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PHYSICAL VS. BIOGEOCHEMICAL MODEL SENSITIVITY

Effect of different circulations
(Najjar et al., 2007; “OCMIP”)

variable south of 40!S. The OCMIP-2 models tend to agree
more with the inverse estimates of Schlitzer [2002] than the
satellite-based estimates, probably because the OCMIP-2
and inverse results have a similar basis (nutrient distributions
combined with circulation models).
[15] Tropical export production varies from 2.7 to 9.3 Pg

C yr!1 among the models, with a mean of 5.1 Pg C yr!1.
This is considerably higher than the 2.3 Pg C yr!1 estimated
from inverse methods, and the 2.2 Pg C yr!1 estimated by
Chavez and Toggweiler [1995] on the basis of nitrate
budgets for a larger tropical area (15!S to 15!N). Model-
mean particle export in the tropics is 4.5 Pg C yr!1, which
exceeds satellite-based export estimates (1.6!2.8 Pg C
yr!1). The model estimates of tropical export production
are likely too high because coarse-resolution ocean models
tend to excessively trap nutrients in upwelling areas
[Aumont et al., 1999]. This collection of models also tends
to be too cold in equatorial surface waters, suggesting as
well that either the upwelling rate is too high or upwelling is
coming from too deep in the water column [Doney et al.,
2004].
[16] To remove overall model biases and focus on the

spatial variability of export production, Figure 5 shows the

fraction of global carbon export (total and particulate) in the
five latitude bands. As might be expected from the large-
scale wind-driven circulation and distribution of mixed
layer depth, the subtropics have lower-than-average export
production (per unit area) and the tropics and northern high
latitudes are higher than average in this regard. Satellite-
based and inverse estimates of particle export show differ-
ences with this pattern: the tropics and northern subtropics
have export per unit area roughly equal to the global mean.
Surprisingly, for most models, the southern high latitudes
have lower-than-average export production per unit area;
the satellite-based and inverse estimates here are close to the
global mean. Most striking, however, are the large differ-
ences among the models in this region, where the fraction of
global export production varies from 2 to 33% of the global
average. The coefficient of variation (standard deviation
divided by the mean) of this fraction is 0.58 in southern
high latitudes, whereas it varies between 0.10 and 0.21
elsewhere. This is consistent with the OCMIP-2 simulations
of the uptake of CFCs and anthropogenic CO2, which show
the largest intermodel variation in the Southern Ocean
[Dutay et al., 2002; Watson and Orr, 2003]. Inverse
modeling studies of natural and anthropogenic air-sea CO2

Figure 3. Global mean phosphate profiles from the models and OBS (observations) [Conkright et al.,
2002].

Table 2. Pearson Correlation Coefficient Between Various Model Metricsa

>2 km
AOU

>2 km
Phosphate

0–1 km
Phosphate

1994 CFC-11
Inventory

1990s Anthro.
CO2 Uptake

CDW
14C

NPDW
14C

0–50 m
DOC

DOM Export
Fraction

DOM
Export

Particle
Export

Total export 0.36 !0.08 0.13 0.67 0.78 0.77 0.59 0.75 0.64 0.89 0.92
Particle export 0.42 !0.19 0.29 0.47 0.66 0.83 0.63 0.86 0.30 0.63
DOM export 0.27 0.10 !0.08 0.73 0.74 0.54 0.45 0.44 0.90
DOM fraction 0.32 0.37 !0.33 0.55 0.48 0.21 0.20 0.10
0–50 m DOC 0.16 !0.55 0.56 0.52 0.73 0.91 0.71
NPDW 14C 0.02 !0.50 0.53 0.61 0.69 0.91
CDW 14C 0.14 !0.56 0.57 0.65 0.83
Anthro. CO2 0.06 !0.44 0.32 0.87
CFC inventory !0.03 !0.20 0.02
0–1 km PO4 !0.35 !0.93
>2 km PO4 0.46

aCorrelations with absolute values between 0.5 and 0.7 are italicized, and those greater than 0.7 are boldface.
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observation-based estimates of SNO to arrive at a global
ocean export at 76 m of 14.9 ± 2.5 Pg C yr!1.
3.4.2. Deep-Ocean Oxygen Content
[28] We now shift our attention to the cycling of oxygen

in deep waters. The models show widely different global
mean profiles of oxygen (Figure 10a). The fact that the
apparent oxygen utilization (AOU, Figure 10b) mirrors
these profiles indicates that the major differences among
the models are not due to solubility effects. Model AOU is,
in general, much greater than observed. The mean AOU for
waters deeper than 2 km varies by more than a factor of two
among the models (106 to 242 mmol L!1) but is generally
too high, similar to Gnanadesikan et al. [2002, 2004]; the
cross-model mean is 183 mmol L!1, which can be compared
with the observed value of 156 mmol L!1 (computed from
the atlas of Locarnini et al. [2002]). The large range of
deep-ocean AOU is surprising in light of box model studies
[e.g., Sarmiento et al., 1988] that suggest that the oxygen
content of the deep ocean is regulated by the concentration

of surface phosphate in regions of deep water formation (as
well as the Redfield ratio and the phosphate inventory of the
ocean), regardless of the rate of ocean circulation and export
production. Because all of the OCMIP-2 models have
essentially the same surface nutrient distribution, the box
model concept fails to explain the GCMs, similar to the
results of earlier GCM studies [Sarmiento and Orr, 1991;
Gnanadesikan et al., 2004]. The box model could, however,
provide an explanation for why the models, in general, have
too much deep-ocean AOU. We suspect, owing to the few
wintertime surface nutrient data available in high latitudes,
that the climatology used for phosphate restoring [Louanchi
and Najjar, 2000] is systematically too low during the
winter. This could reduce deep ocean oxygen significantly.
If, for example, the wintertime value of surface phosphate is
underestimated by 0.2 mmol L!1, this would translate into
an oxygen underestimate of about 30 mmol L!1, roughly
equal to the mean underestimate of the models. This
speculation is tempered by the fact that the nutrient-

Figure 10. Global mean profiles of (a) oxygen and (b) apparent oxygen utilization (AOU) from the
models and observations. Observations are from Locarnini et al. [2002].
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OUTLINE

Parameterizations of particle flux in marine biogeochemical models

Sensitivity of simulated PO4 and O2 on particle flux (remineralization) vs.
• biogeochemical model complexity
• other biogeochemical parameters
• physics (resolution/circulation)
• numerics (advection scheme for particle sinking)

Observations of particle flux as constraints for models

Summary 
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PARTICULATE ORGANIC MATTER (POM), ITS FLUX AND SINKING SPEED
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• constant sinking speed: simplest assumption
• size distribution: mechanistic; technically difficult in 3D; how to constrain by 3D data sets? 
• vertically increasing sinking speed: no “real” mechanistic foundation; empirical; commonly used

58 I. Kriest et al.: Treatment of POM sinking in models

Fig. 1. POM mass (A), sedimentation (B) and average POM sinking speed (C) from different models. Green line: constant sinking speed of
POM. Black line: size spectrum of 198 size classes. Red line: sinking speed of POM increases linearly with depth (Martin’s function). Thin
black line: continuous size spectrum with analytic evaluation over z and size (see text). This line is overlaid by the black line.

constant sinking speed. On the other hand, the vertically in-
creasing sinking speed with depth causes a much slower de-
crease of mass flux with depth.
In this function the increase of average sinking speed with

depth is not based on mechanistic rules, but deduced from
observed profiles. One possible reason for this increase of
sinking speed with depth can be found in an increase in aver-
age particle size, as investigated in the following paragraph.

2.3 A spectrum of 198 discrete POM size classes

We now consider a POM size spectrum (size measured as
equivalent spherical diameter), from some lower boundary
d1 to an upper boundary dL, which is divided into 198 size
classes of equal width, �d. In our example, we consider
a size range of 20−2000µm with �d=10µm. The entire
mass of POM,M is given by

M(t, z�)=
198�

i=1
Mi(t, z

�) (7)

whereMi is the mass in a class i. The time rate of change in
each size class i is given by

∂Mi

∂t
=−wi

∂Mi

∂z
−r Mi, (8)

whereMi=Mi(t, z). The remineralisation rate is assumed to
be independent of size. We assume that the sinking speed wi

of particles of each size class i is determined by the size of its
lower boundary, di : wi=B d

η
i , orwi=w1 (di/d1)η, wherew1

is the sinking speed of the smallest particle, and η determines
the dependence of the particle’s sinking speed on its diame-
ter (Smayda, 1970, see Table 1 for parameters). We assume
that the coefficients w1 and η of this function do not change
with depth or time. This assumption implies that the size of
individual particles does not decrease-in terms of diameter or
weight-due to remineralisation. Instead all mass losses in a
size class are concentrated in a few selected particles that dis-
integrate immediately. The analytic solution over z for each
individual size class is then the same as for the one-size-class
model:

Mi(z
�)=M0,i e

− r z�
wi (9)

i.e.,

M(z�)=
198�

i=1
M0,i e

− r z�
wi (10)

Analogously, total sedimentation is given by

F(z�)=
198�

i=1
wi Mi(z

�)=
198�

i=1
wi M0,i e

− r z�
wi (11)

The average POM sinking speed at at any depth is then
given by

w(z�)= F(z�)
M(z�)

(12)

Biogeosciences, 5, 55–72, 2008 www.biogeosciences.net/5/55/2008/

w=a z

w=f1(z, size dis.)

w=C

F=f2(z, size dis.)

F~e-r/C z

M=f3(z, size dis.)

M~e-r/C z

M~z-r/a-1 F~z-r/a

flux 
(remineralization rate r=const.)

sinking speed concentration 
(remineralization rate r=const.)
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REMINERALIZATION AND PARTICLE FLUX 

Flux F
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F ~ z-b

Under certain assumptions F~z-b corresponds to
sinking speed ~ z and remineralization rate = const. 

(alternatively sinking speed = const. and remineralization rate ~ 1/z)

aggregation/disaggregation (particle size)

food web dynamics (particle size)

oxygen availability (remineralization rate)

A. Stuhr, IFM-GEOMAR

B. Moriceau, Inst. Univ. Europ. Mer

SFB 754, IFM-GEOMAR
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REMINERALIZATION AND PARTICLE FLUX

lower b upper b

Observed:

Martin et al. (1987) 0.32 off Peru 0.97 off California

Berelson (2001) 0.59 eq. Pacific 1.28 n. N. Atlantic

VanMooy et al. (2002) 0.40 ETNP (low O2) -

Buesseler et al. (2007) 0.51 n. N. Pacific 1.33 ALOHA

Models:

Kriest & Oschlies (2008) 0.36 “large particles” 1.60 “small particles”

Kwon et al. (2006, 2009) 0.40 1.40

Kriest et al. (subm.) 0.43 1.29
Bacastow & Maier-Reimer (1991) exponential flux length scaleexponential flux length scaleexponential flux length scaleexponential flux length scale

Do we know the particle flux (remineralization) length scale?

Flux F
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F ~ z-b



Iris Kriest - Sensitivity of (global) biogeochemical models to particle export and recycling - 3rd GEOTRACES Data-Model Synergy  Workshop - Barcelona, 2011

FRAMEWORK FOR GLOBAL BGC MODEL ASSESSMENT

Misfit

Particle Sinking“slow” “fast”

Circulation I

Circulation II

“bad”

“good”

Assessment
via misfit function

RMS = 1/n ∑n (model-obs)2
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tions in the high latitudes and along the equator. Especially the
more complicated models underestimate the mean phosphate in
the high northern latitudes, while the less complicated models
(which have a high half-saturation constant for phosphate uptake)
overestimate phosphate in the subtropics. For both models and
observations there is little effect of the sampling distribution on
the estimate of mean surface phosphate.

The average temporal variance (i.e. variance in time, averaged
meridionally) varies strongly with model type and also location:
N-DOP-01 shows a quite low temporal variance, which is far less
than observed. Most of the other models (except model NPZD-
DOP-29) show a good match to observed temporal variance in
the high northern latitudes. However, NP-DOP-11 and NPZ-DOP-
26 strongly overestimate the temporal variance in the Southern
Ocean. In this region, and for almost all models the sampling pat-
tern plays some role on the estimated temporal variance: sampling
the entire model domain yields a higher variance than when sam-
pling the model only during the times of observations (mainly aus-
tral summer). On the other hand, using the interpolated data set by
WOA yields an even slightly lower temporal variance in this region.

Summarizing, in most cases the data distribution does not seem
to have a large effect on the estimated means and variance. When

it does, it affects mainly the Southern Ocean. Differences between
the models (and the observations) are much larger than the differ-
ence between different types of data sets. The temporal variance at
the surface layer, in particular, depends strongly on the model
type. None of the models used here exhibits a good fit to observed
variance and mean at the same time.

4.3. Cost functions

So far, we have investigated the different models by visual
inspection only, which is prone to subjective biases. In the follow-
ing subsections we attempt a more objective assessment of the
models, and examine the details of the different models’ fit or mis-
fit with respect to the observations. As shown by the above analy-
sis, there is little difference between using the sampled data or the
interpolated fields of the World Ocean Atlas. In the following, we
will therefore assume that the ‘‘mean” (or sampled) WOA data
set provides a good basis for our model evaluation.

4.3.1. Effect of different metrics
Fig. 9 shows the model-data misfits for monthly phosphate

fields according to the different cost functions for the different

Fig. 6. Annual mean phosphate in different models, at 2000 m.

I. Kriest et al. / Progress in Oceanography 86 (2010) 337–360 349

model state (PO4) after 3000 years
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Khatiwala et al. (2005)

Transport from circulation models
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BIOGEOCHEMICAL MODELS OF DIFFERENT COMPLEXITY
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BGC MODEL COMPLEXITY AND PARAMETERS: GLOBAL MISFIT
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BGC MODEL COMPLEXITY AND PARAMETERS: GLOBAL MISFIT
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plex method [e.g., Press et al., 1992] as implemented in
Matlab’s FMINSEARCH.
[24] We performed two optimizations using different con-

straints: one in which we prescribed the total mass of PO4

such that the mean PO4 concentration of the solution is equal
to the observed value (2.17 mmol/kg) and another in which
we prescribed the total mass of phosphorus such that the
mean concentration of phosphorus is equal to its estimated
value (2.19 mmol/kg) (see section 2.3). The different con-
straints result in a small difference in the total amount of
phosphorus. As we will show in section 4.2, s and k are not
well constrained independently and are thus sensitive to
small changes in the total amount of phosphorus. This trans-
lates into uncertain estimates for the global inventory of DOP
and for the globally integrated new production (section 6).
However, the overall model data misfit after optimization, the
estimate of globally integrated export production from POC
and the optimal value of a are not very sensitive to which
constraint is used.
[25] The optimized parameters for each case along with

the original OCMIP-2 reference parameters are given in
Table 1. The optimized equilibrium [PO4] fields are dis-
cussed in the next section followed by a discussion of
parameter uncertainty.

4.1. Optimal Parameter Set

[26] Our optimized model captures more than 70% of the
spatial variance in the observed [PO4] field, a significant
improvement over the control run with the OCMIP-2 param-
eters that captured only 60% of the variance (i.e., an 13%
decrease in the RMS error in the PO4 field).

[27] Most of the improvements (9% of the spatial vari-
ance) can be attributed to the combined change in s and 1/k.
The small changes in a (Table 1) contribute only an addi-
tional 1% in the fraction of variance captured by the model
suggesting that the OCMIP-2 reference value was already
close to optimum.
[28] The optimal power law exponent, a, for the POP-flux

remineralization profile is insensitive to whether the total
mass of phosphorus or the total mass of phosphate is con-
strained during the optimization. Both approaches produce
an optimal value of a =!1.0, which is equal to the value first
proposed for POC by Suess [1980] and higher than, but still
in accord with, the value of!0.9 suggested by Yamanaka and
Tajika [1996] and adopted as part of the OCMIP-2 protocol.
Yamanaka and Tajika [1996] only tested three values, a =
!0.4, !0.9 and !2.0, against the mean-GEOSECS vertical
PO4 profile. Our optimized value is also in accord with the
open-ocean-composite value obtained byMartin et al. [1987]
from sediment trap data for particulate nitrate, a = !0.988,
but smaller than the value for organic carbon, a = !0.858,
and also significantly smaller than the mean value of a =
!0.68 ± 0.04 obtained for POC by Primeau [2005] in a
reanalysis of JGOFS sediment trap data. Apart from the real
possibility that the sediment trap data itself is biased, the
discrepancy might be due to depth-dependence in the Red-
field C:P ratio [Schneider et al., 2003], circulation errors or to
the spatial variance of a. Usbeck [1999] used hydrographic
data and an inverse approach to estimate a as a function of
position for the global ocean and found values that ranged
from !0.5 to !2.0 for the remineralization of POC.
[29] Unlike the case ofa, the optimized values of s and 1/k

are quite sensitive to small changes in the total amount of
phosphorus in the model. This, as we shall see in section 5,
can be explained by the fact that the sensitivity patterns
associated with s and 1/k are highly correlated. For the case
where the total phosphorus is prescribed, the result of the
optimization is to considerably increase the remineralization
timescale for DOP from 1/k = 0.5 years as prescribed by
OCMIP-2 to 1/k = 2.8 years. For the case where the total PO4

is prescribed, the result of the optimization is again to
increase the remineralization timescale for DOP, but by a
lesser amount to 1/k = 1.0 years. The result of the optimiza-
tions on the fraction of production allocated to DOP is to
decrease s from 0.67 to 0.61 for the case where the total
phosphorus is prescribed but to increase it to 0.74 for the case
where the total PO4 is prescribed.
[30] Remainingmodel-data misfits are likely attributable to

misrepresentation of the ocean circulation as they can not be
reduced by further adjusting the biogeochemistry model
parameters. However, deficiencies in the formulation of the
biogeochemistry model as opposed to a misspecification of
the model parameters can not be ruled out. For example, the
semidiagnostic form of the new-production parameterization
in the model seems to exacerbate circulation deficiencies in
the North Pacific subpolar gyre where underestimated sur-
face PO4 result in a complete shut down of new production
which in turn allows nutrients to be exported out of the North
Pacific by the more vigorous surface circulation instead of
being exported to depth in the form of POPwhere they would

Figure 3. Plot showing the shape of the cost function in the
neighborhood of its minimum expressed as a fraction of
the total spatial variance that is not captured by the model
for the case of total P prescribed with fixed parameters s =
0.61 and 1/k = 2.8 (dashed curve) and for the case of total
PO4 prescribed with fixed parameters s = 0.74 and 1/k =
1.0 years (solid curve).

GB4009 KWON AND PRIMEAU: OPTIMIZATION AND SENSITIVITY STUDY
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BGC PARAMETERS: DIFFERENT VERTICAL DOMAINS

PO4

PO4 O2

Zonal average of mesopelagic (290 m) O2:
• growth rate important in Southern Ocean
• flux length scale important in equatorial regions

Zonal average of surface (25 m) PO4:
• flux length scale and growth rate important 

Zonal average of mesopelagic (290 m) PO4:
• flux length scale important
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BGC PARAMETERS: DIFFERENT REGIONAL DOMAINS
Regional averages of PO4 in northern N. Pacific, low latitudes, equatorial region, Southern Ocean 
vs. regional average in northern N. Atlantic: 
• Flux length scale acts as a kind of balance, tilted either in favour of northern N. Atlantic 

(“slow”),  or in favour of northern N. Pacific (“fast”).

“fast”

“slow”
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BGC PARAMETERS: DIFFERENT REGIONAL DOMAINS
Regional averages of PO4 in northern N. Pacific, low latitudes, equatorial region, Southern Ocean 
vs. regional average in northern N. Atlantic: 
• Flux length scale acts as a kind of balance, tilted either in favour of northern N. Atlantic 

(“slow”),  or in favour of northern N. Pacific (“fast”).

“fast”

“slow”

This agrees with model sensitivity 
calculated by Kwon et al. (2006)

positive sensitivity:  increase in PO4 
with increase in flux exponent 
(“as particles get faster”).

negative sensitivity: 
decrease in PO4 
with increase
in flux exponent.
(“ as particles get 
faster”)

increased. In the upper ocean, the largest rate of decrease of
[PO4] is in the high-productivity low-latitude upwelling
regions. The largest rate of increase of [PO4] is in the deep
North Pacific consistent with the conveyor-belt picture of the
global circulation. The deep water masses of the North
Pacific being the oldest show an increased sensitivity to a
because they integrate the deep POP fluxes for a longer
period of time. However, the highest sensitivities are near the
bottom of the North Pacific and Indian oceans whereas the
oldest waters for our model are at intermediate depths
!1000–1600 m in the Pacific and !500–1200 m in the
Indian ocean [Primeau, 2005], indicating that not all the
sensitivity can be attributed to the accumulation of PO4 as
the water ages. A significant fraction of the sensitivity must
be due to the local effect of the deeper remineralization of
POP raining down from directly above.

[41] The coupling of biologically mediated transport of
PO4 with the transport by the global circulation results in a
net transport of PO4 from the Atlantic to the Pacific basin.
This effect can be seen in the top panel of Figure 6 which
shows the column averaged Sa for [PO4]. In the Atlantic the
net northward flow of PO4-depleted water at the surface
together with the PO4-enriched return flow at depth results in
a net export of PO4. In the North Pacific and Indian oceans,
the overturning circulation is weak, but increasing a pumps
more PO4 into the deep water where currents and eddies
(parameterized in the transport model) are weaker than their
surface counterparts thus decreasing the efficiency with
which the circulation can erode the large-scale PO4 gradient.
The net effect is an accumulation of PO4 in those basins
(Figure 6, top).
[42] Themiddle and bottom panels of Figures 5 and 6 show

Ss and S1/k for [PO4]. Both patterns have very similar zonally
averaged and vertically averaged structure. As already men-
tioned in section 4.1, the similarity explains why the optimi-
zation fails to constrain both parameters independently. We
show also Sa and S1/k for DOP in Figure 7. The
corresponding S pattern for s is very similar to S1/k and is
not shown.
[43] The magnitude of the S patterns for two different

parameters cannot be compared directly (they have different
ranges and in the case of S1/k different units also), but a
meaningful comparison can be made by multiplying the S
patterns by finite parameter differentials. For example,
using ds = 0.74–0.67 and d(1/k) = 1.0–0.5 years, the
differences between OCMIP-2 reference parameters and
our optimized parameters, we obtain the finite differences

Figure 6. Column averaged S patterns for [PO4] showing
the sensitivity of the equilibrium to a change in parameters.
(top) Sa. (middle) Ss. (bottom) S1/k. The units for the top
and middle plot are in mmol m"3 and for the bottom plot
are in mmol m"3 year"1. Warm colors correspond to
positive sensitivities and cold colors correspond to
negative sensitivities.

Figure 7. Column-integrated (top) Sa and (bottom) S1/k
showing the sensitivity of the equilibrium [DOP] distribution
to a changes in a and 1/k. Units are in 1010mols and
1010mols/yr in the top and bottom plots, respectively.
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BGC PARAMETERS: NUTRIENTS IN THE WESTERN PACIFIC

A similar effect (increase of nutrients in the northern N. Pacific with increasing sinking speed) 
has been found by Bacastow & Maier-Reimer (1991; with e-folding flux length scale).

sinking rate = 300 m/d sinking rate = 500 m/d80 Bacastow and Maier-Reimer: Carbon in New Production Models 
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(d} prediction of model C. 
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EFFECT OF RESOLUTION / PHYSICSEFFECT OF RESOLUTION / PHYSICS

“slow” “fast”

misfit to observed PO4 misfit to observed O2 

“slow” “fast”

“coarse”

“fine”

“fine”

“coarse”

Using improved spatial resolution and different physics (1x1°, 23 vertical levels, “ECCO” circulation):
‣ improved fit to observations
‣ same sensitivity to remineralization length scale
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EFFECT OF ADVECTION SCHEME FOR PARTICLE SINKING

Different advection scheme for particle sinking:
(“IMPRO”, Kriest & Oschlies, 2011):  

• accounts for implicit detritus profile within vertical boxes.  
• the implicit profile is consistent with flux length scale.

IMPRO

average
concentration 

upstream

The effect of advection scheme is similar to a 12.5% increase of  “b”.
Figure 6
Click here to download Figure: kriest-oschlies-fig06.pdf
Figure 6
Click here to download Figure: kriest-oschlies-fig06.pdf
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USE OBSERVATIONS OF GLOBAL PARTICLE FLUX?

Plot model misfit vs. global deep particle flux:
‣ Many of the best models agree with observational estimates.  

PO4 misfit O2 misfit

observation observation

(Kriest et al., submitted; Observations:  Honjo et al., 2008; Lutz et al., 2007)
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SUMMARY
• Compared to particle sinking
- so far, biogeochemical complexity of lesser importance for nutrients & oxygen.
- other biogeochemical parameters mostly important for surface layer.
• Particle sinking important for deep nutrients & oxygen and their global distribution.
• Improved physics can improve fit to nutrients and oxygen, BUT:  Sensitivity to particle sinking so 

far  independent of physics/resolution.
• Sensitivity to numerics similar to moderate change in particle sinking.
• Deep particle flux of best models agrees with observed global estimates.  

What about spatially and/or 
temporally variable sinking speed 
(particle size)?

To constrain such models well, 
observations of size (distributions) 
would be very helpful!

respect, the PRE tracer acts like a gas dissolved in the ocean
which is produced by remineralization and is consumed by
primary production. In contrast to CO2, however, the partial
pressure of PRE is independent of temperature and carbon-
ate chemistry. Thus it only describes the net effect of the
biota on carbon distribution in the ocean and air-sea
exchange.
[11] The PRE tracer is computed in nitrogen units (mmol

N m!3) and is initialized with zero concentration every-
where, so that to start with, it has no gradients on which
mixing and circulation could act. Whenever the ecosystem
model simulates uptake of nitrogen by phytoplankton, the
analog of primary production, PRE is reduced by the
corresponding amount. Whenever there is a nitrogen flux
from phytoplankton, zooplankton, or detritus back into
the DIN compartment, the analog of respiration, the con-
centration of PRE increases accordingly. Without air-sea
exchange, PRE would thus record negative net community
production (!NCP) within a water parcel.
[12] Air-sea exchange of the numerical PRE tracer is

defined as follows: Atmospheric concentrations of PRE

are constantly held at zero. This reflects complete equilib-
rium between ocean and atmosphere at initialization. Any
gradient in PRE concentrations across the sea surface can
only arise from PRE changes in the ocean. In the standard
run, sea surface concentrations of PRE are restored to the
atmospheric value of zero at each model time step; that is,
we assume infinite dilution in an infinite atmosphere. With a
model time step of 1 hour and a thickness of the upper layer
of 11 m, this corresponds to a piston velocity of 11 m/hr. We
refer to this rapid gas exchange as ‘‘instantaneous’’ and use
the notation PREinst. The rapid air-sea exchange of PREinst

is chosen in order to eliminate any impact of wind speed
and of sea surface temperature and salinity, i.e., of physical
properties. The effects of different parameterizations of the
PRE tracer’s air-sea exchange that are more appropriate for
the description of real fluxes of gases will be discussed in
section 6.
[13] Without biotic action, PRE concentrations would

remain zero everywhere. It is only from primary production
and respiration that tracer gradients develop which become
subject to physical transport processes both across the air-

Figure 2. (top) Five-year mean sinking velocity of phytoplankton and detritus at 126 m depth as
predicted by the particle aggregation model [Kriest, 2002] included in the ecosystem model. (bottom)
Maximum sinking velocity simulated by the model at a depth of 126 m during the 5-year simulation
period. The patchiness of sinking velocities in the subtropical gyre reflects individual small blooms, often
related to mesoscale features which increase sinking velocities locally, including relatively small organic
matter fluxes. Note the different scales in top and bottom panels.
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