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Effects of plankton dynamics on seasonal carbon fluxes
in an ocean general circulation model
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Abstract. We discuss the effect of embedding a simple plankton model in the
Hamburg model of the oceanic carbon cycle (HAMOCC3) [Maier-Reimer, 1993).
The plankton model consists of five components: phytoplankton, zooplankton, de-
tritus, dissolved organic carbon, and nutrients. Interactions between compartments
are described by one global set of parameters. Despite its simplicity the plankton
model reproduces regional differences in seasonal oceanic pCO; and improves the

biogeochemical tracer distributions at the depth of the oxygen minimum in the
Pacific Ocean. The predicted seasonal turnover of organic material is consistent
with recent atmospheric O, measurements in the remote areas of the Southern

QOcean.

1. Introduction

The geochemical state of the ocean results to some
degree from biological processes. A complete switch-
off of photosynthesis would produce substantial change
in this chemical state, and also in atmospheric pCO3,
within a very few years. In studies of the oceanic up-
take of COy from fossil fuels, biological activity within
the ocean has been thought not to be an important pro-
cess [Maier-Reimer and Hasselmann, 1987; Sarmiento
et al., 1992; Broecker, 1991; Maier-Reimer et al., 1996].
The basic state of abiotic three-dimensional (3-D) cir-
culation models, however, could not be compared with
distributions in the real ocean because marine biological
activity is responsible for 80% of the observed vertical
gradient of dissolved inorganic carbon (X£CO;).

First attempts to include the impact of the biolo-
gical pump on the carbon distributions in global 3-D
circulation models were made by Bacastow and Maier-
Reimer [1990], Najjar et al. [1992], and Maier-Reimer
[1993]. To estimate the flux of particulate organic ma-

- terial (POM) into the ocean interior, Nagjar et al. [1992]
used a restoring technique in which predicted surface
phosphate concentration is adjusted toward observed
surface phosphate concentration. Becastow and Maier-
Reimer [1990] used phosphate based Michaelis-Menten
kinematics, modified by a light factor, to predict the
flux of POM. Remineralization of POM at depth results
in a concentration increase of inorganic phosphate and
a concentration decrease in oxygen. Both Bacastow and
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Maier-Reimer and Najjar et al. predict unrealistically
high phosphate accumulation in the equatorial region.
This “nutrient trapping” led to the conclusion that a
considerable amount of the new production flux to the
ocean interior must be carried by dissolved organic mat-
ter (DOM). If DOM has a “lifetime” of a few years,
or even decades, advection of the DOM would carry
nutrients away from the regions of strong upwelling
and thereby avoid nutrient trapping. Najjar et al.
achieved a good simulation of the deep PO, distribution
by assuming a DOM lifetime of more than 100 years.
However, their approach strongly relies on the quality
of wind stress data, which determine the upwelling, and
the quality of surface phosphate data. These are ques-
tionable, especially in the Southern Ocean, where Na-
jjar et al.’s approach predicts an extremely high new
production (twice the equatorial value).

Maier-Reimer [1993] parameterized the annual net
effect of biological processes on surface tracers in the
Hamburg model of the oceanic carbon cycle (HAM-
OCC3) by one globally uniform uptake rate for phos-
phate (0.25 month™?, modified locally by temperature,
solar angle, and vertical stirring rates). He chose this
time constant in order to achieve observed annual mean
large-scale gradients between surface and deeper water
phosphate. The phosphate uptake, modified by appro-
priate transfer functions, provides the basis for predict-
ing changes of all tracers involved in the marine bio-
logy (i.e., ZCOy, alkalinity, oxygen, and silicate). The
surface tracer change is equal to the production of par-
ticulate organic material (POM) and of shell material.
Shells and POM are transported, according to assumed
distribution functions, to greater depth, where remin-
eralization of POM and dissolution of shells lead to
a change in tracer concentrations. The model repro-
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duced the observed large-scale vertical tracer gradients,
but there still remained the problem of nutrient trap-
ping in the Equatorial Pacific. Also, comparisons with
observed seasonal variations of surface properties, for
example, pCQO», revealed that this biological produc-
tion scheme is not suitable for reproducing this aspect
of the measurements. In particular, in regions where
biological production leads to pronounced pCQO;y vari-
ation, for example, in the North Atlantic [Waison et
al., 1991], it produces an insufficient seasonal amplitude
and a phase shift between observations and simulations.

A better agreement between the simulated and ob-
served seasonal amplitude of pCO3 can be achieved by
enhancing the phosphate uptake rate in HAMOCC3
(Figure la). This is consistent with the fact that a
nearly complete nutrient depletion may occur in spring
within a very short period of time [Takahashi et al.,
1993]. However, a higher phosphate uptake rate leads
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to an almost complete depletion of phosphate in the sur-
face waters of the subtropical gyres (Figure 1b). The
circulation field brings only a limited amount of phos-
phate to the surface layer. The enhanced incorporation
of phosphate into POM and its export from the surface
layer in upwelling areas result in a strong PQO4 depletion
in surface areas that are only supported by lateral PO4
advection, as in the subtropical gyres. In addition to
the still inferior surface phosphate distribution the ap-
proach with an increased uptake rate intensifies nutrient
trapping in the Pacific [Maier-Reimer and Bacastow,
1990]. On the basis of these considerations we conclude
that a first-order process is missing in the geochemical,
or more specifically, in that simple biological part of the
model.

In this paper we discuss the effects of a simple plank-
ton model on tracer distributions as simulated with
HAMOCCS3. The extended model is henceforth referred
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Figure 1. (a) Seasonal variation of ApCO; from observations at Iceland (64°N 25°W; years,
1983-1985 [Takahashi et al., 1993]) (open circles) and simulations with HAMOCCS3 for two dif-
ferent PO, uptake rates (solid diamonds, standard version ro = 0.25 month~! [Maier-Reimer,
1993] and open squares, high rg = 1.0 month™?!) (b) Meridional PO4 concentration along 180°
from observations [Conkright et al., 1994]. Simulated concentrations taken from model results
at the same locations and times as observations are shown. Symbol notation is the same as in

Figure la.
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to as HAMOCC3.1. The goal is to achieve a dynam-
ically consistent field of seasonal oceanic pCO5. We
are able to simulate variations of surface pCQ3, as ob-
served at various locations, with a plankton model of a
most simple structure. It consists of only five compart-
ments: nutrients, phytoplankton, grazers, detritus, and
dissolved organic carbon (DOC). Their interactions are
described by a minimal set of tunable parameters. The
seasonal growth of phytoplankton leads to a drawdown
of surface pCO2. The occurrence of blooms, which res-
ult in abrupt reductions of surface pCO,, is thought
to be mainly caused by variation in the abundance of
grazers [Evans and Parslow, 1985; Frost, 1991]. Thus,
to address regional differences in pCO, variations, we
include grazing pressure by zooplankton. Sensitivity
studies showed that we need to include the production
of DOC if we want to simulated both observed vari-
ations of pCQO3 and realistic phytoplankton concentra-
tions.

The presented paper describes the structure of the
plankton model and discusses the simulations of the
oceanic pCO2. Comparison with globally observed dis-
tributions of phosphate and chlorophyll allow us to de-
duct the quality of our results. In addition, the vari-
ations of the sea-to-air oxygen flux provide independent
information to test the biological part of the model in
the remote area of the Southern Ocean and to give us
some confidence in our model approach.

2. Model

The HAMOCCS is a global marine carbon cycle model
with a horizontal resolution of 3.5 by 3.5 degrees and
realistic topography. The vertical direction is resolved
by 15 layers with a higher resolution in the upper water
column (depth levels at 50, 100, 150, 200, 250, 300, 400,
525, 700, 900, 1500, 2500, 3500, 4500, and 6000 m). Dis-
tributions of various biochemical tracers involved in the
carbon system are simulated on the basis of the circula-
tion field from an ocean general circulation model. The
large-scale geostrophic circulation model (LSG) [Maier-
Reimer et al., 1993], provides velocity, temperature, and
salinity fields, so that transport, chemical reactions, and
gas exchange across the air-sea interface can be determ-
ined for components of the carbon system. The circu-
lation model and carbon cycle model operate with the
same l-month time step. Temperature, salinity, velo-
city field, and convective events are taken from the last
year of a 5000-year integration of the circulation model.

The circulation model provides the basic information
that is necessary for the construction of a global tracer
model [Maier-Reimer, 1993]. The change in tracer con-
centration is given by advection as well as by local
sources and sinks. In the carbon cycle one local sink
(source) is the marine biota, where dissolved inorganic
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carbon is stored in (released from) organic material and
calcite shells. The parameterization of the effects of
marine biology on ZCQOs and thus pCO; is the central
concern of this paper.

Another source/sink is gas exchange, which occurs
only at the sea surface. Gas exchange is determined by
the product of the local air-sea partial pressure differ-
ence of CO; and a gas exchange coefficient. The spatial
and temporal distribution of the gas exchange coeffi-
cient was derived by Heimann and Monfray [1989] from
an empirical function of Liss and Merlivat [1986] that
relates the exchange coefficient to the wind speed. In-
stead of using only the average wind speed, Heimann
and Monfray [1989] based their calculations also on a
wind speed statistic to allow for the nonlinear character-
istic of the gas exchange coefficient at high wind speeds.
The gas exchange coefficient matrix is normalized to a
global average of 0.06 mol (ppm yr m?)~! to match
the global estimate from radiocarbon studies [Broecker
et al., 1985]. The necessary chemical constants to de-
termine pCQO3 from the concentrations of alkalinity and
dissolved inorganic carbon in sea water are taken from
Weiss [1974], Goyet and Poisson [1989], and Edmond
and Gieskes [1970]. The model inventories of alkalinity
and ZCO2 were tuned to achieve a preindustrial atmo-
spheric pCO; level of 278 parts per million by volume.
For mass balance reasons we include an atmospheric
box, which is completely mixed in the zonal direction

“within 1 month. Along meridians a diffusive mixing is

prescribed with an interhemispheric exchange time of
about 1.3 years.

In HAMOCCS3 a first-order approach is taken to sim-
ulating the biologically induced carbon flux from the
surface toward the interior of the ocean. A biological
production term is estimated from a single time con-
stant for the uptake of surface phosphate (PO4) [Maier-
Reimer, 1993]. Except for the East Equatorial Pacific
(see below) this approach is sufficient for simulating
the vertical tracer gradient. However, the predicted
annual pCO3 cycle is then globally dominated by the
temperature dependent solubility effect. Recently, sev-
eral pCO, time series have become available [ Takahashi
et al., 1993; Wong and Chan, 1991] showing a strong
impact from biological processes on the seasonal pCQO,
variation. The resulting behavior is quite different from
the temperature dependent solubility effect. As stated
above, we do not see any possibility to simulate the
pCO, seasonality and the gradient of surface phosphate
with only one time constant for nutrient depletion and
export production. Thus a more sophisticated biolo-
gical production scheme must be considered.

We base our biological production scheme on five
compartments (Figure 2): phosphate (N), as limiting
nutrient, phytoplankton (P), zooplankton (Z), particu-
late organic carbon (POC), and dissolved organic car-
bon (DOC). POC is considered to be only “dead” or-
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Figure 2. Schematic diagram of the processes simu-
lated by HAMOCCS3.1. Carbon fluxes between differ-

ent coinpartments of the HAMOCCS3.1 are given in Gt
Cyr'.

ganic carbon, that is, phytodetritus and fecal pellets
from herbivores and carnivores as well as suspended or-
ganic carbon. POC produced in the surface layer is
exported immediately to deeper layers according to a
power law distribution function [Suess, 1980]. The di-
vergence of the Suess function equals the disaggregation
of large particles and is therefore a source of neutrally
buoyant suspended organic carbon that is then subject
to remineralization. DOC is exudated by phytoplank-
ton and zooplankton at a constant rate and reminer-
alized according to a chosen decay time. DOC is not
affected by gravitational sinking. It can only be sub-
ducted by the ocean currents. Thus the DOC pool
acts as an additional organic carbon pool that is not
photosynthetically active but stores carbon temporar-
ily in an organic form within the euphotic layer. A
certain amount of inorganic carbon has to be incorpor-
ated into organic material to achieve a reasonable sea-
sonal cycle of surface pCO2. Earlier experiments [Kurz,
1993] have shown that we are able to simulate accept-
able oceanic pCQO3y values only 1n the vicinity of unreal-
istically high concentrations of phytoplankton (a factor
2-5 higher than observed). On the other hand, recent
measurements in the North Atlantic have revealed a dis-
tinct seasonal cycle in surface DOC with variations of
40 pmol C L~! between winter and summer [Bodungen
and Kdhler, 1994]. Thus we included this labile fraction
of DOC, with a decay rate of less than 1 year, in our
simulation. The refractory background concentration
of DOC (= 40 pmol C L™, [Murray et al., 1994]) does
not contribute to the seasonal variation and is therefore
not considered.
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Apart from the effects of advection and gas exchange,
the monthly change in the inorganic carbon concentra-
tion in surface waters is caused by the net production
(or decay) of biomass. Thus we specify that nutri-
ent and CO; uptake results immediately in biomass
increase. Photosynthetic processes in phytoplankton
and the life history of zooplankton are not considered.
Changes of and interaction between the various com-
partments of HAMOCCS3.1 are given by the following
equations (see Figure 2 also). For completeness we in-
clude the abbreviation AD( ). It denotes the concen-
tration change only due to hydrodynamical processes,
that is, advection, vertical convection, and diffusion.

nutrient change

aN N
Rc;p—at = AD(N)-r(T,IL) N p
. (P ~ Pmin)
+9(T)éner(1 — zinges) “Prh P Z

+€can dz(Z - Zmin)
+raoc(N)DOC +1(03)

where the second term on the right hand side denotes
phytoplankton growth, the third term denotes reminer-
alization from herbivores, the fourth term denotes re-
mineralization from carnivores, the fifth term denotes
decay of DOC, and I(O3) denotes remineralization of
POC (only for z > 100 m).

phytoplankton change

oP N
(P - Pmin) .
—g(T) P+ P, Z — dp(P — Prin)
_7P(P - Pmin)

where the second term denotes phytoplankton growth,
the third term denotes grazing loss from herbivores, the
fourth term denotes natural senescence, and the fifth
term denotes exudation of DOC.

zooplankton change
92 = 3 (P — Pmin)
= AD(Z)+ g(T)ener zinges _PTFo_Z
_dz(Z - Zmin) — ‘)’Z(Z - Zmin)

where the second term denotes growth from grazing,
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the third term denotes loss from grazing by carnivores,
and the fourth term denotes excretion of DOC.

DOC change

6%% = AD(DOC)+ 7p(P - Pain)

+7Z(Z - Zmin) - T'doc(N)DOC

where the second term denotes DOC exudation from
phytoplankton, the third term denotes DOC excretion
from zooplankton, and the fourth term denotes decay
of DOC.

POC change
9P a‘t)C = AD(POC)
+F(dp, d;, €her, €cany P, Z, Z)
-1(0,)

with {(O2) denotes the remineralization of POC (only
for z > 100 m) and

F(dpadufhera €cam P, Z, Z) =0

for 0 < z < 100 m and otherwise

F(dp;dzyfhera €can, P, Z, Z) = TPP i z

)—0.8
0z°100 m

F( ) describes the flux of “dead” organic carbon to the
ocean interior. All particles that stem from natural sen-
escence or fecal pellet production within the euphotic
layer are summarized in the total particle production
per month:

100m
TPP = /0 (9(T)(1 — zinges)(1 — €her)

P — Py
(= Lon) 5 4 dy(P ~ Prn)

+dz(1 - Ecan)(Z - Zmin))

Particles leave the euphotic layer (i.e., no POC source
for 2 < 100 m ), are distributed according to the particle
flux function of Suess [1980], and decay if there is
enough oxygen available (see below).

It is widely assumed that in pelagic seas the availab-
ility of nitrate governs biological production. However,
it has been observed that biological production, that
is, carbon fixation, continues even at extremely low
nitrate levels [Banse, 1994]. Other forms of nitrogen,
for example, ammonium and urea, which are recycled

products from zooplankton and other higher trophic
levels, and nitrogen pools within cells can maintain this
production [Dugdale and Goering, 1967]. For a descrip-
tion of this complex nitrogen cycling one would have to
consider a number of additional, not well-understood
processes. However, the utilization of nitrogen is ac-
companied by phosphate uptake, and to first order the
stoichiometric phosphorus to nitrogen ratio (in moles)
within the ocean is almost perfectly constant [Redfield et
al., 1963; Takahashs et al.,1985]. Only in extreme oligo-
trophic regions does nitrate appear to be more strongly
depleted than phosphate [Bainbridge, 1980, 1981]. If we
accept the temporal and regional constancy of Redfield
ratios, we can relate biological production to phosphate
concentration. The resulting phosphate distribution is
then directly comparable to global PO4 observations
[Conkright et al., 1994].

The maximum phytoplankton growth rate per day,
r(T, L), is a function of temperature and total incom-
ing light. Various mathematical formulations describing
the relationship between plant growth and light were
compared by Jassby and Platt [1976]. They found that
a good fit to observations is given by the formula of

Smith [1936]:

£(T) - £(L)
(F(T)? + f(1)?)

All relationships that were compared describe the pri-
mary productivity by only three parameters: local ir-
radiance, the slope of the light saturation curve at low
light levels «, and the specific growth rate at optimal
illumination. The latter is a function of temperature
f(T), given by a formula of Eppley [1972):

fT)=a b7 @

where the coefficients a, b, and ¢ are taken from Eppley
(see Table 1) and T is temperature in degree Celsius.
The light dependency is given by

r(T,L) = (1)

f(L)=1Ip -« -PAR. % - / e~%dz (3)

Of the incoming light Iy only the portion of photosyn-
thetically active radiation PAR is available for photo-
synthesis. Values for « and PAR and their units are
listed in Table 1. The regional and seasonal distribu-
tion of Iy is taken from 8 years of daily 12-hour weather
analyses from the European Centre for Medium-Range
Weather Forcasts (ECMWF). We have calculated a
monthly mean field of Iy from all available ECMWF
data of the corresponding month for that grid box.
Variations of the diurnal cycle are included in these
data. Biological production is suppressed under the sea
ice cover predicted by the LSG.

Light penetration decreases with depth according to
an exponential function with an extinction factor k. In
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(3) we have calculated the mean solar radiation which
can be harvested by plankton by integrating the light
function over each depth level. Owing to the coarse
vertical resolution we get only mean plankton concen-
tration for each productive layer. Therefore we did not
include self shading.

Variations in the mixed layer depth have a strong
impact on the development of plankton blooms [Sver-
drup, 1953]. As long as the mixed layer extends down
to a depth greater than light can penetrate, as it does
in early spring, plankton spends time out of the eu-
photic zone. Thus mean growth is reduced relative to
growth with a shallower mixed layer. With stabilization
of the water column later in the spring the mixing depth
shoals and the mean light yield increases. It is generally
believed that the timing of plankton blooms is mainly
controlled by the development of a shallow mixed layer.
The vertical resolution of our model is 50 m in the up-
per 300 m of the water column. There is no explicit
mixed layer formulation; that is, the wind energy in-
put from the atmosphere is limited to the uppermost
model layer. To get the necessary information for (3),
we diagnosed a mixed layer depth z,, on the basis of
the simulated density gradient and the prescribed wind
stirring.

At the ocean surface (2 = z,, — 0), #(T, L) reaches
values between 0 and 2.5 d~!, depending on the temper-
ature and irradiance. Phytoplankton growth is restric-
ted to the upper 100 m (first two layers in the model).
If the predicted mixed layer depth z,, is deeper than 75
m, the specific growth rate (7T, L) is identical in both
layers with

Tlayerl = Tlayer2 = 1/Zm - /0 " r(T,L)
If the mixed layer depth is shallower than 75 m
= 1zm -/ozm (T, L)
1/Az, / r(T, L)
Az

Tlayerl
Tlayer2 =

where Az, represents the depth interval from 50 to 100
m.

The specific growth rate of phytoplankton determined
for the first layer always depends on the predicted mixed
layer depth even if z,, is shallower than 50 m. The
coarse vertical resolution and thus the limited possibil-
ity to separate the euphotic zone in different production
regions (e.g., above the mixed layer depth with good
specific growth rate and usually low nutrients content)
might result in an overestimate of the depth-integrated
net primary production. However, neither net primary
production nor specific growth rates are known exactly
on the global scale. Therefore we have to deduct the
quality of our results from the effects that our choice

of parameters has on global geochemical tracer distri-
bution. A finer vertical resolution of the model would,
certainly, be advantageous for the simulation of biolo-
gical processes. However, in view of the intended future
application of this model configuration for climate stud-
ies we have to consider restricted computing time and
memory resources.

Nutrient availability is described by Michaelis-Menten
kinetics with a half-saturation constant Ny. The value
of Ny was chosen to be 0.016 uymol P L~!, which is
within the range of open ocean values given by Eppley
et al. [1969], when transformed to nitrogen units by the
Redfield ratio.

Phytoplankton concentration is diminished by zo-
oplankton activity, natural senescence, and exudation
of dissolved organic carbon. The latter two are de-
scribed by linear functions of phytoplankton concentra-
tion. We assume a Michaelis-Menten type function for
zooplankton grazing since food supply becomes more
difficult when only a few phytoplankton cells are avail-
able [Lampert and Sommer, 1993]. To prevent extinc-
tion of plankton, we prescribe a minimum concentration
for phytoplankton and zooplankton, Py, and Zuyn, re-
spectively. The constraint of a minimum concentration
is necessary to maintain a biologically active ocean, but
it can also be justified by the fact that the model is
not designed to simulate the different reproductive and
developmental stages of plankton.

Grazing by zooplankton is given by (see Table 1 for
units)

9(T) = go - 1.01T (4)

Since both the filtering rate and the respiration rate,
which are acting opposite in sign on the net growth, in-
crease with increasing temperature, we assume only a
relatively small variation of g with temperature (a Q10
of about 1.10). Not much is known about how temper-
ature influences the net growth of zooplankton. Higher
filtering rates as well as higher respiration rates have
been observed with increasing temperature [Parsons et
al., 1984, and references therein]. In similar simula-
tions, Frost [1987] used a Q10=2 dependency of grazing
at Station P in the Pacific, while Sarmiento et al. [1993]
prescribed a temperature independent grazing rate for
their North Atlantic study. With our weak temperature
dependency the basic grazing rate increases by about
one fourth from polar waters to the tropical region.
Thus tropical grazers have a slightly faster response to
changes in the phytoplankton population, which can be
justified by the observation of faster reproduction cycles
of tropical species [see, e.g., Raymont, 1983].

Only a part of the ingested food leads to a biomass
increase of zooplankton (ener - zinges). The remainder
is either stored in fecal pellets or metabolized, that is,
remineralized to or respired as inorganic components.
Fecal pellet production is assumed to be (1 — €per) of
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the ingested food. The fraction of food that is instant-
aneously decomposed in the surface water is given by
€her - (1 — zinges). These remineralized nutrients are
immediately available for phytoplankton production.

Like phytoplankton, zooplankton concentration is af-
fected by grazing activities of higher trophic levels.
Since we do not simulate the whole food chain, we as-
sume that zooplankton dies at a constant rate d,. The
major part of this organic carbon is instantaneously re-
mineralized (€can). The remaining fraction is considered
to be fecal pellets and exported out of the euphotic
layer.

Remineralization products within the surface layer
stem additionally from the decay of dissolved organic
carbon. Bacteria live in the upper water column and
consume DOC at high rates. Kirchman et al. [1991]
find DOC degradation rates of 0.025 per day with an in-
cubation method. With such high turnover rates, DOC
concentration decreases rapidly with increasing depth.
Global mean downward advection of DOC halves from
3.6 Gt C yr~! to 1.7 Gt C yr~! between 50 m and 100
m. In 300-m water depth the model predicts a global
mean DOC concentration that is only 1% of the sur-
face value. This is consistent with observations in the
Sargasso Sea where seasonal DOC variations are seen
mainly in the upper 100 m [Carlson et al., 1994]. To be
able to metabolize DOC, bacteria also need nutrients.
In a recent study, Amon and Benner [1994] postulate
that the availability of nutrients regulates the bacterial
consumption of DOC. Accordingly, we describe the de-
cay by a saturation function:

N
"'doc(N) = do . m (5)
In oligotrophic areas with phosphate concentrations less
than 0.1 pmol P L~!, the nutrient dependency re-
duces the decay to 10% of the base rate dy. As stated
above, the modification of the basic degradation rate
gives credit mainly to the horizontal pattern of bacterial
activity. The model predicts a constant DOC pool of
about 8 Gt C.

Fecal pellets do not stay in the surface water. It
has been observed that they sink with the remarkable
speed of about 100 m per day to greater depth [De-
gens et al., 1984]. We consider fecal pellets and carbon
from natural senescence (combined as TPP) to be ex-
ported immediately after production. TPP is distrib-
uted over depth according to the power law function
of Suess [1980] and added to the local POC concen-
tration. All carbon stored in fecal pellets that reaches
the seafloor accumulates in a sediment layer and is sub-
sequently subject to remineralization. The global pre-
dicted sediment pool of organic carbon is 5.4 Gt C.
The Suess function describes the divergence of the ver-
tical flux of organic matter. However, no discrimina-

tion is possible between remineralization and just mech-
anical disaggregation. The latter results in suspended
matter, where carbon is still fixed in organic from. We
allow POC to be remineralized at a constant rate [
while consuming oxygen according to the Redfield ratio
Rc.0, = 122:-172 (by moles). Since we do not simulate
denitrification processes, we have to restrict remineral-
ization to areas with enough oxygen. Thus remineral-
ization of POC occurs according to

1(02) = ma,X(lo . POC, RC:O; . 02) (6)

In this way we maintain a strictly Redfield ocean, but
POC accumulates in regions of low oxygen where in the
real ocean, denitrification allows a continuation of POC
decay. Also, inconsistencies between the biological and
dynamical model will be reflected in the POC distribu-
tion (see section 3.4).

All parameters and their values are listed in Table
1. As far as possible, values are taken from the lit-
erature. Other values (e.g., the decay rate of DOC)
are chosen in accordance with other model studies [e.g.,
Fasham et al., 1993] and modified to achieve consistency
with available measurements. The details of parameter
choice will be the subject of further investigations. We
emphasize, however, that not all details of the paramet-
rization are of major importance for the global distri-
bution of measurable quantities.

The biological surface processes are characterized by
rather short time constants, on the order of days. The
circulation model employs a monthly time step. We use
an implicit scheme to solve the equations of the biolo-
gical model. For small time steps its solution is identical
to a more time consuming Runge-Kutta method. In-
creasing the time step to 1 month results in a strongly
reduced variability in the biological variables. There-
fore we use a time step of about 1 week (7.5 days) for
the biological model and run it forward in time by four
time steps, that is, 1 month. From the net changes in
nutrients and plankton we determine the corresponding
variations in other tracers (e.g., £CO,, alkalinity, and
silicate ). The export flux out of the euphotic zone is in-
tegrated over the four weekly time steps and distributed
over depth. All tracers are transported by the same ad-
vection and convection scheme using the monthly time
step of the circulation model.

We start the new biological part with the minimum
plankton concentration (Pmin, Zmin) everywhere. The
DOC concentration was set uniformly to 0.01 gmol C
L~! . All other values were taken from the simulations
by Maier-Reimer [1993]. The efficient configuration of
HAMOCC allows us to integrate the model to a final
state very close to equilibrium (several thousand years)
for any chosen parameter set. At this final state, fluxes
between biological compartments (Figure 2) are almost
perfectly balanced.
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Table 1. Parameters of the Plankton Model in HAMOCC3.1

Parameter Symbol Unit Value
Phytoplankton
Half-saturation constant for
nutrient uptake No pmol P L1 0.016
Total incoming radiation Io W m~—2
Initial slope of P-I curve a m? (W d)~! 0.025
Photosynthetically active radiation PAR 0.40
Light extinction factor k m™? 0.025
Minimum phytoplankton concentration Prin pmol C L1 0.01
Specific mortality rate d, d-! 0.008
Exudation rate of DOC TP d-! 0.03
Maximum growth parameters a d-! 0.6
b 1.066
c °C-1 1.0
Zooplankton
Half-saturation constant for
phytoplankton ingestion Py umol C L1 4
Grazing rate 9o d-! 0.9
Egestion as fecal pellets from herbivores (1- €ner) (1-0.8)
Assimilation efficiency zinges 0.5
Excretion rate of DOC Yz d- 0.06
Specific mortality rate d, d-? 0.008
Egestion as fecal pellets from carnivores (1-€can) (1-0.95)
Minimum zooplankton concentration min pmol C L1 0.01
Detritus
Maximum remineralization rate of POC lo yr—! 0.24
Dissolved Organic Carbon
Maximum remineralization rate do d-t 0.025
Half-efficiency constant of decay k4 pmol P L-1 0.5
Redfield ratio of carbon to oxygen Rc.o, 122:-172
Redfield ratio of carbon to phosphate Rc:p 122:1

3. Results
3.1. Biological Production

The biologically induced carbon fluxes within the eu-
photic layer (the upper 100 m) are shown in Figure 2.
The annual global net primary production is 43.6 Gt C
yr~!. The amount of 11.1 Gt C yr~! of this produc-
tion is fueled by phosphate which is transported from
deeper layers into the euphotic zone. This fraction of
the production is defined as new production [Eppley and
Peterson, 1979], in contrast to the regenerated produc-
tion, which is based on nutrients recycled within the eu-
photic zone. In a steady state, new production has to be
equal to the export of all organic material. In the cur-
rent version of the model, about 8.8 Gt C yr—! are ex-
ported out of the euphotic zone as POC, which consists
mainly of fecal pellets and a smaller amount of phyto-
detritus. A remaining fraction of exported organic ma-

terial leaves the surface layer by downward advection:
about 1.7 Gt C yr~! is transported to greater depth
as dissolved organic carbon, 0.3 Gt C yr~! is transpor-
ted as phytoplankton and 0.3 Gt C yr~! in transported
as zooplankton. Below the productive zone, organic
material is remineralized, and its inorganic components
return to the euphotic zone by advection. A common
measure for a biological regime is the f ratio, that is
the ratio of new to total primary production as defined
by Eppley and Peterson [1979]. Regions with high up-
welling rates show generally a high fratio, while in the
oligotrophic regions of the subtropical gyres a low fra-
tio is found. Eppley and Peterson’s global estimate of
the fratio is 0.1-0.2 which is based on a total primary
production of 19.1-23.7 Gt C yr~! and a new primary
production of 3.4-4.7 Gt C yr~!. The global average
f ratio in our simulation is about 0.25 (new produc-
tion:net primary production equals 11.1:43.6) which is
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slightly higher than the number of Eppley and Peterson.
With a given circulation field and a fixed distribution
function for organic material the simulated new pro-
duction has to stay within a certain range of possible
values if we want to achieve a reasonable surface phos-
phate distribution. In steady state, export of organic
material matches upward transport of nutrients. Al-
lowing a higher export production depletes the surface
layer of nutrients, whereas a low export production in-
creases the surface nutrient level. Thus, with a given
vertical distribution function for organic matter with
depth, the values of export production and new pro-
duction are constrained by model physics.

The pCO, variations mirror the seasonal turnover of
organic matter within the surface layer. If a strong
pCO2 drawdown is observed, the equivalent amount of
.carbon must be stored in organic material, unless mix-
ing or gas exchange accounts for the carbon loss. Con-
sequently, the minimum annual net primary production
can be derived from the pCO; seasonality. As stated
above, the fate of the biogenically produced carbon is
constrained by the circulation field. In view of simu-
lating a realistic surface nutrient distribution only part
of that biogenically produced carbon can be exported,
or to put it the other way round, if we simulate only
that fraction of biological production, that is exported
(i.e., fratio equals 1 which means total primary produc-
tion equals new production), we can achieve no agree-
ment between simulated and observed pCQOs-variations
[Maier-Reimer, 1993]. In an earlier model version we
achieve consistency with oceanic pCO; data only when
simulating unrealistically high phytoplankton concen-
trations [Kurz, 1993]. That model version predicted a
global f ratio of 0.5. A further independent test, that
is, the analysis of the atmospheric seasonal oxygen cycle
(see section 4) showed that the net primary production
was rather underestimated in this previous model ver-
ston. With a higher net primary production most of the
regeneration of biogenic carbon has to take place within
the euphotic zone. Higher export would result in a nu-
trient depletion of the surface. In our model, 15.7 Gt
C yr~! of the net primary production are respired by
zooplankton activity, and 1.7 Gt C yr~! are respired by
carnivores, the next higher trophic level. The amount of
15.1 Gt C yr~! is remineralized via the microbial loop,
that is, the organically fixed carbon is excreted by zoo-
and phytoplankton as DOC which, then, is oxidized by
bacteria back to its inorganic components according to
the assumed constant Redfield ratio.

3.2, Seasonal pCQ, Variations

The most pronounced variations of the carbon quant-
ities can be seen in the seasonal pCOs cycle. Unfortu-
nately, the database of repeated seasonal pCO; meas-
urements at a fixed location is up to now very sparse

and all stations, available to us, are located in the north-
ern hemisphere. Figure 3 displays measurements from
different years around Iceland, the area of the North At-
lantic Bloom Experiment (NABE), station P, and NW
Pacific (symbols). Where available, the standard devi-
ation is shown as well. The simulated seasonal cycle
(solid line) lies within the range of observations at most
stations. The strong pCO, drawdown around Iceland
is well reproduced. The amplitude is slightly underes-
timated. At NABE the model predicts a spring pCO,
reduction of about 50 ppm, slightly less than observed.
The shape of the seasonal signal is well reproduced, but
the model starts from a higher winter value than ob-
served . Both the observed and simulated ApCO, signal
at station P in the North Pacific (50°N 145°W) show
only small seasonal variations (= 25 ppm). The model
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Figure 3. Seasonal cycle of ApCQO; (in parts per mil-
lion by volume) for stations in the North Atlantic: (a)
Iceland (64°N 25°W) and (b) NABE (47°N 20°W) and
the North Pacific: (c) station P (50°N 145°W) and (d)
NW Pacific (40°N 160°E). Measurements are shown by
symbols with standard deviation, if available. Solid line
shows model results.
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slightly overestimates the pCOg reduction in spring.
However, the simulated values of the climatologically
forced model lie well within the scatter of the data.

The fourth station is located in the North Pacific
where high mixing rates in the winter months raise the
ApCOs, and biological production lowers ApCQq dur-
ing summer. In the simulation, high winter values are
missing. This insufficient reproduction is a result of a
deficiency in the physical part of the model. In the
present configuration the thermocline in that region is
too shallow, as evidenced most clearly in a transient
simulation of chlorofluorocarbons uptake by the ocean
[Maier-Reimer, 1994].

To summarize, the model is generally able to simu-
late significant regional differences with one global para-
metrization. In the two stations in the northern At-
lantic the rapid shallowing of the mixed layer triggers
the phytoplankton blooming. The winter zooplankton
concentration is very low at both stations. Thus grazing
activity does not act as a growth limitation on phyto-
plankton at the beginning of the bloom. At station
P, the seasonal change of the growth rate r(7,L) is
similar to that at NABE. However, at station P no
strong vertical mixing occurs, and the predicted winter
mixed layer is only around 90 m deep. Thus, during the
winter months a higher standing stock of both phyto-
plankton and zooplankton is simulated. The improve-
ment of the growth condition in spring leads to an in-
crease in phytoplankton productivity, but the abund-
ance of zooplankton inhibits changes in the standing
stock of phytoplankton. The increased phytoplankton
productivity results immediately in a higher zooplank-
ton concentration. Grazing control in the open sub-
arctic ocean is discussed currently as an explanation
for “high-nutrient low-chlorophyll” areas (HNLC areas)
[Frost, 1987]. The model setup supports this controlling
mechanism. However, another explanation for the ex-
istence of HNLC areas is a growth limitation of phyto-
plankton because of lack of iron [Martin et al., 1990].
To date the complete cycling of iron is not well under-
stood within the scientific community. Therefore it is
beyond the scope of this study to investigate which of
the two processes control the HNLC areas.

3.3. Surface Tracer Distribution

3.3.1. Phosphate. The comparison of observed
and simulated global nutrient distributions gives insight
into the effects of the biological production scheme. Fig-
ure 4a shows the annual mean surface phosphate dis-
tribution as predicted by the model. The simulated
large-scale structures are in good agreement with thoses
compiled from observations (not shown here, see Naj-
gar et al. [1992]). The most prominent feature is the
high phosphate concentration in Equatorial Pacific up-
welling area which is broader in north-south direction

and extends farther to the west in the model (0.5 pmol
P L—! at about 150°E instead of 160°W [see Conkright
et al., 1994]. This deficiency might be connected with
the physical part of the model. Equatorial upwelling is
a result of the imposed wind stress. We use the common
wind stress data set from Hellermann and Rosenstein
[1983]. These data give higher wind stress values for the
equatorial region than ECMWF model analyses derived
from observations.

For a more rigorous comparison we again extracted
simulated values at the same time and location as avail-
able measurements (Figures 4b and 4c). Both transects
show a remarkable agreement between simulated and
observed values for all regions besides the North Pacific.
Since we do not use any restoring toward observations,
the nutrient distribution is the result of the ocean dy-
namics and the assumed biological production scheme.
A too strong biological export production, for instance,
would result in an unrealistic nutrient depletion in the
subtropical gyres. On the other hand, weaknesses of the
transport model are still visible in the nutrients distri-
bution. As stated earlier, the physical model overestim-
ates the stratification in the North Pacific. This results
in surface nutrient concentration and ApCO; (Figure
3d) during the winter months that are lower than ob-
served.

3.3.2. Chlorophyll. The model simulates organic
material in four components: phytoplankton, zooplank-
ton, dissolved organic carbon (DOC), and detritus (
POC), of which the last only exists below the euphotic
zone. A direct comparison with mapped data is feas-
ible only for phytoplankton concentrations which can
be converted to chlorophyll concentrations. These can
then be compared to data derived from satellite imagery
of the coastal zone color scanner (CZCS) [Feldman et
al., 1989]. As the conversion factor we assume a time
and space independent chlorophyll-to-carbon mass ra-
tio of 1 to 60. Figures 5a and 5b show the average
observed and simulated values for two seasons (April to
June and October to December). The overall pattern
of chlorophyll distribution is qualitatively reproduced.
Higher chlorophyll concentrations are simulated during
the productive season in each hemisphere. Equatorial
concentrations are low all year round. The simulated
equatorial concentrations are twice as high as the ob-
servations. However, one has to keep in mind that the
simulation give average values of the top 50 m, while
the satellite measures concentrations in the upper 10-
20 m of the water column. The satellite detection level
of the CZCS is of the order of a decimeter depending on
the turbidity by particles [Gordon et al., 1982]. Here, in
stratified and well-illuminated waters the highest con-
centration of phytoplankton is found at greater depth
(> 25 m)[Lindley et al., 1995]. This subsurface chloro-
phyll signal cannot be captured by the sensors.
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Figure 4. (a) Simulated annual mean surface phosphate concentration (in pmol P L~?). Isoline

spacing is 0.2 ymol P L~!. Simulated values (squares) and observations (open circles) [Conkright
et al., 1994] along a north-south transect in (b) the Atlantic (30°W) and (c) the Pacific (180°)
are shown. Simulated values are extracted at the same times and locations as measurements.

The extreme low chlorophyll concentrations (Chl) of
less than 0.05 mg Chl m~3 observed in the subtrop-
ical gyres are not simulated by the model. However,
the model produces a very similar meridional gradi-
ent between 30°N and 30°S (Figure 6). The annual
mean chlorophyll concentration in the Equatorial Pa-

cific between 150°E and 90°W decreases by 0.05 mg
Chl m~3 toward the subtropical gyres in the observa-
tions as well as in the model.

The high chlorophyll concentrations on shelf areas
can not be reproduced by the model since these areas
are not resolved (Figures 5a and 5b). The apparent
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Figure 5a. Seasonal mean of the chlorophyll distribution (in mg Chl m~3). Observations from
the coastal zone color scanner (CZCS) [Feldman et al., 1989] are interpolated onto model grid.
Isolines are at 0.05, 0.1, 0.15, 0.2, 0.5, 1, 2, and 5. Two seasons are shown: April - June (top)
and October - December (bottom). Hatched areas are regions where no or only one data point

per grid cell was available for the interpolation.

high chlorophyll values in the vicinity of river outlets are
mainly identified as terrigenous substances (e.g., Gelb-
stoff) and are therefore not part of the simulation.
North of 45°N the concentrations increase in the
April-to-June interval because of spring bloom condi-
tions. Concentrations of > 1.0 mg Chl m™2 are loc-
ated in the North Atlantic in the same region as in the
data. The observed maximum concentration of > 2.0
mg Chl m~2 north of Iceland is not reproduced by the
model. In October to December the satellite measure-
ments show values higher than 0.5 mg Chl m~2 north of

40°N in the Atlantic which are not present in the model.
However, with low incident irradiance, satellite data be-
come more questionable. In situ measurements made at
various stations during these months show rather low
chlorophyll concentrations [Yoder et al., 1993], as pre-
dicted by the model. At ocean station I (59°N, 19°W),
in situ measurements show a decrease from 0.8 mg Chl
m~3 in October to 0.1 mg Chl m~3 in December. The
model gives winter values around 0.1 mg Chl m~3 but
does not simulate the October high. The CZCS data at
that station are only available for October and give a
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Figure 5b. Result of HAMOCCS3.1. Chlorophyll values were derived from phytoplankton con-
centration by assuming a C:Chl mass ratio of 60:1. Same seasons and isolines as in Figure 5a are

displayed.

chlorophyll concentration of 1.8 mg Chl m~3. A similar
feature is observable at ocean station P (50°N, 145°W).
Values derived from the CZCS are 0.6 mg Chl m~3 in
September and increase to 3.0 mg Chl m~2 until Decem-
ber, while in situ measurements give values of less than
0.3 mg Chl m~3 all year round. Simulated values range
from 0.1 to 0.3 mg Chl m~2 during the whole year with
the exception of a higher concentration (0.7 mg Chl m~3
) in March.

One dominant feature in the simulation is the high
chlorophyll concentration in October to December in
the southern hemisphere south of 40°S with values

higher than 1.0 mg Chl m~3. This is not present in
the CZCS data. The comparison of in situ data south
of 30°S with the corresponding CZCS data [Sullivan et
al., 1993] show, that the CZCS data are underestimated
by about a factor of 2. Zonally averaged chlorophyll
measurements from 30°S to 60°S ranged between 0.2
and 1.2 mg Chl m~3 in October to March. The model
predicts similar values for the same time and location.

An additional uncertainty in this comparison origin-
ates from the assumed fixed ratio of chlorophyll to car-
bon. Antia et al. [1963] measured the C:Chl ratio dur-
ing an algae bloom and found a doubling of the ratio
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Figure 6. Annual mean chlorophyll distribution along
140°W between 30°S and 30°N (in mg Chl m~%).
Dashed line indicates satellite observations interpolated
onto model grid and their average monthly standard de-
viation (CZCS [Feldman et al., 1989]); solid line indic-
ates model results

at the end of the bloom. In view of the uncertainties
of the CZCS data and the simplicity of the plankton
model the aggrement between observation and simula-
tion is reasonably good.

To illustrate the seasonal variations of the differ-
ent biological compartments, we show concentrations
of phytoplankton, zooplankton, and dissolved organic
carbon and export production as zonal averages for the
Pacific in a time versus latitude diagram (Plate 1). Two
years are shown. In all properties only small seasonal
variations are simulated at the equator. Steady supply
of nutrients and nearly uniform growth conditions res-
ult in a constant standing stock of phytoplankton and
zooplankton. Small undulations, mainly present in the
zooplankton concentration, reflect variations of the up-
welling velocity because of the prescribed wind stress
forcing and thus a variable transport of nutrients into
the euphotic zone.

In the low latitude regions the growth conditions vary
slightly with season (r(7,L) = 0.8 - 1.2 d~!) (Plate
2), but because of low nutrient concentration in the
subtropical gyres (< 0.2 pmol P L~!) only a small
plankton stock can be supported. Plankton concen-
trations in higher latitudes show distinct seasonal vari-
ations. There is a time lag of about a month between
the maxima of the phytoplankton and the zooplankton
concentration. At 35°N the peak of the phytoplankton
bloom is in April with a corresponding maximum of
zooplankton in May. In both plankton concentrations
the seasonal poleward propagation of the spring bloom
can be identified. The maximum export production
occurs simultaneously with the maximum zooplankton
concentration indicating that the major fraction of ex-
ported organic material consists of fecal pellets. Since

DOC is assumed to be mainly excreted by zooplankton,
DOC concentration starts to increase with increasing
zooplankton.

There is a simulated north-south asymmetry of the
maximum height of seasonal peaks in all tracers. Phyto-
plankton growth conditions are a function of temperat-
ure, incident light, and mixed layer depth. The latter
shows the strongest difference between the northern and
southern hemisphere (Plate 2) with mixed layer depths
of more than 150 m in the southern hemisphere during
most of the year. For example, at 60°S and 165°E the
average growth factor in the surface is higher than 0.5
d~! only in January, while in the corresponding north-
ern latitudinal band, values higher than 0.6 d~! are
present from May to August.

3.3.3. DOC. In our simulation we included a
short-living organic component (dissolved organic car-
bon (DOC)). It is excreted by plankton and passively
transported by the water movement because of its small
size (methodically all organic carbon that passes a 0.2
- 1-pm filter is defined as DOC). DOC is oxidized by
microbial activity. However, there is a large fraction of
DOC within the ocean that has a high #C age. This
refractory part of DOC with a typical concentration
of about 40 pmol C L~! [Murray et al., 1994; Copin-
Montégut and Avril, 1993] is nearly homogeneously dis-
tributed with depth and is not considered in our simu-
lation. For the seasonal cycle the more labile fraction is
relevant which has a typical decay rate of days to weeks
[Amon and Benner, 1994; Kirchman et al., 1991]. In the
course of a year it has been observed that wintertime
DOC concentrations increased during spring and sum-
mer and nearly doubled in autumn [Copin-Montégut
and Avril, 1993]. About 40 pmol C L1 have been in-
corporated into the seasonal DOC pool in the eastern
North Atlantic (47°N, 20°W) [Bodungen and Kdhler,
1994]. This is a considerable change in a nonliving
carbon pool; for comparison, measurements of the dis-
solved inorganic carbon concentration at NABE (47°N,
20°W) display a reduction of about 30 gmol C L~ dur-
ing a spring bloom [Chipman et al., 1993]. In our simu-
lation the DOC concentration increases at NABE from
5 umol C L~! in February to 33 ymol C L=! in August.
The concentration change is related to the increase in
the zooplankton concentration, which is the major DOC
producer according to the parametrization.

The nutrient dependency of bacterial uptake of DOC,
that is, the decay of DOC, has been described by Kirch-
man et al. [1991]. The formulation we used here has
no significant influence on the seasonal cycle of pCO,.
Variations of the half-saturation constant kg (e.g., re-
ducing it by a factor of 10) result only in a change of
the DOC pool size and the global DOC distribution. In
the Equatorial Pacific the DOC concentration increases
by 15 umol C L~! from the equator toward 15°N and
15°S (Plate 1). A similar gradient has been observed
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by Murray et al. [1994] in that region. With a weaker
dependency on the nutrient concentration (smaller k4)
the DOC gradients are reduced.

We like to emphasize that this seasonally varying
DOC pool is not comparable with that used in pre-
vious 3-D studies on the carbon cycle [Najjar et al.,
1992; Bacastow and Maier-Reimer, 1991]. Tt has a much
shorter turnover rate and, correspondingly, a smaller
pool size of about 8 Gt C. In experiments with long-
living DOC, average surface values of more than 150
pmol C L™! were predicted. This was in accordance
with the measurements of Sugimura and Suzuki [1988],
which have been withdrawn [Suzuki, 1993]. Recent ob-
servations give only DOC values of 60 to 80 umol C
L~! during peak times [Murray et al., 1994; Bodungen
and Kdhler, 1994]. A long lifetime of DOC has the ap-
preciable effect of reducing the horizontal gradients in
the Equatorial Pacific region, but it also obliterates the
large-scale structure of the nutrient and §13C fields.

3.4. Tracer Distribution Along Vertical Cross
Sections

One of the most apparent deficiencies in previous 3-
D ocean models of the biological pump is the effect of
nutrient trapping below the thermocline in the Equat-
orial Pacific [Najjar et al., 1992; Maier-Reimer, 1993]
In their models the interaction of the upwelling regime
and prescribed biological production scheme results in
an unrealistic accumulation of nutrients in the East
Equatorial Pacific. The upward transport brings nu-
trients in the euphotic zone where they are incorpor-
ated into organic material because of optimal growth
conditions. In these particle-only models this organic
matter sinks to greater depth according to prescribed
distribution function [Suess, 1980; Martin et al., 1987].
Its remineralization consumes oxygen and releases nu-
trients. Phosphate concentration of more than 4.5 pmol
P L~! are simulated off the coast of Central America
[Maier-Reimer, 1993; Najjar et al., 1992]. Accordingly,
the oxygen distribution at depth shows an extreme oxy-
gen deficiency.

In the real ocean the apparent lack of oxygen to de-
grade all organic material is partly compensated by the
process of nitrate or sulfate reduction which is not con-
sidered in our model. Codispoti and Christensen [1985]
estimated that one third of the total nitrogen loss in the
world ocean occurs by denitrification in the East Equat-
orial Pacific. Toggwetler and Carson [1995] stated that
the nitrogen sink by particle export might be compar-
able to the loss of nitrate by denitrifying bacteria in this
region. Dewvol [1991] estimated from observations that
annually about 60-80 Tg N are involved in denitrifica-
tion processes.

If instantaneous remineralization and denitrification
is prescribed in the anoxic regions of our model, we

would need a rather unrealistically high amount of ni-
trogen (280 Tg N yr~!) if we assume complete reduction
of NO3 to N3. On the basis of the used remineralization
scheme with a POC decay time constant of approxim-
ately 4 years, we require only 32 Tg N yr~! to ensure
the decay of all POC within the zone where reminer-
alization is stopped because of a lack of oxygen. This
nitrogen demand is substantially lower than Devol’s es-
timate, indicating that the decay POC is too slow. In-
creasing the decay rate affects the nitrogen demand,
but the distribution of total phosphate, that is, the sum
of organic and dissovled phosphate, is unchanged. As
long as denitrification processes are generally not well
enough understood, we see no advantage of including
them into our model.

The nutrient trapping in particle-only models is main-
ly a result of an oversimplified biological production
scheme, where the available nutrients are rapidly incor-
porated into organic material and entirely exported to
depth. Figure 7 shows the predicted export production
of HAMOCC3 and HAMOCCS3.1 with the strongest
changes in the equatorial region. In HAMOCCS3 the
zonal average export production is 70 g C m~2 yr—! at
the equator and drops down to about 10 g C m~2 yr~!
in the subtropical gyres. In HAMOCC3.1 the export
production at the equator is reduced to some 40 g C
m~2 yr~1. The value in the subtropical gyres is similar
to HAMOCC3. Thus, in HAMOCCS3 there is a factor
of 5 to 6 between high and low export production re-
gimes, while in HAMOCCS3.1 there is only a factor. of 3.
This lower ratio is also supported by the export produc-
tion estimates of Berger et al. [1987] and Eppley and
Peterson [1979].

Comparison with direct measurements of particulate
carbon flux are difficult. Murray et al. [1994] observed
in the Equatorial Pacific at 140°W a carbon flux of 3.2
mmol C m~2 d~! in February and 11.8 mmol C m~2
d~! in August with drifting traps. Our predicted partic-
ulate carbon flux is 12.5 mmol C m~2 d~! in February,
which is 4 times higher than observed. In August the
model simulates a POC flux at 140°W of 13.5 mmol
C m~2 d~!. This corresponds well with the observed
values from drifting traps. The higher carbon fluxes oc-
curred in the Pacific when an elevated concentration of
diatoms were observed. The biological conditions ob-
served in August seemed to be closer to the model’s
design and therefore correspond better. The lack of di-
atoms in February might be related to a lack of iron, but
temporal variations in species and size composition are
not included in the model. We note, however, that es-
timates of the POC flux with the 234Th method in that
region give substantially lower values for both months.
Thus estimates of the POC flux are rather uncertain.
If we were to quantify the overall misfit between model
and data, we would attribute a much smaller weight to
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Figure 7. Annual global zonal average of net production (solid line) and of export production
(dashed line) from HAMOCC3.1 (umol C m~2 yr~1) versus latitude. For comparison the annual

global zonal average of export production from HAMOCCS3 (long-dashed line) is also shown.

the discrepancy in these fluxes than, for instance, to a
discrepancy in the phosphate distribution.

The reduced equatorial export production in HAM-
0OCC3.1 compared to HAMOCCS is a result of the zo-
oplankton activity. In HAMOCCS3, export production
relied only on the local growth conditions and the sup-
ply of nutrients, which both show a maximum in the
equatorial region. In this model version, zooplankton
activity places an additional limit on phytoplankton
growth. Nearly steady state conditions support a high
standing stock of zooplankton which again keeps phyto-
plankton concentration low. Additionally, zooplankton
is the main producer of DOC. This results in elevated
DOC concentrations. To a large extent the lateral ex-
port of organic matter from equatorial regions is in the
form of DOC (Figure 8). Phosphate is advected from

north and south into the equatorial upwelling region.
This convergence is compensated by a return flux of
organic matter, mainly as DOC. A much smaller frac-
tion is advected as particulate organic matter (POC).
There is nearly no meridional transport of phytoplank-
ton in any ocean basin (always less than 0.2 kmol P
s~1). Meridional transport of zooplankton is only im-
portant close to the equator, where the highest standing
stock is also predicted. Advection of debris in notice-
able quantities (= 1 kmol P s1) is also related to the
equatorial divergence and is a consequence of the as-
sumed remineralization function with a time constant
of 4 years. We choose the same function as in earlier
version of HAMOCCS3 in order to make a better compar-
ison [Maier-Reimer, 1993]. However, particle transport
within the ocean will be revised in the scope of a new
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Figure 8. Global northward transport of phosphate as dissolved inorganic phosphate and fixed
in various organic components. All are shown in kmol P s~1.
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sediment component which is developed for HAMOCC3
(E. Maier-Reimer, manuscript in preparation, 1996)
The roughly halved flux of organic material to greater
depth at the equator has implications for the underlying
nutrient and oxygen concentrations, as mentioned be-
fore. Figure 9 shows the total phosphate concentration
(i-e., the sum of inorganic and organic phosphate) at
800 m depth. Off the coast of Central America there are
total phosphate concentrations of more than 5§ pmol P
L~! predicted in HAMOCCS [see Maier-Reimer, 1993,
Figure 14b; Najjar et al., 1992]. In HAMOCC3.1 the
highest total phosphate concentrations are also found in
this region, but the values are less than 3.8 ymol P L~}
at 800 m. Correspondingly, the area with an oxygen
deficiency decreases (not shown). In the Bay of Bengal,
where no denitrification is observed in nature, the un-
realistic oxygen deficiency, as predicted by HAMOCCS3,
disappears.
Figures 10a and 10b show annual mean Pacific zonal av-
erages of total phosphate and oxygen saturation. Gen-
erally, observations and model simulations are in good
agreement. The local extremes (a minimum in oxy-
gen saturation and maximum in total phosphate) are
confined to the equator, while in the observations they
are located at the northern boundary. Simulated sur-
face PQg4 values in the North Pacific are lower than in
the observations north of 40°N. As stated above, this
is related to the too stable stratification of the water
column. It also shows up in a shallower O2 ventilation
than observed. At 40°S the Antarctic intermediate wa-
ter brings oxygen to greater depths which is indicated
by the elevated oxygen saturations at 750 m depth. In
the LSG no Antarctic intermediate water is predicted
for the Pacific. The higher ventilation of the waters at
30°S might affect the predicted oxygen minimum at the
equator.

3.5. Air-Sea Flux

The impact of the plankton dynamic on the local air-
sea fluxes of CO2 can be estimated in the model, but
there is hardly any evaluation with observations pos-
sible. The measurement of the natural fluxes is diffi-
cult since they are small because of the CO; buffering
characteristics of sea water and the slowness of its gas
exchange. Any variations in the atmosphere due to air-
sea fluxes are spread out by the high zonal mixing rate
of the atmosphere.

However, the linkage of carbon uptake and oxygen
release during biological production provides a power-
ful constraint to test the model: since gas exchange
processes are fast for gases with low solubility, the oxy-
gen from biological production leaves the surface wa-
ters and imprints the signal on the atmosphere. Re-
cent measurements of seasonal oxygen to nitrogen vari-
ations show amplitudes up to 100 per meg ( 1 per meg
= 107%; 100 per meg are roughly a 20 ppm change in
O3) in the atmosphere [Bender et al., 1996; Keeling and
Shertz, 1992]. The signal is a combination of contribu-
tions from O, exchange between terrestrial biosphere
and atmosphere and between ocean and atmosphere.
The oceanic flux arises from biological production and
from temperature dependent solubility changes. The
solubility changes for nitrogen also effect the O3 /N5 ra-
tio and have therefore to be taken into account. On the
basis of HAMOCCS3.1 we calculated oxygen and nitro-
gen fluxes across the air-sea interface and used them as
lower boundary conditions for an atmospheric transport
model [Hetmann and Keeling, 1989; M. Heimann, per-
sonal communication, 1993]. The terrestrial biosphere
fluxes were taken from Knorr and Heimann [1995]. We
limited our comparison to Cape Grim where the re-
cord contains nearly no signal from terrestrial sources or
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Figure 9. Total phosphate concentration at 800-m depths (in pmol P L~!) in HAMOCC3.1.
Total phosphate is the sum of organically fixed and dissolved inorganic phosphate.
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Figure 10a. Annual Pacific zonal average of oxygen saturation (in percent): (top) observations
[Levitus and Boyer, 1994] interpolated onto model grid and (bottom) HAMOCCS3.1. The upper
kilometer is shown again with enlarged scale.
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sinks (Figure 11). The shape of the curve is in very good
agreement with the observations. The rapid O3/N in-
crease in southern hemisphere spring because of out-
gassing of oxygen produced by the marine biota is fol-
lowed by a slow decrease, when decay of biogenic mat-
ter and ocean mixing reduce the oxygen content in the
surface layer. The amplitude is well reproduced, but
the signal precedes the data by about 1 to 2 months.
The accordance of the amplitudes indicates that the sea-
sonal turnover of organic matter is well simulated by the
model, but the timing of the biological activity seems to
be displaced. The relatively long time step of the model
can cause this displacement. An additional phase shift
might result from our sampling technique. We calcu-
lated monthly averages from all predicted values, while
measurements at Cape Grim are only sampled under
certain wind conditions. Ramonet [1994] showed in a
different study based on the same atmospheric model
that a 2-month shift of the maximum pCQO; concentra-
tion occurs when applying this selective sampling tech-
nique at Cape Grim.

Despite these phasing uncertainties we emphasize
that atmospheric oxygen data provide an independent
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test for marine biota models. It is a unique quantity
that gives an information about net carbon produc-
tion in the plankton community. These measurements
might help to constrain the biological component of car-
bon cycle models, especially in the remote areas of the
Southern Ocean where in situ measurements of the sea-
sonal variations of biological variables are very sparse.
We will investigate additional locations to get more in-
sight into the oceanic contribution to the observed oxy-
gen signal (M. Heimann et al., manuscript in prepara-
tion, 1996).

4. Summary and Conclusion

The seasonal variation of surface pCO2 is a result
of strong biological activity in many regions. To get
a dynamically consistent field of the oceanic pCOa, we
developed a very simple plankton model and embedded
it into the Hamburg model of the oceanic carbon cycle
(HAMOCC3). We consider our carbon cycle model as
an element of a full climate model which should also be
applicable to other climate states. Therefore we avoid
any regional tuning and base the plankton model on
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Figure 11. Seasonal variations of the relative deviations from a reference of the atmospheric
oxygen to nitrogen ratio at Cape Grim, Tasmania. Units are given in per meg (1 per meg =
10~%). Shown are 18 months. Squares indicate measurements from Bender et al. [1996].
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one globally uniform parameterization of the biological
activity dependending on the local physical environ-
ment. As far as possible, we chose the parameters in ac-
cordance with literature values. Other parameters, for
example, the specific mortality rate of phytoplankton
and zooplankton, were adjusted so that the simulations
were consistent with observations of surface phosphate.
A good agreement with observed seasonal and re-
gional variations in surface pCOs is achieved. Zooplank-
ton dynamic causes an important part of the regional
variations. The interplay between mixed layer depth,
which influences the local phytoplankton growth rate,
and reduced zooplankton abundance allows the devel-
opment of strong phytoplankton blooms, for example,
in the waters of the North Atlantic. In other regions, for
example, North Pacific, relatively shallow mixed layer
depths allow the support of a higher zooplankton stand-
ing stock. On any seasonal variations of phytoplank-
ton there is an immediate response by the zooplankton
stock.
Tracer distributions (¥CO2, PQ4, and O3) are im-
proved compared to HAMOCC3 [Maier-Reimer, 1993]
because of transport of organic material within the sur-
face layer and thus a decoupling of production and re-
mineralization areas. This lateral transport of organic
material leads to a reduction of the nutrient trapping
in the Equatorial Pacific region, a prominent deficit in
previous geochemical ocean models [Najjar et al., 1992;
Maier-Reimer, 1993]. The organic matter is transpor-
ted mainly in form of dissolved organic carbon (DOC).
DOC in the present model is mainly produced by zo-
oplankton excretion and has a short lifetime (less than
1 year). It represents the more labile fraction of DOC.
The refractory part of about 40 pymol C L~1! is con-
sidered as backround concentration and used only for
the comparison with DOC measurements. The simu-
lated labile fraction is confined to the upper ocean (less
than 1% of the surface value in 300 m depth). The ver-
tical DOC distribution and the seasonal DOC variations
are in agreement with the very sparse measurements.
The seasonal buildup of a local DOC pool allows us to
simulate ApCO2 variations in the vicinity of relatively
low plankton concentrations. Without DOC, unrealist-
ically high plankton concentrations were necessary to
achieve consistency with the ApCO, data [Kurz, 1993].
The seasonal turnover of organic matter is linked to
the oceanic oxygen cycle. Thus the recent atmospheric
02/N3 measurements [Keeling and Shertz, 1993; Bender
et al., 1996] provide a powerful constraint on the mar-
ine biological scheme. The integration of the results of
oceanic and terrestrial carbon cycle models with an at-
mospheric transport model provides additional inform-
ation about the various model components. It also gives
insight into the different contributions of ocean and land
biosphere to the observed atmospheric tracer variations.
Ideally, one would obtain globally consistent informa-

tion about the seasonal pCO, flux between ocean and
atmosphere by simulating O3/N3 and 6'3C variations
with such a combined model.

The presented model is one step toward a complete
description of the ocean carbon cycle. The qualitat-
ive good agreement between model results and observa-
tions provides some confidence that the seasonal effect
of marine biology is captured by the very simple plank-
ton model. All internal structures are the results of
the model parametrization and the atmospheric forcing
data. This allows applications to specific climatic con-
ditions and a full atmospheric coupling. However, tests
with additional data sets and a continuous revision of
the parameterized processes are undoubtedly necessary.
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