemann,
V., Smetacek, V., Takeda, S., Tsuda, A., Turner, S., and Wat-
son, A. J.: Mesoscale iron enrichment experiments 1993—-2005:
Synthesis and future directions, Science, 315, 612-617, doi:
10.1126/science.1131669, 2007.

Carr, M.-E.: Estimation of potential productivity in Eastern Bound-

Edited by: C. P. Slomp

ary Currents using remote sensing, Deep-Sea Res. Pt. I, 49, 59—
80, 2002.

Carr, M.-E., Friedrichs, M. A. M., Schmeltz, M., Aita, M. N.,

References

Anderson, L. A. and Sarmiento, J. L.: Redfield ratios of rem-
ineralization determined by nutrient data analysis, Global Bio-
geochem. Cycles, 8, 65-80, 1994.

Aumont, O. and Bopp, L.: Globalizing results from ocean in situ
iron fertilization studies, Global Biogeochem. Cycles, 20, 1-15,
2006.

Aumont, O., Maier-Reimer, E., Blain, S., and Monfray, P.: An
ecosystem model of the global ocean including Fe, Si, P col-

Antoine, D., Arrigo, K. R., Asanuma, |., Aumont, O., Barber,
R., Behrenfeld, M., Bidigare, R., Buitenhuis, E. T., Campbell,
J., Ciotti, A., Dierssen, H., Dowell, M., Dunne, J., Esaias, W.,
Gentili, B., Gregg, W., Groom, S., Hoepffner, N., Ishizaka,
J., Kameda, T., Le Qare, C., Lohrenz, S., Marra, J., Melin,
F., Moore, K., Morel, A., Reddy, T. E., Ryan, J., Scardi, M.,
Smyth, T., Turpie, K., Tilstone, G., Waters, K., and Yamanaka,
Y.. A comparison of global estimates of marine primary pro-
duction from ocean color, Deep-Sea Res. Pt. I, 53, 741-770,
doi:10.1016/j.dsr2.2006.01.028, 2006.

imitations, Global Biogeochem. Cycles, 17, 1060, doi:10.1029/Crueger, T., Roeckner, E., Raddatz, T., Schnur, R., and Wetzel,

2001GB001745, 2003.

Azam, F.,, Fenchel, T., Field, J. G., Gray, J. S., Meyerreil, L. A., and
Thingstad, F.: The ecological role of water-column microbes in
the sea, Mar. Ecol.-Prog. Ser., 10, 257-263, 1983.

Behrenfeld, M. J. and Falkowski, P. G.: A consumer’s guide to phy-
toplankton primary productivity models, Limnol. Oceanogr., 42,
1479-1491, 1997a.

P.: Ocean dynamics determine the response of oceanic CO
uptake to climate change, Clim. Dynam., 31, 151-168, doi:
10.1007/s00382-007-0342-x, 2008.

de Baar, H. J. W,, de Jong, J. T. M., Bakker, D. C. Esther,

B. M., Veth, C., Bathmann, U., and Smetacek, V.: Importance
of iron for plankton blooms and carbon dioxide drawdown in the
Southern Ocean, Nature, 373, 412—-415, 1995.

Behrenfeld, M. J. and Falkowski, P. G.: Photosynthetic rates de-Doney, S., Lindsay, K., Fung, 1., and John, J.: Natural variability

rived from satellite-based chlorophyll concentration, Limnol.
Oceanogr., 42, 1-20, 1997b.

in a stable, 1000-yr global coupled climate-carbon cycle simula-
tion, J. Climate, 19, 3033-3054, 2006.

Behrenfeld, M. J., O'Malley, R. T., Siegel, D. A., McClain, C. R., Doney, S. C., Lima, |., Moore, J. K., Lindsay, K., Behrenfeld, M. J.,

Sarmiento, J. L., Feldman, G. C., Milligan, A. J., Falkowski,
P. G., Letelier, R. M., and Boss, E. S.: Climate-driven trends in
contemporary ocean productivity, Nature, 444, 752—755, 2006.
Behrenfeld, M. J., Halsey, K. H., and Milligan, A. J.: Evolved phys-
iological responses of phytoplankton to their integrated growth

environment, Philos. T. R. Soc. B, 363, 2687-2703, do0i:10.1098/Doney, S. C., Lima, I., Feely, R. A., Glover, D. M., Lindsay, K

rstb.2008.0019, 2008.
Bopp, L., Monfray, P., Aumont, O., Dufresne, J. L., Le Treut, H.,
Madec, G., Terray, L., and Orr, J. C.: Potential impact of cli-

Biogeosciences, 7, 972005 2010

Westberry, T. K., Mahowald, N., Glover, D. M., and Takahashi,
T.: Skill metrics for confronting global upper ocean ecosystem-
biogeochemistry models against field and remote sensing data,
J. Marine Syst., 76, 95-112, doi:10.1016/j.jmarsys.2008.05.015,
2009a.

Mahowald, N., Moore, J. K., and Wanninkhof, R.: Mechanisms
governing interannual variability in upper-ocean inorganic car-

www.biogeosciences.net/7/979/2010/



M. Steinacher et al.: Projected decrease in marine productivity 1003

bon system and air-sea G@uxes: Physical climate and atmo- A.: Global warming and marine carbon cycle feedbacks and fu-
spheric dust, Deep-Sea Res., 56, 640—655, doi:10.1016/j.dsr2. ture atmospheric C§& Science, 284, 464-467, 1999.
2008.12.006, 2009b. Kiehl, J. T., Hack, J. J., Bonan, G. B., Boville, B. A., Williamson,

Dulaiova, H., Ardelan, M. V., Henderson, P. B., and Charette, D.L., and Rasch, P. J.: The National Center for Atmospheric Re-
M. A.: Shelf-derived iron inputs drive biological productivity search Community Climate Model, J. Climate, 11, 1151-1178,
in the southern Drake Passage, Global Biogeochem. Cycles, 23, 1998.

doi:10.1029/2008GB003406, 2009. Klepper, O. and De Haan, B. J.: A sensitivity study of the effect of
Eppley, R. W.: Temperature and phytoplankton growth in sea, Fish. global change on ocean carbon uptake, Tellus B, 47, 490-500,
Bull., 70, 1063-1085, 1972. 1995.

Fasham, M. J. R., Sarmiento, J. L., Slater, R. D., Ducklow, H. W., Krinner, G., Viovy, N., de Noblet-Ducoudre, N., Ogee, J., Polcher,
and Williams, R.: Ecosystem behavior at Bermuda Station-S and J., Friedlingstein, P., Ciais, P., Sitch, S., and Prentice, I. C.:
Ocean Weather Station India — A general-circulation model adn A dynamic global vegetation model for studies of the coupled
observational analysis, Global Biogeochem. Cycles, 7, 379-415, atmosphere-biosphere system, Global Biogeochem. Cycles, 19,
1993. 1-33, 2005.

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., Von Bloh, W., Laws, E. A., Falkowski, P. G., Smith, W. O., Ducklow, H., and
Brovkin, V., Cadule, P., Doney, S., Eby, M., Fung, |., Bala, G., MccCarthy, J. J.: Temperature effects on export production in the
John, J., Jones, C., Joos, F., Kato, T., Kawamiya, M., Knorr, W., open ocean, Global Biogeochem. Cycles, 14, 1231-1246, 2000.
Lindsay, K., Matthews, H. D., Raddatz, T., Rayner, P., Reick, Le Quére, C., Harrison, S. P., Prentice, I. C., Buitenhuis, E. T.,
C., Roeckner, E., Schnitzler, K. G., Schnur, R., Strassmann, K., Aumont, O., Bopp, L., Claustre, H., Da Cunha, L. C., Gei-
Weaver, A. J., Yoshikawa, C., and Zeng, N.: Climate-Carbon der, R., Giraud, X., Klaas, C., Kohfeld, K. E., Legendre, L.,

Cycle Feedback Analysis: Results from th&\GP Model Inter- Manizza, M., Platt, T., Rivkin, R. B., Sathyendranath, S., Uitz,
comparison: Evolution of carbon sinks in a changing climate, J. J., Watson, A. J., and Wolf-Gladrow, D.: Ecosystem dynam-
Climate, 19, 3337-3353, 2006. ics based on plankton functional types for global ocean bio-

Frolicher, T. L. and Joos, F.: Reversible and irreversible im- geochemistry models, Glob. Change Biol., 11, 2016-2040, doi:
pacts of greenhouse gas emissions in multi-century projec- 10.1111/j.1365-2468.2005.01004.x, 2005.
tions with the NCAR global coupled carbon cycle-climate Madec, G., Delecluse, P., Imbard, M., and Levy, C.: OPA 8.1 ocean
model, Clim. Dynam., 34, published online first, doi:10.1007/  general circulation model reference manual, Notes die e
s00382-009-0727-0, 2010. Modélisation 11, Institut Pierre Simon Laplace des Sciences de
Frolicher, T. L., Joos, F., Plattner, G. K., Steinacher, M., and I'Environment Global, Paris, France, 1998.
Doney, S. C.: Natural variability and anthropogenic trends in Mahowald, N. M., Muhs, D. R., Levis, S., Rasch, P. J., Yoshioka,
oceanic oxygen in a coupled carbon cycle-climate model en- M., Zender, C. S., and Luo, C.: Change in atmospheric mineral
semble, Global Biogeochem. Cycles, 23, 1-15, doi:10.1.1029/ aerosols in response to climate: Last glacial period, preindustrial,
2008GB003316, 2009. modern, and doubled carbon dioxide climates, J. Geophys. Res.-
Fung, I., Doney, S., Lindsay, K., and John, J.: Evolution of car- Atmos., 111, D10202, doi:10.1029/2005JD006653, 2006.
bon sinks in a changing climate, P. Natl. Acad. Sci. USA, 102, Maier-Reimer, E.: Geochemical cycles in an ocean general cir-
11201-11206, 2005. cultion model. Preindustrial tracer distributions, Global Bio-
Gehlen, M., Bopp, L., Emprin, N., Aumont, O., Heinze, C., and geochem. Cycles, 7, 645-677, 1993.
Ragueneau, O.: Reconciling surface ocean productivity, exporiMaier-Reimer, E., Mikolajewicz, U., and Winguth, A.: Future
fluxes and sediment composition in a global biogeochemical ocean uptake of C® interaction between ocean circulation and
ocean model, Biogeosciences, 3, 521-537, 2006, biology, Clim. Dynam., 12, 63-90, 1996.
http://www.biogeosciences.net/3/521/2006/ Maier-Reimer, E., Kriest, I., Segschneider, J., and Wetzel, P.: The
Gent, P. R., Bryan, F. O., Danabasoglu, G., Doney, S. C., Holland, HAMburg Ocean Carbon Cycle model HAMOCCS5.1, Berichte
W. R., Large, W. G., and McWilliams, J. C.: The NCAR Climate zur Erdsystemforschung 14/2005, Max Planck-InstifmtMete-
System Model global ocean component, J. Climate, 11, 1287— orologie, Hamburg, Germany, 2005.
1306, 1998. Manizza, M., Le Qeére, C., Watson, A. J., and Buitenhuis, E. T.
Goldstein, B., Joos, F., and Stocker, T. F.. A modeling study of Ocean biogeochemical response to phytoplankton-light feedback
oceanic nitrous oxide during the Younger Dryas cold period, in a global model, J. Geophys. Res.-Oceans, 113, C10010, doi:
Geophys. Res. Lett.,, 30, 1092, doi:10.1029/2002GL016418, 10.1029/2007JC004478, 2008.
2003. Marra, J., Ho, C., and Trees, C. C.: An alternative algorithm for
Hourdin, F., Musat, |., Bony, S., Braconnot, P., Codron, F., the calculation of primary productivity from remote sensing data,
Dufresne, J.-L., Fairhead, L., Filiberti, M.-A., Friedlingstein, P., Tech. rep., Lamont-Doherty Earth Obs., Palisades, N.Y., USA,
Grandpeix, J.-Y., Krinner, G., Levan, P., Li, Z.-X., and Lott, 2003.
F.: The LMDZ4 general circulation model: climate performance Marsland, S. J., Haak, H., Jungclaus, J. H., Latif, M., and Roske,
and sensitivity to parametrized physics with emphasis on tropical F.: The Max-Planck-Institute global ocean/sea ice model with
convection, Clim. Dynam., 19, 3445-3482, 2006. orthogonal curvilinear coordinates, Ocean Model., 5, 91-127,
Johnson, K. S., Gordon, R. M., and Coale, K. H.: What controls 2003.
dissolved iron concentrations in the world ocean?, Mar. Chem. Matear, R. J. and Hirst, A. C.: Climate change feedback on the
57,137-161, 1997. future oceanic CQuptake, Tellus B, 51, 722-733, 1999.
Joos, F., Plattner, G. K., Stocker, T. F., Marchal, O., and SchmittnerMeehl, G. A., Stocker, T. F., Collins, W. D., Friedlingstein, P., Gaye,

www.biogeosciences.net/7/979/2010/ Biogeosciences, 7,190%-2010


http://www.biogeosciences.net/3/521/2006/

1004 M. Steinacher et al.: Projected decrease in marine productivity

A.T., Gregory, J. M., Kitoh, A., Knutti, R., Murphy, J. M., Noda, Sci. USA, 106, 14778-14783, doi:10.1073/pnas.0901736106,
A., Raper, S. C. B., Watterson, I. G., Weaver, A. J., and Zhao, Z.- 2009.

C.: Climate Change 2007: The Physical Science Basis. ContribuSarmiento, J. L., Slater, R. D., Fasham, M. J. R., Ducklow, H. W.,
tion of Working Group | to the Fourth Assessment Report of the  Toggweiler, J. R., and Evans, G. T.: A seasonal 3-dimensional
Intergovernmental Panel on Climate Change, chap. Global Cli- ecosystem model of nitrogen cycling in the North-Atlantic eu-
mate Projections, 747-846, Cambridge University Press, Cam- photic zone, Global Biogeochem. Cycles, 7, 417-450, 1993.
bridge, United Kingdom and New York, NY, USA, 2007. Sarmiento, J. L., Hughes, T. M. C., Stouffer, R. J., and Manabe, S.:

Moore, J. K. and Braucher, O.: Sedimentary and mineral dust Simulated response of the ocean carbon cycle to anthropogenic
sources of dissolved iron to the world ocean, Biogeosciences, climate warming, Nature, 393, 245-249, 1998.

5, 631-656, 2008, Sarmiento, J. L., Slater, R., Barber, R., Bopp, L., Doney, S. C.,
http://www.biogeosciences.net/5/631/2008/ Hirst, A. C., Kleypas, J., Matear, R., Mikolajewicz, U., Monfray,
Moore, J. K., Doney, S. C., Kleypas, J. A., Glover, D. M., and Fung, P., Soldatov, V., Spall, S. A., and Stouffer, R.: Response of ocean
I. Y.: An intermediate complexity marine ecosystem model for  ecosystems to climate warming, Global Biogeochem. Cycles, 18,

the global domain, Deep-Sea Res. Pt. 1l, 49, 403-462, doi:10. GB3003, doi:10.1029/2003GB002134, 2004.
1016/S0967-0645(01)00108-4, 2002. Schmittner, A. and Galbraith, E. D.: Glacial greenhouse-gas fluc-

Moore, J. K., Doney, S. C., and Lindsay, K.: Upper ocean ecosys- tuations controlled by ocean circulation changes, Nature, 456,
tem dynamics and iron cycling in a global three-dimensional 373-376, doi:10.1038/nature07531, 2008.
model, Global Biogeochem. Cycles, 18, GB4028, doi:10.1029/Schmittner, A., Oschlies, A., Matthews, H. D., and Galbraith, E. D.:
2004GB002220, 2004. Future changes in climate, ocean circulation, ecosystems, and

Moore, J. K., Doney, S. C., Lindsay, K., Mahowald, N., and  biogeochemical cycling simulated for a business-as-usual CO
Michaels, A. F.: Nitrogen fixation amplifies the ocean biogeo- emission scenario until year 4000 AD, Global Biogeochem. Cy-
chemical response to decadal timescale variations in mineral dust cles, 22, GB1013, doi:10.1029/2007GB002953, 2008.
deposition, Tellus B, 58, 560-572, doi:10.1111/j.1600-0889. Schneider, B., Bopp, L., Gehlen, M., Segschneider, J., Frlicher, T.
2006.00209.x, 2006. L., Cadule, P, Friedlingstein, P., Doney, S. C., Behrenfeld, M. J.,

Najjar, R. G., Jin, X., Louanchi, F., Aumont, O., Caldeira, K., and Joos, F.: Climate-induced interannual variability of marine
Doney, S. C., Dutay, J.-C., Follows, M., Gruber, N., Joos, F., primary and export production in three global coupled climate
Lindsay, K., Maier-Reimer, E., Matear, R. J., Matsumoto, K.,  carbon cycle models, Biogeosciences, 5, 597—614, 2008,
Mouchet, A., Orr, J. C., Sarmiento, J. L., Schlitzer, R., Weirig,  http://www.biogeosciences.net/5/597/2Q08/

M. F., Yamanaka, VY., and Yool, A.: Impact of circulation on Siegenthaler, U. and Wenk, T.: Rapid atmospheric @@riations
export production, dissolved organic matter, and dissolved oxy- and ocean circulation, Nature, 308, 624—-626, 1984.

gen in the ocean: Results from Phase Il of the Ocean CarbonSix, K. D. and Maier-Reimer, E.: Effects of plankton dynamics
cycle Model Intercomparison Project (OCMIP-2), Global Bio-  on seasonal carbon fluxes in an ocean general circulation model,
geochem. Cycles, 21, GB3007, doi:10.1029/2006GB002857, Global Biogeochem. Cycles, 10, 559-583, 1996.

2007. Smith, R. and Gent, P.: Reference Manual for the Parallel Ocean

Parekh, P., Follows, M. J., and Boyle, E.: Modeling the global Program (POP). Ocean Component of the Community Climate
ocean iron cycle, Global Biogeochem. Cycles, 18, GB1002, doi:  System Model (CCSM2.0 and 3.0)., Tech. Rep. LAUR-02-2484,
10.1029/2003GB002061, 2004. Los Alamos National Laboratory, Los Alamos, New Mexico,

Parekh, P., Joos, F., and Mueller, S. A.: A modeling assessment of USA, 2004.
the interplay between aeolian iron fluxes and iron-binding lig- Solomon, S., Qin, D., Manning, M., Alley, R. B., Berntsen, T.,
ands in controlling carbon dioxide fluctuations during Antarc-  Bindoff, N. L., Chen, Z., Chidthaisong, A., Gregory, J. M.,
tic warm events, Paleoceanography, 23, PA4202, doi:10.1029/ Hegerl, G. C., Heimann, M., Hewitson, B., Hoskins, B. J., Joos,
2007PA001531, 2008. F., Jouzel, J., Kattsov, V., Lohmann, U., Matsuno, T., Molina,

Plattner, G.-K., Joos, F., Stocker, T. F., and Marchal, O.: Feed- M., Nicholls, N., Overpeck, J., Raga, G., Ramaswamy, V., Ren,
back mechanisms and sensitivities of ocean carbon uptake under J., Rusticucci, M., Somerville, R., Stocker, T. F., Whetton, P,
global warming, Tellus B, 53, 564-592, 2001. Wood, R. A., and Wratt, D.: Climate Change 2007: The Physi-

Randerson, J. T., Thompson, M. V., Conway, T. J., Fung, I. Y., and cal Science Basis, contribution of Working Group | to the Fourth
Field, C. B.: The contribution of terrestrial sources and sinks  Assessment Report of the Intergovernmental Panel on Climate
to trends in the seasonal cycle of atmospheric carbon dioxide, Change, chap. Technical Summary, Cambridge University Press,
Global Biogeochem. Cycles, 11, 535-560, 1997. Cambridge, United Kingdom and New York, NY, USA, 2007.

Roeckner, E., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, Steinacher, M., Joos, F., Frlicher, T. L., Plattner, G.-K., and Doney,
S., Kornblueh, L., Manzini, E., Schlese, U., and Schulzweida, S. C.: Imminent ocean acidification in the Arctic projected with
U.: Sensitivity of simulated climate to horizontal and vertical  the NCAR global coupled carbon cycle-climate model, Biogeo-
resolution in the ECHAMS atmosphere model, J. Climate, 19, sciences, 6, 515-533, 2009,

3771-3791, 2006. http://www.biogeosciences.net/6/515/2Q09/

Santer, B. D., Taylor, K. E., Gleckler, P. J., Bonfils, C., Barnett, T. P., Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson,
Pierce, D. W., Wigley, T. M. L., Mears, C., Wentz, F. J., Bruegge-  J., Ganzeveld, L., Tegen, |., Werner, M., Balkanski, Y., Schulz,
mann, W., Gillett, N. P., Klein, S. A., Solomon, S., Stott, P. A., M., Boucher, O., Minikin, A., and Petzold, A.: The aerosol-
and Wehner, M. F.: Incorporating model quality information in  climate model ECHAM5-HAM, Atmos. Chem. Phys., 5, 1125—
climate change detection and attribution studies, P. Natl. Acad. 1156, 2005,

Biogeosciences, 7, 972005 2010 www.biogeosciences.net/7/979/2010/


http://www.biogeosciences.net/5/631/2008/
http://www.biogeosciences.net/5/597/2008/
http://www.biogeosciences.net/6/515/2009/

M. Steinacher et al.: Projected decrease in marine productivity 1005

http://www.atmos-chem-phys.net/5/1125/2005/ Timmermann, A. and Jin, F. F.: Phytoplankton influences on

Suntharalingam, P. and Sarmiento, J. L.: Factors governing the tropical climate, Geophys. Res. Lett., 29, 2104, doi:10.1029/
oceanic nitrous oxide distribution: Simulations with an ocean 2002GL015434, 2002.
general circulation model, Global Biogeochem. Cycles, 14, 429-Vichi, M., Pinardi, N., and Masina, S.: A generalized model of
454, 2000. pelagic biogeochemistry for the global ocean ecosystem. Part I:

Tagliabue, A., Bopp, L., and Aumont, O.: Ocean biogeochemistry Theory, J. Marine Syst., 64, 89-109, doi:10.1016/j.jmarsys.2006.
exhibits contrasting responses to a large scale reduction in dust 03.006, 2007.
deposition, Biogeosciences, 5, 11-24, 2008, Volk, T. and Hoffert, M. I.: The Carbon Cycle and Atmospheric
http://www.biogeosciences.net/5/11/2008/ COy: Natural Variations Archean to Present, chap. Ocean carbon

Takahashi, T., Broecker, W. S., and Langer, S.: Redfield ratio based pumps: Analysis of relative strengths and efficiencies in ocean-
on chemical-data from isopycnal surfaces, J. Geophys. Res.- driven atmospheric C®changes., 99-110, Geophys. Monogr.
Oceans, 90, 6907—6924, 1985. Ser. 32, AGU, Washington, DC, USA, 1985.

Taylor, K. E.: Summarizing multiple aspects of model performance Weatherly, J. W., Briegleb, B. P, Large, W. G., and Maslanik, J. A.:
in a single diagram., J. Geophys. Res.-Atmos., 106, 7183-7192, Sea Ice and Polar Climate in the NCAR CSM, J. Climate, 11,
2001. 1472-1486, 1998.

Thornton, P. E., Doney, S. C., Lindsay, K., Moore, J. K., Mahowald, Wetzel, P., Maier-Reimer, E., Botzet, M., Jungclaus, J., Keenlyside,
N., Randerson, J. T., Fung, I., Lamarque, J.-F., Feddema, J. J., N., and Latif, M.: Effects of ocean biology on the penetrative
and Lee, Y.-H.: Carbon-nitrogen interactions regulate climate- radiation in a coupled climate model, J. Climate, 19, 3973-3987,
carbon cycle feedbacks: results from an atmosphere-ocean gen- 2006.
eral circulation model, Biogeosciences, 6, 2099-2120, 2009, Yeager, S. G., Shields, C. A., Large, W. G., and Hack, J. J.: The
http://www.biogeosciences.net/6/2099/2009/ low-resolution CCSM3, J. Climate, 19, 2545-2566, 2006.

www.biogeosciences.net/7/979/2010/ Biogeosciences, 7,190%-2010


http://www.atmos-chem-phys.net/5/1125/2005/
http://www.biogeosciences.net/5/11/2008/
http://www.biogeosciences.net/6/2099/2009/

