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Abstract. Phosphate distributions simulated by seven statethe physical circulation and the marine biology.HSincor-
of-the-art biogeochemical ocean circulation models are evalporated into organic matter by photosynthetic phytoplankton
uated against observations of global ocean nutrient distriin the euphotic zone. A fraction of this organic matter escapes
butions. The biogeochemical models exhibit different struc-recycling in the surface layer and is exported into the ocean
tural complexities, ranging from simple nutrient-restoring to interior. Remineralisation of organic matter by bacteria and
multi-nutrient NPZD type models. We evaluate the simula- zooplankton releases nutrients such ag R@d consumes
tions using the observed volume distribution of phosphate oxygen. This phosphate is called “regenerated phosphate”.
The errors in these simulated volume class distributions ar@’he remaining phosphate is the biotically unutilized surface
significantly larger when preformed phosphate (or regenerphosphate, which enters the ocean by subduction during wa-
ated phosphate) rather than total phosphate is considereter mass formation, and is called “preformed phosphate”. Ac-
Our analysis reveals that models can achieve similarly gooatording to observational estimates, the preformed phosphate
fits to observed total phosphate distributions for a very dif-makes up for about 60 % of the global ocean’s phosphate in-
ferent partitioning into preformed and regenerated nutrientventory, whereas regenerated phosphate derived from rem-
components. This has implications for the strength and poineralisation of organic matter makes up for the remaining
tential climate sensitivity of the simulated biological carbon 40 % (Ito and Follows, 2005).

pump. We suggest complementing the use of total nutrient Patterns of P@ concentrations as well as the partition-
distributions for assessing model skill by an evaluation of theing into preformed and regenerated components are sensi-
respective preformed and regenerated nutrient componentstive to ocean circulation, export production and reminerali-
sation length scale. For example, a more active biology in-
creases the transfer of phosphate from surface to intermedi-
ate depths by remineralisation, depleting surface nutrients.
1 Introduction Consequently, the amount of phosphate subducted at high

o . latitudes, i.e. the preformed phosphate, decreases as well.
The distribution of phosphate (RTin the ocean is controlled  Ag another example, a more vigorous overturning results in

by a wide range of processes. In the absence of major extehigher supply rates of nutrients from the deep ocean to the
nal sources, internal processes are the main drivers, namely
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Table 1.General description of the models used in this study.

Model OPA-PISCES MPIOM- CCSM3-BEC UVIC omlp7- CSIRO MOM-P2A
HAMOCC BLINGVO
Resolution 05 (eq.) to O5(NA) to 09 (eq.) to 1.8x3.6 0.6 (eq.) to 3.2x5.6 3.75x 4
2x2 15x15 2x3.6 2x3
Levels 31 40 25 19 28 21 24
Mixed Layer TKE TKE KPP - KPP - -
Lateral Iso-GM Iso-GM Iso-GM Iso-GM Iso-GM Iso-GM Iso-GM
diffusion
Wind stress ERS NCEP-NCAR NCEP-NCAR NCEP-NCAR CORE Previous couECMWF
pled exp.
Biology NPZD NPZD NPZD NPZD N N OCMIP (N)
Boxes 24 18 18 9 4 4 5
2 phy., 1 phy*, 4 phy., 2 phy., implicit PZD,  implicit PZD, implicit PZD,
2 zoo., 1 zoo., 1 zoo., 1 zoo., POy, POy, POy,
NOg3, NOg3, NOg, NOg3, DOP, O, DOP,
POy, POy, POy, POy, Oy, DIC, Oy,
Detritus, Detritus, Detritus, Detritus, Iron TALK DIC,
O2, Oy, Oy, Oy, TALK
Carb., Carb., Carb., DIC,
Iron, Iron, Iron, TALK
Sil. Sil Sil.
Ref. Aumont and Maier-Reimer Krishnamurty Oschlies Galbraith Matear and Gnanadesikan
Bopp etal. (2005) etal. (2009) etal (2008) etal. (2010)  Hirst et al. (2004)
(2006) (2003)

* Implicitely partionned into diatoms and coccolitophores depending on available silicate.

euphotic zone, which will increase surface nutrient levels.interface have been assessed using a suite of fully coupled
Thereby, the preformed R(pool increases whereas the re- climate models (Roy et al., 2011).
generated PQpool decreases. A model that correctly sim-  All these studies focused on total nutrient concentrations.
ulates biogeochemical and physical processes should repr&he partitioning between regenerated and preformed pools
sent not only the total phosphate distribution, but also repro-has, to our knowledge, not been considered in previous
duce its preformed and regenerated pools in a realistic way.model intercomparison studies. Previous studies aimed at
The global PQ distribution is characterised by generally a better understanding of the interactions of climate and bio-
low POy values in surface waters and high concentrations ingeochemistry have found preformed P be an excellent
the deep ocean, with maximum concentrations often foundndicator of atmospheripCQO,, with a positive correlation
in intermediate waters associated with low oxygen concenbetween the atmospheric G@vels and the relative amount
trations. This picture is usually well reproduced by oceanof preformed phosphate in the ocean interior (Ito and Fol-
general circulation models, as depicted by model intercom{ows, 2005; Marinov et al., 2008). By contrast, the total sur-
parison studies (Najjar et al., 2007), which have been conface nutrient inventory is not necessarily correlated with at-
ducted for instance in the context of the Ocean Carbon-cyclenospherigpCO, and oceanic circulation changes.
Model Intercomparison Project (OCMIP). OCMIP compared The objective of this study is to illustrate that additional
models with a simplistic representation of marine biogeo-information can be gained by explicitly considering pre-
chemistry, i.e. restoring of nutrients at the sea surface andormed and regenerated nutrients pools in the evaluation of
no explicit representation of phytoplankton. More complex biogeochemical models. We here exploit 7 state-of-the-art
biological models were used in the Coupled Carbon Cy-coupled biogeochemical-circulation models to demonstrate
cle Climate Model Intercomparison Project (CAMIP) that how the separation of the phosphate into preformed and re-
focussed on the coupling of climate and the carbon cyclegenerate concentrations can improve the assessment of the
(Friedlingstein et al., 2006). Schneider et al. (2008) assessesimulations.
surface PQ, export and primary production simulated by
three CAMIP models. Carbon fluxes at the ocean atmosphere
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2 Datasets importance of oxygen vs. NfDas electron acceptors can
roughly be quantified from comparing current estimates
Seven global biogeochemical-circulation models used inof denitrification and the global export production in the
previous studies are considered here (see Table 1 for descean interior. The estimated loss of N is about 100 Tg N
tails): OPA-PISCES (Aumont and Bopp, 2006), MPIOM- yr—1 (Codispoti et al., 2001), which represents about 7 Tmol
HAMOCC (Maier-Reimer, 1993; Maier-Reimer et al., C yr! (0.08Gt C yr! equivalents) as roughly 1mole
2005), CCSM3-BEC (Krishnamurthy et al., 2009), UVIC2.8 NOg3 is consumed during the oxidation of 1 mole carbon
(Oschlies et al., 2008), om1p7-BLINGVO (Galbraith et al., (Koeve and Khler, 2010). The export flux is estimated to
2010), CSIRO (Matear and Hirst, 2003), MOM P2A be about 10 Gt C yr! (e.g., Schlitzer, 2002). The amount
(Gnanadesikan et al., 2004). of phosphate regenerated under suboxic conditions is equal
Given that the partitioning into preformed and regeneratedo the ratio between these two quantities and accounts for
nutrients is likely sensitive to the models’ parameter choicesabout 1 percent of the aerobically remineralized phosphate.
and the forcing used, the behaviour of the models shown her&emineralization by other compounds (sulfate, some metals)
should not be extrapolated to other model configurations. occurs only in enclosed seas (Black Sea, Baltic, some fjords)
All models were forced by prescribed atmospheric con-and in sediments in shelf and coastal waters. It may locally
ditions in an attempt to obtain realistic pre-industrial cir- be important relative to aerobic demineralization, but in
culation fields. The pelagic ecosystem part of the bio-the open ocean’s pelagic realm investigated here is not
geochemical models ranges from relatively simple nutrientconsidered to play a significant role.
restoring-type models (CSIRO, MOM P2A) to intermedi- For the main analysis of this paper, we assume that
ate complexity nutrient-phytoplankton-zooplankton-detritus Pregenerate@an be approximated byrByeneratedn,)- Impacts
(NPZD) (UVIC2.8, om1p7-BLINGVO) and more complex of denitrification, i.e. Begenerateqnog), are estimated for
models with multiple plankton functional types (OPA- models that include both a nitrogen and phosphorus cycle
PISCES, MPIOM-HAMOCC, CCSM3-BEC). All models (see Appendix). However, due to the limited validity of this
were integrated for at least 2000yr to reach a steady statestimate and the relatively small impact of phosphorus re-
guasi-equilibrium. Annual mean output from these models isgeneration by denitrification on our results (see Fig. Al), we
compared against objectively analysed annual means of thiocus on aerobic processes in the main part of this study. Re-
World Ocean Atlas (WOA) 20053arcia et al., 2006a,b). generated phosphate is computed by multiplying the Appar-
When using WOA as the ground truth against which we ent Oxygen Utilisation (AOU) with the oxidation ratip:.o,
compare the different models, one has to keep in mind that
there are inherent errors in this annual-mean composite o _
observations, specifically due to measurement errors, sea'EjRe@’e”eratedRP:'OZAOU (1)
sonal and regional sampling biases and interpolation effectsApparent Oxygen Utilisation (AOU) evaluates integral oxy-
In particular, the scarcity of observations during winter time gen consumption by biological activity and is computed as
at high latitudes, especially in the North Atlantic and the the difference between the oxygen saturation concentration,
Southern Ocean, might lead to a bias in the annual mean cliwhich depends on thermohaline properties (Weiss, 1970),
matology of the upper ocean towards summer. In the dee@nd the actually observed oxygen concentration. Rpeo,
ocean, however, phosphate and oxygen concentrations aatio is assumed to be a fixed and constant stoichiometric ra-
well as temperature and salinity show little to no seasonatio between phosphate production and oxygen consumption.
variations (e.gConkright et al., 2000). Here, seasonal bias This ratio has been setto 1/172 in OPA-PISCES, MPIOM-
in sampling is hence of minor importance. Our analysis con-HAMOCC, 1/170 in CCSM3-BEC, CSIRO, MOM P2A,
siders concentration distributions over the entire water col-UVIC2.8 and 1/150 in om1p7-BLINGvO. We use these
umn, of which the upper ocean represents only a relativanodel values when analyzing the respective models outputs.
small fraction. For the objective of this study, potential upper A common Rp..o, value of 1/170 is used for the analy-
ocean sampling biases are therefore assumed to have onlysis of WOA data independently of the value considered in
very small effect. Prior to analysis, all model output fields the different models. Indeed, generally accepted values de-
were regridded onto the 33 levelsc1l degree WOA grid. rived from ocean data are close to 1/170 (Takahashi et al.,
The distribution of the regenerated phos- 1985; Kortzinger et al., 2001; Anderson and Sarmiento,
phate can be expressed in a general way asl994; Li et al., 2000). It has been shown that this ratio is
Pregenerated ) PRegenerated (Oxidant) Where  possible oxi-  nearly uniform with location and depth. Using TTO/NAS
dants are oxygen, nitrate, manganese oxides, iron oxidegnd GEOSECS data in Atlantic and Indian Ocean, Takahashi
sulfate and eventually GOOrganic matter remineralisation et al. (1985) found no evidence for a significant difference
using oxygen occurs everywhere in the ocean, excepbetween the estimate ratios of oxygen consumption to phos-
in places where oxygen is essentially depleted (suboxighate release for thermocline waters in the Atlantic and In-
regions). In this case, N{and NG may be used as electron dian Oceans. Similar 40P values have also been observed
acceptors for the oxidation of organic matter. The globalin the deep Pacific (about 2.7 to 3.5km deep), deep Indian
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Fig. 1. Total phosphate (mmoln¥) volume distribution in
WOA, OPA-PISCES, MPIOM-HAMOCC, CCSM3-BEC, Fig. 2. Preformed phosphate (mmorrﬁ) volume distribu-
UVIC2.8, om1p7-BLINGVO, CSIRO, MOM P2A for bin sizes of tion in WOA, OPA-PISCES, MPIOM-HAMOCC, CCSM3-BEC,
0.1 mmol nT3. The numbers indicate the global mean fraction of UVIC2.8, 0m1p7-BLINGVO, CSIRO, MOM P2A.
preformed over total phosphate. The blue (red) bars indicate the
mean fraction of preformed (regenerated) phosphate in each bin.
deep water. Computed AOU might be higher than the true
oxygen utilisation, especially for waters with high-latitude
Ocean (about 3.5 km deep), the Red Sea, and the Norwegiaoutcrop regions (Ito et al., 2004). While the processes con-

Sea (Broecker et al., 1985). trolling the saturation state of oxygen in the surface waters
Preformed phosphate is computed as the difference beare not well constrained by available observations, we prag-
tween total and regenerated phosphates matically use the AOU metric in this study. We acknowledge
the limitation of the AOU approach, and we assume that all
PpreformedP —FRegenerated 2 our datasets, model outputs as well as observations, are af-

. . ) fected similarly.
With a piston velocity for oxygen of several meters per day,

the timescale needed for the oxygen concentrations in the

ocean’s surface mixed layer, typically several tens of meterg Means and volume distributions

thick, to equilibrate with the atmospheric can reach a few

weeks (e.g. Broecker and Peng, 1982). We note that, despiten WOA, total PQ concentrations range from close to 0
the relative rapidity of the @air-sea gas exchange (rapid to maximum values of 4.9 mmolm, with only very small
when compared with one to two orders of magnitude longemarts of the global ocean volume exhibiting concentrations
equilibration timescales for the strongly buffered @qui-  greater than 3.5 mmolm? (Fig. 1). The global mean value
librium of surface waters with atmospheric oxygen is actu-is 2.26 mmolnt3. The volume associated with concentra-
ally not perfect and may be prevented by physical processegjons lower than 1 mmol m? is also small and represents
such as surface heat loss or entrainment of oxygen depleteohly 5% of the ocean volume. This low concentrations range
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Fig. 3. Total (a) and preformedb) phosphate concentrations (mmafR) along an Atlantic meridional section (3W) and a Pacific
meridional section (150W) in different datasets: WOA, OPA-PISCES, MPIOM-HAMOCC, CCSM3-BEC, UVIC2.8, om1p7-BLINGVO,
CSIRO, MOM P2A.

corresponds to the surface layer and the upper thermoclinis low in the northern high latitude region (0.8 mmot#),
(Fig. 3a,b). The total oceanic phosphate pool is composed byigh in the Southern Atlantic (above 1.3 mmot#) and in-
64 % of preformed and 36 % of regenerated,PO termediate in tropical waters (1 mmot¥), where mixing

The observed (WOA) total phosphate volume distribu- occurs between waters of northern and southern origin.
tion is bimodal (Fig. 1). A first mode is characterised The second mode of the total P@olume distribution
by concentrations ranging from 1 to 1.8 mmot#n with (Fig. 1, WOA) ranges from 2.2 to 3.5 mmolth and rep-
an associated volume of 20% of the total ocean. Thisresents 70 % of the ocean volume. This range of concen-
first mode corresponds mainly to Atlantic waters (Fig. 3), trations is typical for subsurface waters of the Southern
which are characterised by low phosphate values (aroun@®cean, Indian and Pacific Ocean. Phosphate concentrations
1 mmolnm3) in northern subduction regions, intermediate increase when water gets older, e.g., from the Southern
values (1.5 mmolm3) in tropical regions and large values Ocean (2.2 mmol m3) towards the North Pacific, where val-
(above 2 mmol m3) in the Southern Atlantic. Subduction re- ues reach 3.0 mmoln? at intermediate depths, as seen in
gions are characterised by a high fraction (0.75) of preformedrig. 3. Preformed phosphate concentrations are relatively
over total phosphate, as the sinking water mass is young andonstant in the Pacific with values of 1.4 to 1.6 mmofin
thus little biological activity occurred since its last contact (Fig. 3b), because in contrast to the Atlantic Ocean, deep
with the atmosphere. This fraction is much lower in the trop- waters of the Pacific originate exclusively from the Southern
ical regions of the Atlantic, where biological production is Ocean. In contrast, the ratio of preformed over total phos-
high and subsurface waters are older. Preformed phosphatghate decreases from the Southern Ocean (0.75) northwards
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1802 O. Duteil et al.: Preformed and regenerated P@in OGCMs

and reaches minimum values of 0.5 in the North Pacific,in the Southern Ocean (Matear and Hirst, 2003), leading to
where regenerated RCand total PQ concentrations are a more realistic winter mixed layer, convection depth and
highest along the Pacific transect. subduction of water in the Southern Ocean.
Global mean phosphate concentrations are similar be-
tween observations and all the studied models. Values range
from 2.17 mmol m2 (MPIOM-HAMOCC) to 2.35 (MOM 4 \Water masses
P2A). This similarity is not surprising, since all models were
initialised with phosphate fields derived from WOA. Differ- In order to better understand what causes the differences in
ences reflect to a large extent the different topographies anthe PQ distributions, we analyse the models’ representa-
resolution used in the different models. In order to quantify tions of the main water masses in the Atlantic and the Pacific
differences in the P@distribution between models and data, Ocean.
we computed a “Volume Class Error”, which is the percent- Deep waters of the Atlantic Ocean are formed at high
age of water simulated in the wrong concentration class comfatitudes, both in the north (North Atlantic Deep Water:
pared to the WOA. NADW) and in the Southern Ocean (Antarctic Bottom Wa-
ter: AABW). In the North Atlantic interior (below 500 m
and from 40 to 60N) (Fig. 3), concentrations of total
VCE= <Z|Vpo“(”m°“e'_ VPO“‘”‘”"“') /2 Vocean  (3) phosphate range from around 0.8 (CSIRO) to 1.5 (MOM
' P2A) mmol nT3 and concentrations of preformed phosphate
whereVpq, i is the volume of water for a given modeled or from 0.4 (om1p7-BLINGVO), 0.6 (CSIRO) to 1 mmolTh
observed phosphate concentration clas®id Voceanis the (MOM P2A). Some models display preformed values in the
total volume of the ocean. NADW substantially lower than the WOA preformed PO
When measured in terms of total phosphate concentraef about 0.8 mmolm® (CCSM3-BEC, om1p7-BLINGVO,
tion classes of 0.1 mmolnt width (Fig. 1), for our set CSIRO).This apparent depletion of nutrients in the high-
of models the volume class error varies from 9% for thelatitude water mass formation areas could be caused by too
UVIC2.8 model to 32% in the MPIOM-HAMOCC model, intense biological activity or too sluggish circulation.
with OPA-PISCES (19 %), CCSM3-BEC (20 %) and MOM  Simulated total P@concentrations in the Southern Ocean
P2A (21 %), om1p7-BLINGVO (31 %), CSIRO (31 %), dis- (80 to 60 S) show relatively small variations among the dif-
playing intermediate model-data differences (Fig. 1). ferent models ranging from around 1.9 (MPIOM-HAMOCC)
The partitioning into preformed and regenerated phos-to 2.5mmolnT3 (MOM P2A) (Fig. 3a). However, the par-
phate displays large variations among the different modelstitioning into preformed and regenerated phosphate varies
In the om1p7-BLINGvO model, which assumés._o, = substantially among the different models (Fig. 3b). Sim-
1/150, the global ratio of preformed over total is only 0.5, ulated preformed phosphate concentrations in the South-
indicating a larger share of regenerated phosphate and henegn Ocean range from around 1.1 (MPIOM-HAMOCC)
a more intensive biological carbon pump comparing to theto 1.8 mmoln3 (OPA-PISCES). For relatively simple
physical one. The oceanic phosphate field simulated by theutrient-restoring biogeochemistry models it has been shown
OPA-PISCES model is however determined to a larger exthat low preformed Southern Ocean phosphate concentra-
tent by circulation-driven preformed phosphate, with a globaltions can be related to sluggish circulation and weak over-
ratio of preformed-to-total phosphate of 0.68. Preformed-turning (Marinov et al., 2008). Significant differences be-
to-total phosphate ratios of other models lie between theséween the end member values of preformed; ROthe dif-
two extremes (om1p7-BLINGvO: 0.5, CCSM3-BEC: 0.55; ferent models suggest that an identical concentration of pre-
CSIRO: 0.6, MPIOM-HAMOCC: 0.62, WOA: 0.64, MOM formed PQ is achieved through a different combination of
P2A: 0.65, UVIC2.8: 0.67, OPA-PISCES: 0.68) and are all NADW and AABW in the deep ocean, which is likely to have
relatively close to the WOA ratio of 0.64. biogeochemical implications, e.g. on oxygen concentration.
The “Volume Class Error” computed for the preformed In all of the models investigated, the simulated tongue of
pool distribution (Fig. 2) spans from 17 % for the CSIRO NADW with low preformed phosphate concentrations oc-
model to 69% for omlp7-BLINGVO (35% MPIOM- cupies a depth range of about 2000-3000 m and is thinner
HAMOCC, 44 % UVIC2.8, 47 % CCSM3-BEC, 48 % OPA- than in the World Ocean Atlas (Fig. 3b). AABW, gener-
PISCES, 49 % MOM P2A). For all models but CSIRO, the ally rich in preformed nutrients, extends northward through-
error in preformed phosphate is greater than the error irout the Atlantic in most models, whereas it is more mixed
the total phosphate. It demonstrates that the mechanismsyith NADW in observations in tropical regions. A tongue
whether dynamical or biological, responsible for the settingof relatively high phosphate concentrations is seen at inter-
of preformed phosphate concentrations are not as well repmediate depths in the tropical Central Atlantic Ocean. This
resented as suggested by just the total phosphate concefeature is due both to the subduction of Antartic Interme-
trations. The good performance of CSIRO might be due todiate Water, characterised by high preformed nutrient val-
the use of flux adjustments at ocean surface and particularlyes, and high remineralisation in the tropics. In some models
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Fig. 4. Absolute misfits (mmol m3) for regenerated, preformed (ordinate) and total phosphate (abscigapyliabal,(b) Southern Ocean,

(c) Pacific andd) Atlantic Ocean. In a model where no compensation between preformed and regenerated pool exists, one should expect that
the total phosphate misfit is the sum of the preformed and regenerated misfits. In this case, and considering that total phosphate misfits are
at each location, caused by either the preformed or regenerated pool, with equal amounts of preformed and regenerated phosphate misfit
the models should be located along the green lines. Several models present lower total misfits than the sum of preformed and regenerate
misfits. This is particularly the case for models reaching the red line (misfits in preformed or regenerated are at least equal to the total misfit).
Yellow/purple symbols visible for the models MPIOM-HAMMOCC and CCSM3-BEC include a correction for the estimated contribution of
denitrification to the regenerated phosphate pool (see Appendix).

(MPIOM-HAMOCC, MOM P2A, CSIRO) the role of rem- Appendix), as only aerobic respiration has been taken in ac-

ineralisation is dominant in generating this feature, indicatedcount in the computation of the regenerated phosphate pool.

by a meridional increase in total, but not in preformed, phos- Having described the main differences and similarities be-

phate concentrations. tween simulated and observed basin-scalg &i€tributions,
Waters found in the Pacific Ocean originate both from a quantitative measure of the respective model’s fit to ob-

the North Atlantic and from the Southern Ocean (Broeckerservations can, for example, be obtained by the absaéluite

etal., 1991). P@concentrations progressively increase from misfit (Kriest et al., 2010)

south to north due to remineralisation processes (Fig. 3a,

WOA). Simulated total phosphate concentrations are highLlabs= Y Y > |POsmodel — POsons (4)

est in MPIOM-HAMOCC, om1p7-BLINGvO, UVIC2.8 and Lk

CSIRO, where phosphate concentrations exceed 3 mmbl m

at intermediate depths (1000 to 2000 m) froni 3Go 50 N. WOA) phosphate concentrations andj, k denote the di-
These high concentrations are associated with a preformed: ensions of the spatial domain. The sums of the norm are

to-total phosphate ratio of less than 0.5 (Fig. 3b). Simulatedygjghted by the relative volume of the corresponding grid
POy, fields are dominated by the remineralised fraction in Viik
- boxes=-. AbsoluteL1 norms are computed for total, pre-
the om1p7-BLINGVO over most of the Pacific Ocean. OPA- Viotal .
formed and regenerated RQespectively.

PISCES and MOM-P2A do not display R@oncentrations For the model configurations studied here, total Ps-

higher than 3 mmol md. . o ' .
In the case of OPA-PISCES, remineralisation occurs atf|ts as well as misfits of the preformed and remineralised

. ; : . components are shown in Fig. 4. Absolute total,R@is-
shallow depths and thus in regions where residence times ar, . : .
L . its are generally smallest in the Southern Ocean, higher in
shorter, limiting the accumulation of regenerated phosphate

. . o . the Pacific Ocean (Fig. 4c) and largest in the Atlantic Ocean
This shallow remineralisation could be due to too slow sink- , _: . . L
. . - . (Fig. 4d). The different magnitudes of the misfits are corre-
ing speed or too fast remineralisation. Inversely in MPIOM-

HAMOCC, remineralisation occurs in deeper and older Wa_lated with the complexity of the composition of the different

. water masses in the different basins. For instance, the South-
ter, where preformed values are already high. The appar- . . )

. . . ern Ocean presents a relatively simple vertical water mass
ent non-conservative behavior of simulated preformed phos-

phate concentrations in MPIOM-HAMOCC and CCSM3 is structure, Wheregs the Atlgntlc ocean is charagterlseq by dif
. ) N ferent deep and intermediate waters. Any vertical misplace-

an artefact that can be linked to high denitrification rates (see : . o
ment of this structure by the models can generate high misfits

in total phosphate.

where PQuodel and PQops are modeled and observed
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Several models display absolute misfits in total phosphateaation of preformed and regenerated nutrient distributions is,
that are smaller than the individual misfits of preformed however, relevant for assessing the sensitivity of marine bio-
phosphate or regenerated phosphate, indicated by the syngeochemical cycles and marine g@ptake to environmental
bols located to the left of the red lines in Fig. 4. This indicateschanges.The underlying notion is that preformed (regener-
some compensation of errors in preformed phosphate by erated) phosphate reflects the amount of phosphate returning
rors in remineralised phosphate, e.g. by too low preformedo the ocean interior by physical (biological) processes.
phosphate concentrations being accompanied by too high The partitioning into preformed and regenerated phos-
concentrations of regenerated phosphate (and vice versaphate has been based on the canonical AOU concept (Red-
A compensation is also suggested by the fact that model§ield et al., 1963; Weiss, 1970), which assumes that a sub-
with large errors in preformed phosphate often display largeducted water mass is fully saturated with respect to atmo-
errors in regenerated phosphate, as seen by the relativelgpheric oxygen at its temperature and salinity values. How-
close mirror symmetry of the different panels of Fig. 4 with ever, in reality as well as in an ocean model, the degree to
respect to the horizontal zero line. If no compensation of er-which surface saturation is reached before the water is trans-
rors in preformed and regenerated phosphate existed, and [forted away from the surface layer depends on several fac-
total amounts of preformed and regenerated phosphate migers. These factors include the intensity of air-sea gas ex-
fits were identical, the model solutions would lie on the greenchange (e.g. wind speed), cooling of surface water, entrain-
lines displayed in Fig. 4. This is not the case, and essentiallyment of low-oxygen waters from deeper layers as well as in
all model solutions are located to the left of the green lines. situ biological processes (respiration or production of oxy-

A compensation of errors in preformed and regeneratedyen). At high latitudes, ice-cover can further slow down air-
phosphate is largest in the Southern Ocean, where modekea exchange. Namely the processes of cooling, ice-cover
data misfits of total phosphate are for most models smalleand entrainment act in the same direction and lead to an un-
than total phosphate misfits in the Pacific or Atlantic Oceandersaturation of surface waters during winter at high latitudes
as well as in the global average. Model-data misfits in bothwhen and where most of the water masses inhabiting the deep
preformed and regenerated phosphate, in contrast, tend to lmeean are formed. High latitudes are sparsely sampled during
higher in the Southern Ocean than in the other ocean basinshe winter season (Koeve, 2001, 2006). However, winter-time
This suggests that particularly in the Southern Ocean, a relaundersaturation has been observed, for example in the Wedell
tively good fit to observed total phosphate concentrations carSea, one prominent region of deep water formation, of up to
be reached by a very unrealistic partitioning into preformedabout 20% (Weiss et al., 1979; Gordon and Huber, 1990;
and regenerated phosphate. Given the close correlation diiopema et al., 1995; Russell and Dickson, 2003) and is in
changes in preformed phosphate and atmospherig @©  good agreement with a model study that applied an explicit
served for some models (Marinov et al., 2008), a model evaliracer of preformed oxygen (Ito et al., 2004). Oxygen un-
uation based on preformed (regenerated) rather than totalersaturation in newly formed deep waters translates into an
phosphate concentrations may reveal more details about theverestimation of oxygen use when the canonical AOU con-
quality of the model. In particular, Southern Ocean biogeo-cept is applied, as recognized from early on (Redfield et al.,
chemistry is, in many models, not as well simulated as onel963). The published observations and model studies avail-
might think when looking at simulated total R@istribu- able so far suggest that this bias, however, is comparable in
tions only. models and the real ocean.

Using the root-mean-square norm to measure model-data For doing better, two things are needed and likely will be
misfits yields very similar results (see Appendix Fig. Al). available in the near future. First and most importantly, more
Also, a correction for denitrification impacts on the esti- unbiased winter time observations from high latitudes are re-
mated regenerated phosphate (see Appendix) for the modetwuired. Provided that current sensor calibration issues can be
including an explicit nitrogen cycle (MPIOM-HAMMOCC solved, our understanding of winter time oxygen saturation
and CCSM3-BEC) does not change the results significantlyat high latitudes can be expected to improve considerably
as indicated by the yellow and purple symbols included inwithin a few years from now. In models, the skill of the AOU
Fig. 4. approach can be tested explicitly, following the methodology

of Ito et al. (2004). However, computing the TOU requires

the use of an explicit tracer for preformed oxygen. This tracer
5 Conclusions is fixed at the surface at every time step to the total oxygen

concentration and then transported passively into the ocean
Using a set of state-of-the-art coupled biogeochemistry-interior without being subject to biotically induced fluxes.
circulation models of the global ocean, this study has showrExperiment with such tracers, however, were not available
that a good representation of annual mean phosphate distrfor the models presented here.
butions in the ocean does not automatically imply that also Despite the limits of the canonical AOU concept, the use
the preformed and regenerated phosphate components are i&-regenerated and preformed phosphate pools in global scale
produced at a similar level of accuracy. A realistic represen-‘skill” metrics provides a diagnostic that is more sensitive to
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Fig. AL. Absolute misfits (mmol m3) for regenerated, preformed (ordinate) and total phosphate (abscigagjliobal,(b) Southern Ocean,
(c) Pacific and(d) Atlantic Ocean. Root square of the L2 absolute misfit has been iigggs=>_; > > POapodel—POa0ps)?-

differences in circulation and biology than metrics based on

tOtaI phosphate alone. Atlantic Ocean Pacific Ocean Atlantic OGcean Pacific Ocean
For the models investigated here, it turned out that low o = eos s ea son JooN e ses cos e son

(high) values of preformed tend to be compensated by high e l ;

(low) values of remineralised phosphate, suggesting SOme:«
corrections of deficiencies in the physics by a tuned biogeo- == 1% | i
chemical model component. This indicates that models may” i : !
fit observed phosphate distributions for the wrong reasons.” b LW
For the models analyzed here, this is particularly the case in e
the Southern Ocean. :
As a conclusion, we re-iterate the need of establishing a sei_.
of validation tools for biogeochemical models. In addition to ...
the common inspection of total nutrient concentrations, we «»
recommend considering also preformed and regenerated nu**
trient components. This comes at little additional cost, but
can provide additional information about mechanisms re- -
sponsible for the generation of biogeochemical tracer dis- ™"
tributions. Using the concepts of preformed and regener-
ated nutrients, which reflect the interplay between marine...,
biology and ocean circulation, should help to better con- «»
strain the ability of coupled biogeochemical models to repro-
duce the processes relevant for global biogeochemical trace .
distributions. "

a0

COSMA-SEC

000 =

Appendix A

Estimated impact of denitrification on regenerated csko uow 24

phosphate Fig. A2. Preformed phosphate concentration (mmofntaking

into account the impact of denitrification along an Atlantic merid-

The denitrification process has been estimated in the COM: Lol section (30W) and a Pacific meridional section (150/)

putation of the regenerated phosphate pool. We assumg itterent datasets: WOA, OPA-PISCES, MPIOM-HAMOCC,
that denitrification has occurred wherever there is a nitrateccsms-BEC, UVIC2.8, om1p7-BLINGVO, CSIRO, MOM P2A.
deficit with respect to the Redfield equivalent of total phos-

phate, computed as NG 16PQ,. Remineralisation of 1 mol
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of phosphate consumes 4 /&atio(—N/QO,) moles of nitrate  Friedlingstein,P., Cox, P., Betts, R., Bopp, L., Von Bloh, W,

(Paulmier et al., 2009). However, the limitation of this ap-  Brovkin, V., Cadule, P., Doney, S., Eby, M., Fung, |., Bala, G.,
proach is the assumption that waters with NQ6PQ, > 0 John, J., Jones, C., Joos, F., Kato, T., Kawamiya, M., Knorr, W.,
have not experienced denitrification and that all denitrifica- Lindsay, K., Matthews, H., Raddatz, T., Rayner, P., Reick, C.,
tion leaves a trace in negative NO16PQ. Applying this Roeckner, E., S_chnltzler, K., Schnur, R._, Strassmann, K.,
correction, preformed phosphate conservative properties are \/eaver, A., Yoshikawa, C., and Zeng, N.: Climate-carbon cycle
significantly improved in MPIOM-HAMOCC and CCSM- feedback.analy3|s. results from the C4MIP model intercompari-

- . . son, J. Climate, 19, 3337-3353, 2006.

BEC (Figs. 4 anq A2). At ba_lsm scale, model—data d|fferen'cesGa|braith, E. D. Gnanadesikan, A., Dunne, J. P, and His-
computed following the rationale of Kriest et al. (2010) dis- ok M. R.: Regional impacts of iron-light colimitation in a

play slightimprovements; however, the general picture is vir- - global biogeochemical model, Biogeosciences, 7, 1043-1064,
tually unchanged (Fig. 4). doi:10.5194/bg-7-1043-2010, 2010.
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