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Abstract. Fully coupled climate carbon cycle models are shown to be the crucial mechanism determining the capabil-
sophisticated tools that are used to predict future climatdty of the models to reproduce observed interactions between
change and its impact on the land and ocean carbon cyelimate and PP.

cles. These models should be able to adequately represent
natural variability, requiring model validation by observa-
tions. The present study focuses on the ocean carbon cy-
cle component, in particular the spatial and temporal vari-
ability in net primary productivity (PP) and export produc-
tion (EP) of particulate organic carbon (POC). Results from ) o ] )
three coupled climate carbon cycle models (IPSL, MPIM, Marine net primary productivity (PP) is a key process in
NCAR) are compared with observation-based estimates de_the glopal carbon cycle,_controllmg_the uptake of dissolved
rived from satellite measurements of ocean colour and result§organic carbon (DIC) in the sunlit surface waters of the
from inverse modelling (data assimilation). Satellite obser-0c€an and its transformation into organic carbon (OC). Sub-
vations of ocean colour have shown that temporal variabilityS€quent gravitational sinking of detrital particulate organic
of PP on the global scale is largely dominated by the perma¢arbon (POC) through the water column results in the ex-
nently stratified, low-latitude ocean (Behrenfeld et al., 2006)POrt of POC (EP) from the surface into the ocean’s interior,
with stronger stratification (higher sea surface temperatureWhere itbecomes partly or entirely remineralised and eventu-
SST) being associated with negative PP anomalies. Resul@ly transported_ back to the surface as DIQ anq nutrients. The
from all three coupled models confirm the role of the low- €XPOrt of organic matter leads to a depletion in DIC and nu-
latitude, permanently stratified ocean for anomalies in glob-tfients in the surface and an enrichment in the deep. Without
ally integrated PP, but only one model (IPSL) also reproduceghis biological cycle, surface water pg@nd consequently
the inverse relationship between stratification (SST) and pPatmospheric C@would be higher than observed (Volk and
An adequate representation of iron and macronutrient coHoffert, 1985). However, neither absolute values for global

limitation of phytoplankton growth in the tropical ocean has @hnual PP and EP nor their spatial and temporal variability
are well known from direct observations. Changes in ocean

circulation and nutrient cycling from climate change will im-

Correspondence td. Schneider pact PP and EP differently, requiring a better understanding
BY

(bschneider@gpi.uni-kiel.de) of the controlling mechanisms.

1 Introduction
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Satellite measurements of ocean colour have been used wimate change on marine productivity, carbon export fluxes
derive surface water chlorophyll concentrations (Chl), phyto-(Bopp et al., 2005; Maier-Reimer et al., 1996) and their pos-
plankton carbon biomass g&yto), and PP (Behrenfeld et al., sible feedbacks on the climate system (Friedlingstein et al.,
2006, 1997; Carr et al., 2006). These methods have the ad2006; Plattner et al., 2001; Joos et al.,1999). Unfortunately,
vantage in that they provide large spatial and temporal coverproductivity and export are not well constrained by direct ob-
age of vast ocean areas. Reference measurements from shigervations, making it difficult to validate corresponding re-
based observations, however, are still sparse. Complex algasults from climate models. Productivity estimates from cou-
rithms lead stepwise from ocean colour measurements to Chpled models and satellite observations are largely indepen-
concentrations and ggyto, and then from Chl, ghyo, light, dent in construction, and cross-comparison of the two ap-
mixed layer depth, and temperature to PP, and sometimegroaches provides a promising way to assess their overall
even further to EP estimates. These steps include a numbekill and identify the main underlying mechanisms that con-
of assumptions concerning, for example, vertical and tem-rol PP and EP variability. To do so, this study investigates
poral resolution of the parameters to be determined, whichresults from three fully coupled climate carbon cycle mod-
increases the uncertainty for the results obtained after eachls (IPSL, MPIM, NCAR) that include interactions between
step. For example, Carr et al. (2006) examined results fronthe atmosphere, ocean circulation and sea-ice, marine bio-
24 different methods to determine PP from ocean colour andjeochemical cycles and the terrestrial biosphere. As all three
seven general circulation models (GCMs), finding a factormodels differ in their major components (atmosphere, ocean,
of two difference between global bulk estimates for PP, thatterrestrial, and marine biospheres), the aim of this study is
range from 35 to 78 Gt Cyrt. A similar spread is found to give a description of the present day PP and EP as simu-
for both types of methods, satellite colour algorithms (35 tolated by coupled models. We use coupled models, because
68 Gt Cyr1) and GCMs (37 to 78 Gt Cy). Nevertheless, it would not be sufficient to investigate the primary and ex-
patterns of spatial and temporal variability of PP are similarport production in a (far cheaper) set of forced ocean-only
between different approaches, giving a first indication of themodel experiments, since climate in the fully coupled mod-
spatio-temporal variability of PP. els (e.g. ocean currents and resulting nutrient distributions,

Export fluxes of organic carbon (OC) are even harder tocloud cover, and resulting insolation) will most likely differ
constrain than PP. They are difficult to be measured directlyfrom any reanalysed state.
and in some approaches have to be referred to a certain depth
level, which is defined differently across studies (Dunne et
al., 2005; Oschlies and #bler, 2004; Laws et al., 2000; 2 Methodology
Schlitzer, 2000), complicating comparison. Observation-
based estimates suggest that global POC export production
in the range of 11 to 22 Gt Cy* (Laws et al, 2000; Schlitzer
et al., 2000; Eppley and Peterson, 1979).

Ocean circulation and mixing is an important governing
factor for biological productivity and organic matter export.
It controls the transport of nutrients into the euphotic zone
and thus nutrient availability for marine biological produc-

tion. Najjar et al. (2007) found that the global carbon ex- sessed by comparing modelled with observe@?ﬁbncen-
port (POC and DOC) varied from 9 to 28 Gt Cyrin 13 : y comparing -
trations, which in the current study are fully prognostic in

d|ffergnt ocean circulation models using the same blogeo_contrast to the former model simulations of the OCMIP-2
chemical model (OCMIP-2). Those models who are able ;

S i o —study, where P§7 was restored (Najjar et al., 2007). The
to realistically reproduce radiocarbon and CFC dlsmbunonsevaluation of PP covers alobal annual mean fields. alobal
(Matsumoto et al., 2004) yield POC export in a range of 6- 9 ' 9

13 Gt CyrL. The importance of realistic physics has also integrals, seasonal cycle and interannual variability. We

been highlighted by Doney et al. (2004) using the same 1Fompare model results with PP derived from satellite mea-

. ; surements of ocean colour and explain the main mecha-
ocean models. The export of organic matter is, however, an .

) . . . . isms causing interannual variability of simulated PP. Global
important quantity to constrain as it describes the amount o ) .

. annual mean fields and global integrals for EP from the
OC that is transported from the surface ocean to depth, caus- : ; .
. . : . . ; models are also compared with observation-based estimates.
ing a vertical gradient of dissolved inorganic carbon (DIC) Thereby, we identify regions where EP reacts most sensitive
in the water column (Volk and Hoffert, 1985). Potential Y. 9

. —. . tointerannual climate variability. The present day situation

changes in export may alter the exchange and partltlonm% .
. : ; f PP and EP from our results can be taken to estimate the

of carbon between oceanic and atmospheric reservoirs. ) : :

o : mpact of future climate change on marine PP and EP.

A quantitative understanding of the processes that control

PP and EP and their implementation in coupled climate bio-
geochemical models is essential to project the effect of future

Il\/lodelled circulation fields are compared with observations
of temperature ), salinity (S), mixed layer depth (MLD)
and water mass transports of the Atlantic Meridional Over-
turning Circulation (AMOC). To assess the models’ capabil-
ity to reproduce El Nino Southern Oscillation (ENSO) vari-
ability, maximum entropy power spectra of sea surface tem-
peratures (SST) from the equatorial Pacific are computed.
The representation of marine biogeochemical cycles is as-
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2.1 Data sets isation. Scavenging of iron onto particles is the sink for iron
to balance external input. There are three non-living compo-
Results for temperaturd'j, salinity (S), and P(ﬁ‘ distribu-  nents of organic carbon in the model: semi-labile dissolved
tions are compared with observed climatological values fromorganic carbon (DOC), with a lifetime of several weeks to
the World Ocean Atlas (WOA,; Collier and Durack, 2006; years, as well as large and small detrital particles, which are
Conkright et al., 2002) to assess the reliability of modelledfuelled by mortality, aggregation, fecal pellet production and
ocean circulation fields and biogeochemical cycles. Furthergrazing. Small detrital particles sink through the water col-
more, the representation of the maximum mixed layer depthumn with a constant sinking speed of 3 m d&ywhile for
which is a dynamically important variable for water mass for- large patrticles the sinking speed increases with depth from a
mation, light limitation, and nutrient entrainment, is assessedvalue of 50 m day* at the depth of the mixed layer, increas-
by comparison with observations from de Boyer-Magit et ing to a maximum sinking speed of 425 m dayat 5000 m
al. (2004). Modelled fields of PP are compared with PP de-depth. For a more detailed description of the PISCES model
rived from ocean colour (Behrenfeld et al., 2006, Behrenfeldsee Aumont and Bopp (2006) and Gehlen et al. (2006). Fur-
and Falkowski, 1997) http://web.science.oregonstate.edu/ ther details and results from the fully coupled model simula-
ocean.productivity/onlineVgpmSWData.phgnd EP distri-  tion of the IPSL-CM4-LOOP model are given in Friedling-
butions are compared with results from (inverse) modelling,stein et al. (2006).
which refer to a depth of 133 m (Schlitzer, 2000) and 100 m
(Laws et al., 2000), respectively. As neither for PP nor for2.2.2 MPIM
EP appropriate in-situ data are available, the latter is only a

model comparison. The Earth System Model employed at the Max-Planck-
Institut fir Meteorologie (MPIM) consists of the ECHAMS
2.2 Models (Roeckner et al., 2006) atmospheric model of 31 vertical lev-

els with embedded JSBACH terrestrial biosphere model and
All models used in this study are fully coupled 3-D the MPIOM physical ocean model, which further includes a
atmosphere-ocean climate models that contributed to th&ea-ice model (Marsland et al., 2003) and the HAMOCC5.1
IPCC Fourth Assessment Report (AR4; Solomon et al.,marine biogeochemistry model (Maier-Reimer et al., 2005).
2007; Meehl et al., 2007). The models include carbonThe coupling of the marine and atmospheric model compo-
cycle modules for the terrestrial and oceanic componentgients, and in particular the carbon cycles is achieved by using

(Friedlingstein et al., 2006). the OASIS coupler.
HAMOCCS5.1 is implemented into the MPIOM physical
2.2.1 IPSL ocean model (Marsland et al., 2003) using a curvilinear coor-

dinate system with a 1°51ominal resolution where the North
The IPSL-CM4-LOOP (IPSL) model consists of the Lab- Pole is placed over Greenland, thus providing relatively high
oratoire de Mteorologie Dynamique atmospheric model horizontal resolution in the Nordic Seas. The vertical resolu-
(LMDZ-4) with a horizontal resolution of abouf33° and  tion is 40 layers, with higher resolution in the upper part of
19 vertical levels (Hourdin et al., 2006), coupled to the OPA- the water column (10 m at the surface to 13 m at 90 m). The
8 ocean model with a horizontal resolution ¢fx2°-cosp marine biogeochemical model HAMOCCS5.1 is designed to
and 31 vertical levels and the LIM sea ice model (Madecaddress large-scale, long-term features of the marine carbon
et al., 1998). The terrestrial biosphere is represented by theycle, rather than to give a complete description of the marine
global vegetation model ORCHIDEE (Krinner et al., 2005), ecosystem. Consequently, HAMOCCS5.1 is a NPZD model
the marine carbon cycle by the PISCES model (Aumont etwith two phytoplankton types (opal and calcite producers)
al., 2003). PISCES simulates the cycling of carbon, oxygenand one zooplankton species. The carbonate chemistry is
and the major nutrients determining phytoplankton growthidentical to the one described in Maier-Reimer (1993). A
(PO}‘, NOj3, NHj, Si, Fe). Phytoplankton growth is limited more detailed description of HAMOCCS5.1 can be found in
by the availability of nutrients, temperature, and light. The Maier-Reimer et al. (2005), while here only the main fea-
model has two phytoplankton size classes (small and large)ures relevant for the described experiments will be outlined.
representing nanophytoplankton and diatoms, as well as two Marine biological production is limited by the availabil-
zooplankton size classes (small and large), representing mity of phosphorous, nitrate, and iron. Silicate concentra-
crozooplankton and mesozooplankton. For all species theéions are used to distinguish the growth of diatoms and
C:N:P ratios are assumed constant (122:16:1; Anderson andoccolithophorides: if silicate is abundant, diatoms grow
Sarmiento, 1994), while the internal ratios of Fe:C, Chl:C, first, thereby reducing the amount of nutrients available for
and Si:C of phytoplankton are predicted by the model. Ironcoccolithophoride growth. The production of calcium car-
is supplied to the ocean by aeolian dust deposition and fronbonate shells occurs in a fixed ratio of the phytoplank-
a sediment iron source. During biological production it is ton growth (0.2). The model also includes cyanobacteria
taken up by the plankton cells and released during remineralthat take up nitrogen from the atmosphere and transform it
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immediately into nitrate. Please note that biological produc-productivity thus contains both new and regenerated produc-
tion is temperature-independent, assuming that phytoplanktion, though the regenerated contribution is probably lower
ton acclimate to local conditions. Global dust depositionthan in the real ocean, as only the turnover of semi-labile
fields are used to define the source function of bioavail-dissolved organic matter (DOM) is considered. While not
able iron. Removal of dissolved iron occurs through bio- strictly equivalent to primary production as measurediy
logical uptake and export and by scavenging, which is de-methods, rather net nutrient uptake, NCAR PP is a reason-
scribed as a relaxation to the deep-ocean iron concentratioable proxy for the time and space variability of PP if some-
of 0.6 nM. In the experiments used here, export of particulatewhat underestimating the absolute magnitude. For reasons
matter is simulated using prescribed settling velocities forof simplicity, net nutrient uptake times the C:P ratio of 117
opal (30 mday?), calcite shells (30 mday) and organic  (Anderson and Sarmiento, 1994) is considered here as PP,
carbon (10 m day?). Remineralisation of organic matter de- even though it is not essentially the same. The ocean bio-
pends on the availability of oxygen. In anoxic regions, rem-geochemical model includes the main processes of the or-
ineralisation using oxygen from denitrification takes place. ganic and inorganic carbon cycle within the ocean, and air-
HAMOCCS.1 also includes an interactive module to de- sea CQ flux. A parameterisation of the marine iron cycle
scribe the sediment flux at the sea floor. This componenhas also been introduced (Doney et al., 2006). It includes
simulates pore water chemistry, the solid sediment fractionatmospheric dust deposition/iron dissolution, biological up-
and interactions between the sediment and the oceanic botake, vertical particle transport and scavenging. The prog-
tom layer as well as between solid sediment and pore watenostic variables in the ocean model are phosphate;}PO

constituents. total dissolved inorganic iron, dissolved organic phospho-
rus (DOP), DIC, alkalinity, and & The CSM1.4-carbon
2.2.3 NCAR source code is available electronically (&p://www.ccsm.

ucar.edu/workinggroups/Biogeo/csmbgc) and described

The physical core of the NCAR CSM1.4 carbon climate in detail in Doney et al. (2006).
model (Doney et al.,, 2006; Fung et al., 2005) is a modi-
fied version of the NCAR CSM1.4 coupled physical model, 2.3 Experiments
consisting of ocean, atmosphere, land and sea-ice compo-
nents integrated via a flux coupler without flux adjustmentsAll results of the current study are obtained from simulations
(Bolville et al., 2001; Bolville and Gent, 1998). The atmo- with the coupled climate-carbon cycle models explained
spheric model CCM3 is run with a horizontal resolution of above (IPSL, MPIM, NCAR). These models all simulate
3.75 and 18 levels in the vertical (Kiehl et al., 1998). The fully coupled interactions between the atmosphere, ocean cir-
ocean model is the NCAR CSM Ocean Model (NCOM) with culation, sea-ice, marine biogeochemical cycles, and terres-
25 levels in the vertical and a resolution of Bif longitude  trial biosphere. They are a subset of the models that con-
and 0.8 to 1.8 in latitude (Gent et al., 1998). The water tributed to the C4MIP project (Friedlingstein et al., 2006)
cycle is closed through a river runoff scheme, and modifica-and follow the C4MIP protocols. Two of the models (IPSL,
tions have been made to the ocean horizontal and vertical difMIPIM) are only forced by the historical development of an-
fusivities and viscosities from the original version (CSM1.0) thropogenic C@ emissions due to fossil fuel burning and
to improve the equatorial ocean circulation and interannualand-use changes from preindustrial to 2000 and the SRES
variability. The sea ice component model runs at the sameA2 emissions scenario from the year 2000 on. The NCAR
resolution as the ocean model, and the land surface modehodel also includes CH N»>O, CFCs, volcanic emissions,
runs at the same resolution as the atmospheric model. and changes in solar radiation, as described ldjid¢krer et

The CSM1.4-carbon model includes a modified versional. (submitted). For spinup all models have been integrated
of the terrestrial biogeochemistry model CASA (Carnegie-for more than one thousand years. In particular, the IPSL
Ames-Stanford Approach) (Randerson et al., 1997), and d&iogeochemical model was integrated over 1000 years with
derivate of the OCMIP-2 (Ocean Carbon-Cycle Model Inter- a constant ocean circulation field starting with tracer distri-
comparison Project Phase 2) ocean biogeochemistry modddutions from former model simulations resulting in a total of
(Najjar et al., 2007). In the ocean model the biological more than 3000 years integration time for the biogeochem-
source-sink term has been changed from a nutrient restoiical tracers. In MPIM globally uniform tracer distributions
ing formulation to a prognostic formulation, thus biological were applied for initialization of a 1650 year simulation at
productivity is modulated by temperature, surface solar ir-coarse resolution, before another 300 years with final resolu-
radiance, mixed layer depth, and macro- and micronutrientgion were performed. In NCAR, where the model was started
(POZ*, and iron). Following the OCMIP-2 protocols (Na- from modern tracer values, but atmospheric,G@as held
jjar et al., 2007), total biological productivity is partitioned constant at 278 ppm, representing preindustrial conditions,
1/3 into sinking POC flux, equivalent to EP, and 2/3 into the an acceleration technique for the deep ocean (Danabasoglu
formation of dissolved or suspended organic matter, much okt al., 1996) was applied, so that a first 350 year integration
which is remineralised within the model euphotic zone. Total corresponds to 17500 years for the deep ocean. From this
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another 1000 year control simulation was started. Afterthese ,, s & TEMPERATURE compared fo WOA

spinups, the fully coupled versions of all three models were ,, IPSL
integrated for one hundred years (MPIM 150 years), before , a MPIM
%, 3 NCAR

starting the transient simulations over the industrial period
from 1860 (IPSL, MPIM) and 1820 (NCAR) until the year

2100. Such long integration times for spinup and the use
of other input fields than climatological data lets the models
deviate from observed conditions, allowing for comparison
of 3-D modeled fields with climatological values. During

the time period investigated (1985-2005), the anthropogenic o«
CO, emissions increase from about 7.5 to 8.6 Gt Clylre- 02
sulting in a cumulative emission of about 170 Gt of carbon ”oz + ”‘0‘5‘1‘0‘112‘1‘4‘1‘6‘15 Z“‘z
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For a joint analysis of the model results and for compari-
son with observation-based estimates, all variables have been

interpolated onto a°kx 1° grid using a gaussian interpolation 3
and climatological mean values have been computed over the

period from 1985 to 2005 (NCAR: 1985-2004). This study Z£°¢7
focuses on results from those two decades to describe théf 8
present day PP and EP as obtained from coupled model sim% 0.4+

ulations and observation-based estimates.
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. . . . . Fig. 1. Top: Taylor diagram showing the correspondence between model results and
3.1 Ocean circulation and b|09e0Chem|CaI CyClmg observations for 3-D fields weighted by volume of annual mean temperature (squares),

salinity (diamonds) and PZJ concentration (circles), as well as 2-D fields of MLD
o (small and large triangles). White symbols indicate annual mean values, except for
3.1.1 Temperature and sallmty MLD where they represent the respective maximum (M4B). Grey symbols show
spatial correlations including the seasonal cycle of sea surface temperature (SST), sea

surface salinity (SSS), Fﬁ:) (averaged over 0—-100 m) and MLD. Modelled MLD is
In a Taylor diagram, all three models show good agree-compared to data from de Boyer-Mégut et al., (2004) (large triangles) and based on
ment for 3-D global annual mean distributions of teMPEra-Scean Atas (WOA. Collier and Durack, 2006: Conkight et ol 2009). For MPIM the.
ture (Fig.1). Global SST distributions including the seasonal normalised standard deviation of MLD compared to de Boyer-figuttet al., (2004) is
cycle are even better reproduced, reaching correlation COef i Giagram. Botiom: Tayior diagram showing e correspondence beween model
ficients aboveR=0.98 and normalised standard deviations results and observation-based estimates for primary production (PP; squares), chloro-
close to 1. Salinity distributions are known to be less well §¥ieq and trangies). Whit symbols shat resits for annual mean 2-D fields, ey
reproduced by coupled climate models, which is largely at-symbols include the seasonal cycle for PP. The angular coordinate indicates the cor-
tributed to deficiencies in the hydrological cycle of the at- (g o o). A model periesty matching the observations would reside in pomt
mosphere models (Schneider et al., 2007). This is also thé.1).
case for the models of the current study. However, correla-
tion coefficients for both the global annual mean 3-D salinity
distributions and the sea surface salinity (SSS) values includ3.1.2 Mixed-layer depth
ing the seasonal cycle are still on the ordeRsf0.78—0.90.
In contrast to temperature, the agreement between modellefihe mixed-layer depth (MLD) is a dynamically important
and observed salinity distributions is poorer when going fromvariable for upper ocean water mass transport (Gnanadesikan
the global annual mean 3-D field to seasonal surface wateet al., 2002), and especially the maximum (M) during
values, which is due to a stronger influence of possible miswinter time strongly affects the formation of mode, interme-
fits from the atmospheric hydrological cycle, as mentioneddiate, deep, and bottom waters. Furthermore, ocean mixing
above. While correlation coefficients remain similar, the nor- plays an important role in surface ocean nutrient availability
malised standard deviations are considerably higher than oband thus biological productivity (Najjar et al., 2007). Differ-
served. Generally, in terms @fands, all three models ofthe  ent methods to determine MLD may yield different results,
present study perform as well as the majority of models thatcomplicating the use of MLD for model-data intercompar-
contributed to the IPCC AR4 (Meehl et al., 2007; Schneiderisons. For example, there is a difference between MLD if

et al., 2007). eitherT andsS (or density) are horizontally gridded first or if
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density is defined for individual profiles first and then inter- ocean. In the current study AMOC is defined as the maxi-

polated in space (de Boyer-Magut et al., 2004). mum meridional water mass transport below 300 m depth in
In the current study we use results from de Boyer-the North Atlantic, given in Sverdrup (1 Sv=amm3s1). In

Montégut et al. (2004), where MLD is defined to be the depthMPIM the simulated water mass transport lies well within

level where surface water density is offset by 0.03 kg®m  the range of observation-based estimates, while IPSL is at

or potential temperature is by 0@ lower than SST. These the low and NCAR at the high end (IPSL: 1%4.3 Sy;

definitions, applied to local profiles first and then interpo- MPIM: 18.1+£0.9Sv; NCAR: 23.61.0Sv, OBS: 11.5-

lated in space, are suggested to be the optimal solution fo?4.3 Sv; Cunningham et al., 2007; Talley et al., 2003; Sme-

observation-based MLD. In IPSL MLD is the depth where in thie and Fine, 2001).

situ density is 0.01 kg P higher than surface density. Sim- ) S

ilarly, in MPIM, it is the depth where in situ density exceeds 3:1.4 ElNino southern ocean variability

surface water density by 0.125 kgth In the NCAR model . .

the vertical mixing scheme is the K-profile parameteriz::ltionThe fully coupled carbon-cycle climate models used in the

(KPP) scheme of Large et al. (1994), where the mixed-layercu”ent study generate their own internal climate variability

depth depends on the depth of mixing due to turbulent veIoc:—InCIUdIng coupled_ocean-atmosphere modes such as ,EI Nino
ities of unresolved eddies. Southern Oscillation (ENSO). To assess the models’ capa-

. . bility to reproduce ENSO variability, the power spectra of
The MPIM model_strongl_y overestimates M in the SSTs averaged over the Nino3 Box (250-90° W, 5°S—
Southern Ocean (Fi@), while the other models show too _; .
o - : .—_5°N) are calculated (Fig3). For IPSL and NCAR there are
shallow mixing in this area as compared to climatological

MLD observations (de Boyer-Moggut et al., 2004). In maxima of the power spectra between two and seven years,

. which is the typical range of El Nino frequency (Randall et
the low latitudes, all models correspond reasonably well toal., 2007), while MPIM does not show a maximum, but also

the observations, but in the intermediate and northern ex-

tratropics (20—79N) the models overestimate zonal average strongly increasing power W't.h'n this range. This may still
. . be reasonable, as this analysis was performed over a 20 year
MLD max Up to a factor of two. Spatial correlations of mod-

elled and observed MLRy are weak and on the order of time-period, which may be too short to exhibit representative

R=0.3-0.4. For MPIM the overestimation of MRy in the ENSO dynamics. The short time interval of investigation is

Southern Ocean is known to be caused by reduced ice covearlso the reason why no results for frequencies longer than 5

in the Weddell Sea (Marsland et al., 2003). This misfit leads’©3"® @€ obtained.
to a normalised standard deviation of about 6.0 in a Taylorg 1 g Phosphate concentrations
diagram (not shown).

A recalculation of MLD as the maximum of the first ver- Phosphate concentrations (PQ are a suitable indicator to
tical derivative of sea water density was appliedt@andS  assess biogeochemical cycling in the models, &% R®not
from the models and observations (WOA; Conkright et al., 5ffected by air-sea gas exchange, which is treated differently
2002). This analysis was performed to avoid inconsistencies, the models. Furthermore, in the current StudyZp@; a
that arise from the application of different MLD d}efinitions fully prognostic tracer in contrast to the models contribut-
for the models and the observations (de Boyer-Mgut et jng to the OCMIP-2 study, where surface PQwas restored
al., 2004). However, the results yield correlation coefficientsnajjar et al., 2007). The comparison with climatological
(R) between 0.03 and 0.16 for MLRaxandR=0.01 includ-  pGi~ values (WOA; Collier and Durack, 2006; Conkright
ing seasonal MLD variability (small triangles in Fi§. This et a|., 2002) reveals a reasonable reproduction of the annual
is even weaker than the comparison of MLDs based on differinean p@— spatial patterns by all models with high correla-
ent criteria, and also much worse tharandsS distributions  tjon coefficients around R0.80. IPSL and MPIM perform
alone, on which their calculation is based. One possibility especially well with normalised standard deviations of 0.97
for the poor match is that errors ihandS may add upinthe  (Fig. 1). For all models the agreement gets weaker when

calculation of density and thus MLD. going from the annual mean 3-D distribution of Qo sur-
] o ] ] ) face water values including the seasonal cycle. Maps of sur-
3.1.3 Atlantic meridional overturning circulation face water P@f concentrations, averaged over the top 0—

100 m, show that MPIM and NCAR strongly overestimate

Another common diagnostic of simulated ocean circulation — . .
. . g PO?1 concentrations in the surface waters betweenhNIO
fields is to compare modelled and observed water mass trang;;

) , nd 60 S (Fig. 4), a deviation that is not captured by the
ports (Schneider et al., 2007; Schmittner et al., 2005; Large-l-aylor diagram (Figl).

et al., 1997). The strength of the Atlantic Meridional Over-

turning Circulation (AMOC) is an important measure for 3.1.6 Factors limiting phytoplankton growth

ocean circulation, quantifying the amount of deep waters

formed in the North Atlantic, which is of high climatic rele- The factors limiting phytoplankton growth in the models

vance for the global redistribution of heat and energy by theare computed from Michaelis-Menten equations for nutrient
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Fig. 2. Top: Modelled (averaged over 1985-2005) and observed climatological zonal average mixed-layer depth (MLD) as defined by the
individual models and de Boyer-Margut et al. (2004). Middle: the equivalent as above for N{zi please note the factor of two difference
in the depth scale. Bottom: zonally integrated annual mean volume of water above the MLD.

concentrations, according to MM=N/(K+N), whereby MM and light) are assumed to be limiting when MM of the limit-
is the Michaelis-Menten coefficient, N is the nutrient con- ing nutrientis still above 0.7. In Fig.the limiting factors are
centration (P@‘, NOj3, iron, and silicate) and K is the half- shown when the respective variable is limiting phytoplank-
saturation constant as used in each model. For the purpose &dn growth during at least one month of the year, showing
analysis, the nutrient yielding the lowest MM-value is con- that in some regions different variables may limit produc-
sidered to be the most limiting. Other factors (temperaturetivity at different times of the year. In the MPIM model,
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Fig. 3. Maximum entropy power spectra of modelled sea sur-
face temperatures (SST) averaged over the Nino3 Box°({60
90° W, 5°S-5 N). The vertical lines correspond to periods of two
and seven years, respectively, corresponding to the typical range o sonn
ENSO frequency. Please note that longer term frequencies can no
be displayed due to the relatively short (20 year) period analysed.

T T
150°E 110°W

overall iron limitation is caused by the combination of too  scs

little dust deposition and, more importantly, a too high half- SOE1SO0E 110°W 10w SR ASOE 110 10w
) . : . (T Cmmw - RS SRS S EEE|
saturation value for iron. The latter is computed via the half- 0 04 08 12 1.6 2 24 -2-15-1-0.50 05 1 1.5 2

saturation value for PP (Kpos=0.14M) and an Fe:P ratio .
of 5nM kM ~1, corresponding to Ke = 0.5 nM. The NCAR Fig. 4. Difference between modelled and observed surface water

model has a Ke of 0.03nM, but iron is known to be too PO?1 concentrations, averaged over the top 0—100 m of the water

. . . . column. Observed distributions are from the World Ocean Atlas
strongly scavenged, especially in the subtropical Pacific, als?\NOA' Collier and Durack, 2006; Conkright et al., 2002).

resulting in too strong iron limitation. This excessive iron
limitation in MPIM and NCAR causes stronlgy reduced sur-

face water P -uptake, resulting in elevated FOconcen-  while in IPSL it extents below 100m water depth in the
trations (Fig4). oligotrophic subtropical gyres. The global annual amount
In the IPSL model where  values are 0.02 and 0.1nM  of PP ranges from 24 Gt Cyt (MPIM) to 31Gt Cyr!

for nanophytoplankton and diatoms, respectively, iron is(IPSL), and is considerably lower than satellite-based esti-
mostly limiting in the Equatorial East Pacific, the Southern mates of around 48 Gt Cy} (Behrenfeld et al., 2006) and
Ocean, and the North Pacific, regions known to be high ni-also lower than the range of 35-70 Gt C¥robtained by
trate low chlorophyll areas (HNLC) that are strongly iron Carr et al. (2006). Consequently, PP from the coupled mod-
limited. Also in IPSL, NG is the most limiting factor in  els is still lower than the low-end satellite estimates. Despite
the intermediate to low latitudes. In the high latitudes alsosome spread in results from the different PP algorithms, these
temperature and light are important for nanophytoplanktoncan be used for comparison with results from climate models,
growth and diatom production is limited by the availability pecause the satellite-based estimates show patterns of spatial
of silicate. and temporal variability that are similar between different ap-

proaches (Carr et al., 2006). The discrepancies between dif-
3.2 Annual mean and seasonal cycle of primary productiv-ferent algorithms largely reflect differences in the description

ity and export production of chlorophyll-specific carbon fixation efficiencies.
The spatial distributions of modelled PP agree only mod-

Vertical integrals of PP have been computed over the entirerately with the pattern of observation-based PP (Higsd
depth of the water column in order to compare with esti- 6). In general, satellite-based and model PP are high in the
mates from satellite observations of ocean colour and to deequatorial upwelling regime, especially the Equatorial East
rive global integrals of PP (Tablg). In MPIM PP is op-  Pacific and the Equatorial East Atlantic. PP is also elevated
erationally restricted to 0-90m and in NCAR to 0-75m, in the North Atlantic and the Southern Ocean north of the
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Table 1. Modelled and observation-based depth integrated net primary production (PP) and export production (EP) of particulate organic
carbon (POC) and their relation to stratification and SST. Values in brackets correspond to one standard deviation.

PP PRiob? PRyaf  PRuyrat Areaya® PPand S-SLOPE S-SLOPE  T-SLOPE T-SLOPE
Gteyrly (Gteyrl) (%) (%) R?  (TgCkglm3) R? (Tgcec ™ R?
IPSL 30.7(3.1)  17.7(1.8) 58 62 0.88 -787 0.70 —246 0.67
MPIM 23.7(8.6) 17.7(3.4) 75 67 0.85 0 0.04 0 0.03
NCAR 27.4(33) 17.8(2.2) 65 66 0.78 -143 0.02 -65 0.05
SEAWIFS  47.5(2.4) 34%(1.3) 73 728 0.6F -876 0.69 -151 0.85
EP ERjiob? EPstra®  EPstrat EPand® S-SLOPE S-SLOPE  T-SLOPE T-SLOPE
(Gtcyrly (ctcyrl (%) R?  (TgCkglm3) R? (Tgcec Y R?
IPSL 8.6 (0.8) 3.6(0.3) 42 0.65 -184 0.61 —47 0.61
MPIM 5.0 (1.8) 3.8(0.7) 75 0.91 0 0.04 0 0.04
NCAR 9.0 (1.1) 5.6 (0.7) 62 0.78 57 0.03 -23 0.06
Schlitzer 11.4 79 619
Laws 11.1 6.9 569

8 global PP(EP).

b PP(EP) integrated over the area of the permanently stratified, low-latitude ocean.

¢ percentage of the permanently stratified, low-latitude ocean to the global ocean domain.
d coefficient of determination for anomalies of PP(&H) versus anomalies of PP(Ejht

€ slope of the regression line for PP(ER)versus Sino

f slope of the regression line for PP(ERyversus SS3no

9 SST data from Conkright et al. (2002).

polar front, while it is low in the subtropical oligotrophic
gyres. High PP values as derived from observation-based es-
timates for the coastal zones are strongly underestimated by
all three models, which is expected due to the coarse model
resolution. For MPIM and NCAR the fairly low total PP is a
result of strong iron limitation (Figs). In the MPIM model

this causes too high PP in the low-latitude Atlantic and too
little elsewhere. Furthermore, dust input in MPIM is at the
lower end of observed values (Timmreck and Schulz, 2004),
leading to low iron deposition from the atmosphere, which is
another factor increasing the iron stress for marine productiv-
ity. The lower PP values in the NCAR model also reflect the
fact that the calculated productivity is intermediate between
new and primary production, which partly explains the lower
than observed PP values (F&).

The seasonal variability of PP is shown in Hadler dia-

Fig. 5. Maps of variables limiting phytoplankton growth in the grams with the zonally averaged PP plotted versus time from
models. Blue: iron; red: ; green: NG ; yellow: silicate; qb;ervations and m0d9|5 (Fig). Area_s of highest produc-
black: temperature and light. Shown are areas where the respedivity are observed in the North Atlantic, where also seasonal
tive variable is limiting during at least one month of the year. For variability is highest. In the oligotrophic gyres PP is low
nutrients the most limiting nutrient is shown, while limitation due throughout the year and variability is also reduced. Along the
to other factors (temperature + light) is shown when nutrients aregquator, observed PP has moderate values with low seasonal
not limiting, which means the value of the Michaelis-Menten term variability, while in the southern intermediate latitudes (30—
is above 0.7 (see explanations in the text). Please note thatiBlO g S) a secondary maximum with high PP and high vari-
not included in NCAR, resulting in large areas of PQimitation. ability occurs. The models capture the general distribution
of higher absolute PP values and higher seasonal variability
in the intermediate to high latitudes. IPSL has too high PP
values along the equator and too little meridional extension
of the oligotrophic gyres. Also in the Southern Ocean, PP is

PSL, Dicloms

PSL, Nanophytoplankton

T T T
50°E 150°E 110°W 10°W

MPIM

110 10°W

50°E 150°E
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Fig. 7. Left column: maps of surface water chlorophyll concen-
trations as observed (top) and simulated in the IPSL model (bot-
tom), shown is the climatological annual mean from 1997-2005
(observed) and 1985-2005 (modelled). Right column: monthly
mean time series of zonal average chlorophyll concentrations as ob-
served (top) and modeled (bottom).

errors propagate, increasing the uncertainty in the value for

Wfﬂ;gﬂi_z - global annual PP. For IPSL, where chlorophyll concentra-
0 125 250 375 500 625 750 875 1000 tions are available, a comparison of modelled and satellite-

based chlorophyll distributions shows a better agreement

Fig. 6. Left column: maps of observation-based (top) and modelledthan PP values (Fig). AIthPUQh the deeI .und.erestimates
(others) vertically integrated primary production (PP). Displayed the surface Chl concentrations, especially in high (northern)
are climatological averages for 1997-2005 from the observationdatitudes and around the equator, the pattern and the order of

and for 1985-2005 from the models. Right column: Hater di- magnitude of spatial variability for Chl are slightly closer to
agrams showing the seasonal variability of vertically integrated PPobservations than those obtained for PP estimates 1Jig.
over the respective time periods. Export Production (EP) describes the amount of particu-

late organic carbon (POC) that is transported from the sur-

face ocean to depth across a certain depth level (IPSL: 100 m;
overestimated and extending farther southwards than in th&1PIM: 90 m; NCAR: 75m). In this study only the material
observations. In MPIM, the periods of high productivity in settling through gravitational sinking is regarded, while the
the higher latitudes are very short, indicating that here PRotal export also encompasses subduction and mixing of sus-
occurs in short (strong) pulses, while in the equatorial regionpended particles and dissolved organic matter (DOM) due
PP is higher than the observations with some moderate seae water mass transports. The fields of annual mean EP
sonal variability. The pattern of spatio-temporal variability have similar patterns to those of PP for all three models (not
in NCAR is similar to the one from the observations, but like shown), i.e. as a first approximation those areas with higher
in IPSL, PP in the intermediate southern latitudes is biasedPP also have higher EP. In NCAR this relation is prescribed
high. The area of the oligotrophic gyres is reduced in the At-by using a fixed ratio (1/3) of PP that is exported as POC,
lantic, while in the Pacific the expansion of the gyres is toowhile for the other models the amount of EP and its ratio
large (Fig.6). to PP is less straightforward, depending on particle flux and

As mentioned above, the derivation of PP from satellitefood-web dynamics. The global annual rates of modelled

data entails some uncertainties. It is a stepwise approacEP are given in Tabld, ranging from 5Gt Cyr! (MPIM)
starting from measurements of ocean colour from whichto 9 Gt Cyr! (NCAR), being thus below observation-based
chlorophyll concentrations (and sometimes organic carborestimates reaching from 11 to 22 Gt Cyr(Schlitzer, 2000;
biomass) and finally, PP is derived. While the first steps conLaws et al., 2000; Eppley and Peterson, 1979).
sider concentrations, PP is a time-dependent rate, requiring Highest EP in IPSL and NCAR occurs in the intermediate
even more complex assumptions about the underlying mechto high latitudes between 40—-6North and South, respec-
anisms. With each further step from ocean colour to PP, thdively (Fig. 8). A secondary maximum is situated around the
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if compared to the other models and the observation-basefi9- 9- Left column: time series of observation-based (top) and

estimates. This distribution will also be caused by the strong"°d€lled (others) primary production (PP) anomalies for the global
iron limitation (Fig.5) (green; left scale) and the low-latitude, permanently stratified ocean

(black; left scale), which has annual mean SSTs abovY€ 1%he

In a Taylor diagram the correlation coefficients for the spa-anomalies are calculated as the difference between the monthly PP
tial distributions of annual mean EP from the models arevalue an the climatological mean of the corresponding month. Right
rather poor with highest values for IPSIR£0.35). These column: time series of the observation-based (top) and modelled
correlations are also lower than those determined for PRothers) PP anomalies for the permanently stratified ocean (black;
(Fig. 1). One problem for the comparison of different EP scale on the left) overlaid by anomalies for stratification (red) and
estimates are the different reference levels, depending ofST (blue). For the NCAR model results from the Nino3 Box are
the definition of EP, as meniioned above. Consequently, thé B8Rt R T0C BCE, e e lowadtude
shallowest estimate (NCAR’ 75m) ShOUId give highest Val_cases. Please?mte that the scales forthglattertwo indices (SI, SST)
ues and the dgepest estlmat'e (Schiitzer, 133m) lowest ®fave been inverted to better show the inverse relationships.
port fluxes, which, however, is not the case (Table An-
other probable reason for the mismatch between modelled
and observation-based EP is the uncertainty of observation-
based estimates for EP. Similar to the PP estimates, they also
vary by a factor of two, from global annual mean values
of 11 to 22Gt Cyrl. Furthermore, the two estimates of
Schlitzer (2000) and Laws et al. (2000), which predict about
the same global amount of EP (11 Gt C¥), show very dif-
ferent spatial distributions (Fig®) and also spatial correla-
tions between the two are not better than those from comiite observations may have difficulties in coastal areas due to
parison with modelled EP (Fid.). Discrepancies between the high abundance of suspended matter and can thus over-
the two fields of observation-based EP estimates, especiallgstimate Chl and consequently EP, whereas in the Southern
in the northern hemisphere and the Southern Ocean aroun@cean deep Chl maxima are probably not captured by the
60° S (Fig.8), can partly be explained by the fact that satel- satellite sensors (Schlitzer, 2002).
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Table 2. Correlation coefficients of local PP and stratification (SI) anomalies versus the anomalies of different variables averaged over the
area of the low-latitude, stratified ocean (LL-STRAT) and the Nino3 Box (NINO3° ¥Y839(° W, 5° S-5 N).

PP SI
SI sST ron P§ NO; EP SST 1Iron P NO; EP

IPSL LL-STRAT -0.84 -0.82 -0.61 0.82 083 085 098 077 -084 -076 -0.78
NINO3 -0.78 -0.80 -041 0.81 081 086 099 033 -089 -0.87 -0.79

MPIM  LL-STRAT -0.19 -0.18 -0.08 0.11 0.08 043 096 -0.20 -0.65 -0.50 -0.20
NINO3 -0.07r -0.08 -036 -0.08 -0.07 043 096 -046 -0.70 -0.27 -0.10

NCAR LL-STRAT -0.16 -0.25 -0.18 0.09 1.00 090 0.20 -0.08 -0.16
NINO3 -0.77 -0.85 0.96 0.09 1.00 0.96 -0.88 -0.06 -0.77

3.3 Interannual variability of vrimary and export produc- area, while the anomalies of & and PRyatare positively

tion correlated (Tabld). An equivalent correlation between the
_ _ globally integrated PP anomalies and those from the high
3.3.1 Primary production northern or southern latitudes can not be found, which un-

) o N ) ~derlines the dominant role of the low-latitude ocean in setting
Primary production is known to be sensitive to climate im- o global signal of PP variability.
pacts like for example El Nino Southern Oscillation (ENSO). . . )
Consequently, during an El Nino period, PP in the tropical ©OPServation-based g anomalies are negatively corre-
Pacific is reduced, whereas at a La Nina situation it is en/ated With changes in stratification and SST over the same
hanced (Behrenfeld et al., 2001; Chavez et al., 1999). Fron@r€2 (Fig.9; Behrenfeld et al., 2006). Note that in inter-

satellite observations it has also been shown that the globdi™ting Fig.9, one should focus on the magnitude and fre-
signal of interannual PP variability can largely be attributed quency of the PP variability, not the phasing of specific PP

to the permanently stratified, low-latitude oceans (Behren-€VeNts. Since the models are fully coupled and thus have

feld et al., 2006). What is more, such anomalies are highly© €@l time information other than from G@missions, ex-
correlated with shifts in the climate system in a way that cept for NCAR that also includes other greenhouse gases and

stronger stratification and the resulting surface ocean warmYelcanic forcing (Folicher et al., submitted), they each gen-

ing, which correspond to more El Nino-like conditions, result erate their own unique internal climate variability that can

in negative PP and chlorophyll anomalies over much of theonly statistically be compared with other models and obser-

tropics and subtropics. Stronger stratification results in les¥/ations. For the model results, a stratification index (SI) was
nutrient supply from deep waters, which in turn limits phy- calculated as by Behrenfeld et al. (2006), as the density dif-

toplankton growth. Algorithms that derive PP from ocean f€rence between the sea surface and 200 m water depth. In
colour make only indirect assumptions about nutrient con-the IPSL model, PP integrated over the entire domain of the

centrations via the temperature effect on PP. More detailedOW-latitude, stratified water is strongly anti-correlated with

answers regarding the links between stratification, tempera>>] and S. In the NCAR simulation, the biological-physical

ture, nutrients and biological productivity can be provided anti-correlations are more apparent wherl the imalysis is re-
by ocean biogeochemical models. Therefore, anomalies oftricted to the area of the Nino3 Box (1500, 5°S-5'N)

different parameters (PP, EP, SST, or stratification) are Com(TabIeZ, Fig. 9). qu MPIM no_correlation can be _f‘_’““q be-
puted as the difference of the monthly value to the climato-tween the respective anomalies of PP and stratification (SI)

logical average of the respective month. All three models ex-2f SST, neither for the whole low-latitude, permanently strat-

amined in the current study follow the behaviour described!fied domain nor for any other individual sub region. This
by Behrenfeld et al. (2006), where the global signal of ppmay be because in MPIM next to overall iron limitation the

anomalies is largely controlled by the permanently stratified,£duatorial Atlantic ocean is dominated by strongly oscillat-

low-latitude oceans that have annual average SSTs abov8Y predator-prey cycles, which lead to phase shifts in phy-
15°C (Fig. 9). However, MPIM strongly overestimates the top_lankton gnd zooplankton abundance. Thls effect also ex-
amplitude and frequency of interannual PP variability while P!2ins the high amplitude and frequency of interannual vari-

in NCAR PP variability is slightly too low. It is interest- 2pility of PP simulated by MPIM (Figp).

ing to see that for all models and the observation-based val- The slopes that can be derived from the anomalies of
ues, the percentage of PP in the low-latitude, permanentlyPRs 4t Versus stratification (S-SLOPE) and SST (T-SLOPE),

stratified ocean (Rffa) to global PP (Pob) almost equals ~ whereby the latter are also used as an indicator for strat-
the fraction of the stratified areas to the global ocean surfacdication, are similar in IPSL and the observation-based
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estimates (Fig10). In the satellite observations for the < o L oo 0’% i
area of the permanently stratified oceans there is a PP 5o | L 20es (- Q » L
anomaly of -876 Tg CmontH per unit stratification in- 40%5 | [ 4oes | /) i
crease (kgmd) and a decrease of —151 Tg C monthper coor | 1s0oF | 110ew | 10w soor | isoer | 10w 1oew

degree SST increase (Tably. For IPSL, S-SLOPE is

slightly weaker (-787 Tg C monti) and T-SLOPE some- Fig. 11. Maps showing coefficients of determinatia®?¢) for cross

what stronger (=246 Tg C momp,,)_ In NCAR both slopes correlations of modelled and observation-based local primary pro-

are weaker and correlations are insignificant for the entireduction (PP) anomalies versus variability of stratification and dif-

low-latitude, stratified domain, but considerably higher cor- ferent nutrient concentrations averaged over the area of the low-
. ' N . latitude, permanently stratified ocean. TRé-values have been

relations are found for the region of the Nino3 Box (TaB)e

. . . multiplied with the sign of the regression slope to obt&#f, such
This area is, however, too small to explain the bulk of the I:’Pthat positive (red) values forR?* indicate positive correlations,

variability for the permanently stratified ocean, which gov- negative (blue) values show anti-correlations. Please note that in

erns the global signal in the NCAR simulations. the right column PP is correlated with different nutrient concentra-
tions, which are the most limiting for the respective model (see also
3.3.2 Mechanisms of primary production variability Fig.5).

A further step is to examine the mechanisms behind the

climate-productivity correlations as found in IPSL for the en- tion (positive or negative), was chosen, as it permits a better
tire low-latitude ocean domain and in NCAR for the tropical distinction between areas of high and low correlation than R
East Pacific. To find out which mechanisms probably con-does. To isolate the large-scale climate impact on productiv-
tribute to PP variability, maps of cross correlations of dif- ity, the anomalies of temperature, stratification and nutrient
ferent anomalies averaged over the whole region (Ely.  concentrations are averaged over the whole low-latitude, per-
versus the local PP variability are drawn, highlighting thosemanently stratified ocean, rather than showing the local sig-
regions in the models where PP reacts most sensitive tmal on each grid-point. The pattern found for anomalies of
changes in other variables like stratification, SST and surfacéP and stratification (SI) in the IPSL model is similar to the
water nutrient concentrations. The coefficient of determina-one seen in the observation-based estimates with strongest
tion R? is multiplied by the sign of the regression slope to anti-correlations (negativR?*-values) occurring at the bor-
obtain R%* which shows next to its strength also the direc- ders of the equatorial tongue (Fifl). High positive coef-
tion of the correlation (positive or negative). DisplayiRg* ficients of determinationk?*) between PP and (ND con-
instead ofR, that would include the direction of the correla- centrations in the same area indicate that stratification and
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NOj is well reproduced. In NCAR highest anti-correlations
for PP and Sl anomalies are found in the equatorial Pacific
(Fig. 11), although much weaker than in IPSL and the ob-
servations. Especially for the area of the Nino3 Box only,
higher correlations between PP and SI/SST than for the entire
low-latitude, stratified domain have already been mentioned
above. The respective correlation coefficients are given in
Table 2, showing also that in NCAR PP in the area of the
Nino3 Box is indeed controlled by iron availability. There
is no further correlation with Pi) concentrations, as due to
iron limitation PG}~ concentrations higher than observed oc-
cur. Since iron is supplied to the surface ocean by dust input
and upwelling of remineralised iron from below, surface wa-
ter iron concentrations are partly decoupled from changes in
J s ! 1 s ! oWy i stratification (climate), however, (anti-) correlations between
S 4SO G AW s s oW 0w S s (o 0w iron and PP (stratification) in the area of the Nino3 Box (Ta-
ble 2) are still moderate to high. In MPIM, where PP is to-
tally dominated by iron stress and predator-prey oscillations,
there are no correlations between anomalies of PP arjd PO

|
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Fig. 12. Maps showing coefficients of determinatia®?() for cross
correlations of local export production (EP) anomalies versus vari-
ability in primary production (PP), different nutrients, and MLD )
averaged over the area of the low-latitude, permanently stratified®’ NOs concentrations.
ocean. TherZ-values have been multiplied with the sign of the
regression slope to obtaiR?*, such that positive (red) values for 3.3.3 Export production
R?* indicate positive correlations, negative (blue) values show anti-
correlations. Please note that in the middle column EP is correlated he pattern of the sensitivity of PP to climate is transferred
with different nutrient concentrations, which are the most limiting into export production (EP) variability. EP reacts most sen-
for the respective model (see also Fsj). sitive to changes in PP in those areas, where PP reacts most
to climate variability (Fig.12). In IPSL, variability in EP
SST changes in the equatorial Pacific result in changes ifis strongly correlated with the average PP variability at the
the upwelling of nutrients, which further leaves an imprint borders of the high productivity tongue in the equatorial Pa-
on PP. As the equatorial Pacific is known to be mainly iron cific, a pattern which is also reproduced by the EP correla-
limited (Fig. 5), one would assume to find also a strong im- tions with NG; anomalies (Figl12). In MPIM there are no
pact of iron variability on PP towards the center of the high considerable correlations between EP and PP or other cli-
productivity tongue. The absence of such a signal in IPSL,mate and nutrient anomalies when regarding the entire low-
however, may be caused by the formulation of the iron cy-latitude ocean. In the NCAR model, EP shows the strongest
cle, where iron concentrations are restored to a minimumcorrelation with PP variability in the North Atlantic, where
value of 0.01nM. This baseline concentration represents #@Pp (and thus EP) exhibits the strongest interannual variabil-
non-accounted source of iron, which could arise from pro-ity. Coefficients of determination different from 1 are found
cesses that are not explicitly taken into account in the modelin NCAR, even though EP is fixed to be 1/3 of PP, as lo-
like temperature or light effects on iron availability, iron re- cal EP variability is correlated with PP variability integrated
leased from ligands and dissolved or particulate matter, variover the entire low-latitude, permanently stratified domain.
able iron content in deposited dust, different ratios of bio- This is also the reason why negative correlations in all mod-
available versus dissolved iron from recycling (e.g. micro- els may occur. Surprisingly' neither IPSL nor NCAR show
versus macrozooplankton), changes in phytoplankton sizgonsiderable correlations of EP with changes in the mixed
and/or physiology like half-saturation constants or iron de-|ayer depth.
mand. The iron restoring formulation allows to correctly
represent the width of the equatorial tongue in chlorophyll
and the location of the iron-to-nitrate limitation transition, 4 Discussion: can the interannual variablility of pri-
thus yielding a better representation of nutrient co-limitations ~ mary and export production be extrapolated to an-
(Fig. 5). By doing so, the natural variability of iron is partly thropogenic climate change?
suppressed, dampening the signal that otherwise would be
transferred into PP variability. Nevertheless, IPSL shows theAll models showed a reasonable agreement with observa-
best representation of interannual climate/PP variability bothtions of temperature and salinity fields and also with es-
temporally (Fig.9) and spatially (Figll). This is due to the timates of water mass transports, giving confidence in the
fact that next to the location of the iron-to-nitrate limitation models that the simulated circulation fields are reasonable
transition, the impact of ENSO variability on the supply of and comparable to those of other state-of-the-art coupled
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climate models (Meehl et al., 2007; Randall et al., 2007).
In terms of biogeochemical cycling MPIM and NCAR have s §
shown to be too strongly iron limited (Fi§) and iron cycling
in the models has shown to be the central point in reproduc-
ing the observed climate-productivity relations. o
Maps of surface water iron concentrations (Fig) show 40°
that although the range of iron concentrations in all three .
models is similar, the patterns of distribution are very differ-
ent. This can be explained partly by the different iron sources MPIM NCAR
in the models, which are dust input and upwelling from be- o F=am s =
low in MPIM and NCAR, and an additional sediment iron 7
source in IPSL. Please note that there is no interannual or" |
longer-term variability in the dust sources of all three models. 1
The fact that relatively high iron concentrations are achieved ,.; ¥ , 4
in the HNLC Southern Ocean for MPIM and NCAR, sug- ’
gests that in NCAR either the applied half-saturation con- =~ '——————— ——
stant (Kre) is too high or that limitation by temperature or
light prevails (Fig.5). In MPIM, where no explicitiron half-  Fig. 13. Maps showing annual average surface water iron concen-
saturation is used, but nutrient co-limitation is computed viatrations. The contour lines for IPSL mark those areas where during
Kpos~=0.1uM and the Fe:P ratio of 5 nMLM_l it may be the 20-year period iron concentrations are lower or equal 0.01 nM,
a too high Fe:P ratio and/orfg4 that result in too strong  atleast during one month, which means in those areas iron is poten-
iron limitation. For IPSL contour lines in Fig3mark those  tially added by restoring.
areas where iron concentrations during the 20-year period
of investigation during at least one month reach the lower
boundary value of 0.01nM, below which iron is restored. Under possible more El Nino-like conditions with sur-
The map shows that the determined relationships betweeface ocean warming and stronger stratification in the low-
climate, stratification, nutrient concentrations and finally PPlatitude ocean, nutrient supply to the surface ocean is ex-
(and EP), reproducing the observations very well (RiD), pected to be reduced, resulting in lower PP and EP. This is
are not directly influenced by this artificial iron source. supported by the IPSL simulation. As a consequence, in a
From the coefficients of determinatioR?) and the signs  future warming climate with conditions resembling a perma-
of the regression slopes of the variability of PP and Slnent El Nino, both PP and EP probably will change, which
(stratification index) versus different nutrient concentration has already been shown by other climate model simulations
anomalies, the chain of cause and effect from climate im-(Sarmiento et al., 2004; Boyd and Doney, 2002; Bopp et
pacts to nutrient concentrations and further to PP and finallyal., 2001, Folicher et al., submitted). T-SLOPE was de-
to EP, may be tentatively reconstructed (Tabje Accord-  termined in the present study from observation-based esti-
ingly, in IPSL the global signal of PP variability is well mates and the IPSL model to quantify PP sensitivity to SST
explained by the behavior of the entire permanently strati-(Table 1, Fig. 10). As the model simulations were run un-
fied, low-latitude ocean. Even though in some cases therdil the year 2100 using the A2 scenario, results are available
are moderate correlations between PP and iron variabilitto check whether T-SLOPE also holds to predict the future
the slope is negative, which means in the opposite directionmpact of climate change on PP in the low-latitude ocean.
than expected (Tablg). This shows the effect of restoring Accordingly, one would expect PP (EP) in the low-latitude
the iron concentrations on hiding the potential impact of ironocean to decrease by 3Gt Cyr(0.6 Gt Cyrl) per rC
limitation on PP variability. Instead, PP variability is domi- temperature increase. For this particular ocean area the IPSL
nated by NQ and ch— (Fig. 11, Table2). Both nutrients  model predicts an increase of the average SST 6ClLfm
show high correlations with climate indicators like Sl and the years 1985-2005 until 2090-2099. This should cause
SST as well as with PP for the entire stratified, low-latitude a decrease in PP (EP) by 4.8 Gt Cyr(1 Gt Cyr 1), rep-
domain and also for the Nino3 Box only (Taldg In MPIM resenting a decline of 27%. However, the model predicts
and NCAR PP variability is largely independent of?@nd PP over the same time period and area to reduce only by
other nutrients (MPIM), because too strong iron limitation al- 1.6 Gt Cyr1 (-9%) and EP by 0.7 Gt CyF (-19%). This
lows high macronutrient concentrations well above observedgshows that T-SLOPE, which was derived from modelled in-
levels (Fig.4). Another reason for the absence of a betterterannual variability during the two decades between 1985
correlation between the anomalies of PP and nutrients of thand 2005, can not straightforwardly be used for extrapola-
whole low-latitude area in NCAR may be the fact that model tion into future climate conditions and also that the relation
PP stands for net nutrient uptake, which includes processesf EP versus PP will shift. Consequently, to estimate the
like grazing and heterotrophic respiration. impact of future climate change on marine productivity and

40°N

Surface Water Iron 0.5
(nM) 0.3
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carbon export further mechanisms and, of course, also th®eferences

high latitude ocean will have to be considered. For exam-

ple, Le Q&ré et al. (2007) demonstrated the importance ofAnderson, L., and J. Sarmiento, Redfield ratios of remineralization
an increase of near surface wind speeds over the Southern determined by nutrient data analysis, Glob. Biogeochem. Cy.,

Ocean between 1984 and 2001 (Marshall, 2003) on the ma- 8(1), 65-80, 1994. . o
Aumont, O. and Bopp, L.: Globalizing results from ocean in situ

rlne_ carbon cycle, a trend that IS nqt reprqduced .by the ”,‘Od' iron fertilization studies, Glob. Biogeochem. Cy., 20, GB2017,
els in the current §tudy dgnng the investigated tlrrje, period. doi:10.1029/2005GB002591, 2006.

Next to a change in the air-sea g@xchange (Le Qereé et Aymont, O., Maier-Reimer, E., Blain, S., and Monfray, P.:

al. 2007), such a shift may increase the supply of iron from  an ecosystem model of the global ocean including Fe,
below, which in turn might stimulate phytoplankton growth  Si, P colimitations, Glob. Biogeochem. Cy., 17(2), 1060,
in the Southern Ocean. A more detailed study on the long- doi:10.1029/2001GB001745, 2003.

term shifts in marine biogeochemical cycles under climateBehrenfeld, M. and Falkowski, P.. Photosynthetic rates de-
change will be done in a complementary analysis that uses rived from satellite-based chlorophyll concentration, Limnol.

the continuation of the here presented model simulations in ©ceanogr., 42, 1-20, 1997.

a scenario of future climate change (SRES A2) until the yea/8ehrenfeld, M. J., Boss, E., Siegel, D. A, and Shea, D.
2100. M.: Carbon-based ocean productivity and phytoplankton phys-

iology from space, Glob. Biogeochem. Cy., 19, GB1006,
doi:10.1029/2004GB002299, 2005.

5 Conclusions Behrenfeld, M. J., Randerson, J. T., Mc Clain, C. R., et al.: Bio-
spheric Primary Production during an ENSO Transition, Science,

The current study has illustrated a strong link between ma-B i91,$?§4,\—/|2597, 2&0|1| R T. Siegel. D. A L cii

rine productivity and climate variability in coupled climate ehrenfeld, M. J., O'Malley, R. T., Siegel, D. A., et al.. Climate-
. driven trends in contemporary ocean productivity, Nature, 444,

carbon cycle models, which has already been observed from

. . 752-755, 2006.
satellite records (Behrenfeld et al., 2006). A detailed €X-Bopp, L., Monfray, P., Aumont, O., Dufresne, J. L., Le Treut, H.,

amination of biogeochemical cycling in the models has re- \jadec, G., Terray, L., and Orr, J. C.: Potential impact of climate
vealed the importance of the modelled iron cycle on the change on marine export production, Glob. Biogeochem. Cy., 15,
impact of climate variability on marine productivity. Only  81-99, 2001.

one model (IPSL) is able to reproduce the observed relaBopp, L., Aumont, O., Cadule, P., Alvain, S., and Gehlen, M.: Re-
tionship between climate (stratification, SST) and PP. The sponse of diatoms distribution to global warming and potential
use of an iron restoring formulation in IPSL may be suit- implications: A global model study, Geophys. Res. Lett., 32,
able for simulations of the present-day situation, as the areas L19606, doi:10.1029/2005GL023653, 2005.

with strong anti-correlations between productivity and strat-Boville, B. A. and Gent, P.: The NCAR Climate System Model,
ification (SST) seem to be not directly influenced (Fig). version one., J. Climate, 11, 1115-1130, 1998.

) oville, B. A., Kiehl, J., Rasch, P., and Bryan, F.: Improvements to
Remote effects by advection, however, can not be excludeql'.a’ the NCAR CSM-1 for transient climate simulations, J. Climate,

This has to be regarded with care when applying the model 13 5925070 doi:10.1029/2002JD003026. 2001.
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