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ABSTRACT

A two-dimensional global model of ocean chemistry and biology is used to calculate the
sensitivity of oceanic CO, uptake during the next century to various biological and chemical
feedback mechanisms. Model formulations are outlined and the model is validated for current
conditions by comparison with data on '“C and bomb-'*C, primary production, nitrogen,
oxygen and DOC. The model includes several mechanisms that are influenced by global
change: temperature effects, circulation rate, calcification, UV-damage, eutrophication and CO,
fertilization. It is concluded that a temperature increase could provide a substantial positive feed-
back by its effect on ocean chemistry, decreasing carbon uptake by 16 %. Biological mechanisms
modify oceanic uptake to a relatively minor extent (some 5%) only, implying that abiotic
models of anthropogenic CO, uptake are expected to give essentially the same answers as models

including a biological carbon cycle.

1. Introduction

Models of the oceanic uptake of anthropo-
genic CO, (Maier-Reimer and Hasselmann, 1987;
Sarmiento et al., 1992) have generally focused on
ocean physics and chemistry, leaving out the
biological carbon cycle. Although the biological
“pumps” obviously .influence CO, storage, this
may not be relevant in a study of the current
anthropogenic perturbation of the carbon cycle, as
long as the biological cycle would not be modified
by global change. However, paleoclimatological
models have indicated that even relatively minor
changes in the biological cycle may affect oceanic
CO, storage (Dymond and Lyle, 1985; Boyle,
1988; Sarmiento et al., 1988; Mix, 1989).

Although there are similarities between the
glacial-interglacial transitions and the currently
predicted changes in climate, there are also clear
differences, of which the most important is the
much shorter time scale of the current change.
Previous studies addressing the effect of global
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change on ocean biology and chemistry have indi-
cated very limited effects only. However, these
studies generally had a rather limited scope: Fogg
(1991) considered only changes in productivity
over a 30-year period while Peterson and Melillo
(1985) considered eutrophication effects only. The
separate treatment of individual effects of global
change is not easily integrated into an overall
impact. The cycles of nutrients, alkalinity and
carbon are closely linked an provide numerous
feedbacks, requiring some quantitative model of
their net effect.

Such a model is provided by Maier-Reimer
(1993) and shows a negligible difference between
anthropogenic carbon uptake by an abiotic model
and one including a biological pump. However, his
model treats phosphorus rather than nitrogen as
the limiting nutrient. This choice can be motivated
on a geological time scale (Broecker and Peng,
1982), but for the present-day ocean N rather than
P limits productivity (Fogg, 1991). Although N
and P are closely correlated (making the overall
picture of productivity of an N- or P-based model
very similar), the residence time of P is approx-
imately 40 times longer, which makes a large
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difference in an assessment of eutrophication
effects. Another factor of potential importance not
taken into account by Maier-Reimer (1993) is the
dissolved organic carbon (DOC). Because of its
size (700-2000 GtC, Toggweiler, 1992), a change
in the DOC pool could be an important factor in
the global carbon budget. A preliminary study
(Klepper et al., 1994) indicated that an increase in
the decay of DOC (either because of temperature
effects or from increasing UV radiation) could be
an important feedback mechanism.

In this study we use a model of biology and
chemistry to investigate possible feedbacks
from CO,-induced global change on the oceanic
carbon cycle. The biological model is nitrogen
based, and includes the cycles of alkalinity (Ca),
DOC and oxygen. The biological and chemical
model is coupled to a 2-dimensional transport
field. A standard run of the model (including
only the direct feedback from pCO, on carbonate
chemistry) is compared to a number of runs
including various feedback mechanisms. The effect
of these mechanisms is evaluated by calculating
carbon uptake during the next century.

2. Methods -

2.1. Model formulation

Ocean circulation is described on a 2-dimen-
sional (latitude x depth) grid with an Atlantic and
an Indo-Pacific branch, linked below 40°S in a
single Antarctic ocean. Resolution is 10° latitude
and 400 m depth (maximum depth 4000 m), with
the surface layer split in a well-mixed layer of
variable depth (40-200 m) and a transition layer
making up the difference to 400 m. Advective flows
are based on tracer distributions as reviewed by
Keir (1988), see Fig 1. Horizontal mixing is
set at 6-10°m2s~! in the surface layer and
7.1-10°> m? s ~! in deeper layers; vertical mixing at
1.2-107>m?s~! in polar oceans (>60° latitude)
and 6.5-107°m?2 s ! elsewhere.

Chemical equilibrium constants have been
adopted from Gieskes (1974). Piston velocity was
modelled as a function of temperature (7) as
V(T)=V(0)e®7. A quadratic relation with
wind speed (approximating the curve of Liss and
Merlivat, 1985) was tried but did not give realistic
surface '“C distributions as a result of a large dif-
ference in piston velocity between the tropics and
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Fig. 1. Advective flows (10°m>s~!). Dotted arrows
indicate flows between southern circumpolar and
Antarctic oceans.

high latitudes. This confirms results by Broecker
et al. (1985) who concluded that tropical exchange
rates differ from high-latitude rates only to a minor
extent. For this reason a value of V(0) independent
of latitude was used. Its global averaged value
(within a range of 3.5-6.0 m day ~!, Liss, 1984)
was determined by calibration to bomb-'4C
data. Chemical equilibria and exchange rates were
calculated for 2-month periods to obtain a yearly
flux.

The biological model is based on the work
of Klepper (1995) who showed that the yearly
averaged output of a dynamical model (obtained
by integrating the equations dC/dt) is practically
identical to that of a quasi steady state model
(obtained by solving the equations dC/dt=0 for
each time step). The quasi-steady state approach
speeds up calculations and permits model reduc-
tion: in steady state, predator to prey ratios are
constant, making it possible to represent grazing
by a single phytoplankton mortality rate. It
can be shown (Klepper, 1995) that a 7-compart-
ment oceanic foodweb model (resembling models
reviewed by Steele and Henderson, 1992) is (from
a yearly averaged perspective) equivalent to a
much simpler 3-compartment model, containing
only inorganic nutrients, phytoplankton and a
single heterotrophic compartment. The main aim
of this simple biological model is to use the steady
state values of the “fast” fractions in the biological
model to calculate the transfer rates between the
“slow” variables (total N, total C, Ca): the transfer
of particulate matter to deeper layers and to DOM
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Fig. 2. Compartment diagram of organic and inorganic pools of C, N and Ca showing linkages between ocean-
atmosphere exchange, transport (double-headed arrows) and biological transformations. _

(as excretion). The linkage between various pools
in the model is shown in Fig. 2.
The phytoplankton balance equaticn reads:

dB - N
E‘—=B(Pmaxf(])N+k~
CO,
— f—m— T
*CO,tkeo, " e)g( :
with:

B:  phytoplankton biomass (mole kg ')

N: inorganic nitrogen (nitrate + ammonium,;
mole kg™')

P....: maximum production rate (day ')

S(I): light-limitation function (—)

ky: half-saturation for nitrogen (mole kg )

kco,: half-saturation for CO, (mole kg™!)

m: mortality (grazing) rate (day~})

r:  respiration rate (day ~!)

e:  DOC excretion rate (day —!)

g(T): temperature function (— ), as:

g(T)=010™°

Q10: the relative increase inprocess rate for a 10°
increase in T,

for the heterotrophic compartment we have:

dD v
N =g(T)mB— (sg(T) + ;) D,

with:

D: biomass of heterotophs, including detritus

(mole kg™!)
s:  metabolic rate (day ')
v:  sinking rate (m day ')

z: well-mixed layer depth (m)
g(T): as above (—).

According to these equations, the light and
temperature conditions determine steady state
nutrient concentration. The steady-state between
the three “fast” N fractions (inorganic N, phyto-
plankton and heterotrophs, but excluding the
more refractory dissolved organic matter) deter-
mines an export flux of particulate matter. In com-
bination with the transport model, this export flux
determines the “slow™ change in total N and C.
These calculation resemble those for inorganic
carbon, where the “slow” change in TIC due to
atmospheric exchange is determined by the equi-
librium distribution of H,CO,, HCO; and CO; .
The biological equilibrium states are calculated for
2-month periods to obtain a yearly flux.

The DOM is split into a refractory and a very
refractory pool; labile DOM is not modelled, as
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being of little geochemical significance (its excre-
tion and immediate heterotrophic utilization can
be considered to be included as respiration). For
the “slow” variables we do not assume steady state
but calculate time-dependend solutions (which
only reach steady state after centuries or more).

The cycles of other elements in the model (C,
14C, O, Ca) are connected with the nitrogen cycle.
This implies 3 carbon pools (inorganic and two
DOC pools) and 3 associated '“C pools. For
oxygen, we assume surface equilibrium. Calcium is
removed (as CaCO;) from the surface propor-
tionally to gross primary production: in contrast
to nitrogen, it is assumed that loss processes
(respiration, grazing) do not lead to a release
of dissolved calcium. Of the settling Ca-flux,
17 % is permanently removed (Wollast, 1981), the
rest is assumed to dissolve in the deepest layer
(36004000 m). Alkalinity is calculated from Ca
and N-distributions.

Input rates of N, C (as DOC and DIC) and Ca
were adopted from Wollast (1981). Parameter
values for the biological model were adjusted
(within the range of literature values as reviewed
by Parsons et al, 1984) to agree with observed
primary production, nutrient and DOC values.

2.2. Feedback mechanisms

Under this heading we have included not only
possible direct effects of CO, increase, but also
indirect effects and processes closely correlated to
CO, increase.

CO, increase may stimulate phytoplankton
production (Riebesell et al., 1993). This has been
included by changing the half-saturation value in
the CO, limitation function in the phytoplankton
growth equation from 0 to 10 uM, while increasing
P.... in order to obtain the same productivity for
present-day CO, levels. The possible effect of
increasing pCO, on calcification is unclear, but
a decrease seems most likely. Calcification is
apparently a mechanism to aid carbon uptake at
low pCO, (Dong et al., 1993) and the supersatu-
ration of seawater relative to CaCO; probably
facilitates the process (Lewin, 1962). Some
10-50% of the CaCO;, formed is in the form of
aragonite (Berner and Honjo, 1981), which dis-
solves at shallow depths. Both the increase in
pCO, and the associated decrease in CaCO,
saturation would tend to decrease net calcification.
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This has been modelled by making calcification
proportional to CaCO; saturation.

Temperature increase is projected to vary
between 1.5 and 4.5°C for air surface temperature
(Houghton et al., 1992). Some models predict
that sea surface temperatures (SST) will follow
this increase by 70-80% (Stouffer et al., 1989),
while others (De Haan et al., 1994) calculate an in
crease in SST that is approximately 50 % of surface
air temperature. In the present study we have
investigated the effect of a global average SST
increase of 4°C by 2100, latitudinally distributed
as predicted by De Haan et al. (1994). This will
affect both abiotic CO, uptake (chemical equi-
librium conditions and exchange rate) and the
biological cycle (increased process rates). The two
temperature effects have been included separately.

UV radiation will increase due to stratospheric
ozone depletion. This may decrease biological
productivity by some 9% (Smith etal., 1992).
UV has been assumed to affect light- and nutrient
saturated productivity only, but not the light
limited rate nor nutrient affinity. Another UV-
related feedback may be by an increased destruc-
tion of DOC. This has been included by assuming
the most refractory DOC fraction to be decom-
posed by UV with an action spectrum equal
to the absorption spectrum of DOC (Moffet,
1990). These assumptions lead to a 6% increase
in effective dose due to halving of the ozone
concentration.

The effect of eutrophication has been studied by
assuming riverine input of inorganic N to double
during the next century. ‘

Ocean circulation is projected to decrease as a
result of climatic change (Mikolajewicz et al,
1990), affecting both physical-chemical uptake of
CO, and the biological cycle (nutrient supply). In
the simulations of Micolajewicz et al. the North
Atlantic deep water formation gradually decreases
to one third of its original volume in the year-50 of
the simulation period, the Southern Ocean deep
water formation decreases by a one third of its
volume in 35 years but afterwards recovers half of
this loss. In our calculations the deep water forma-
tion is assumed to change in the period 1990 to
2040 and to remain constant afterwards.

The standard run of the model does not include
feedbacks apart from the shift in carbonate equi-
librium due to increased pCO,. The effect of
feedbacks has been studied by calculating the
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cumulative uptake by the ocean with a prescribed
atmospheric concentration (reaching 785 ppmv in
2100). The time-course of the change in circulation
is described above, changes in temperature, UV
radiation and nitrogen input have been assumed
to follow a function p(1) = po+ (po. — po)(1 —e")
with ¢ starting in 1990 and ¢ a value of 40 years
(Mikolajewicz et al., 1990).

O. KLEPPER AND B. J. DE HAAN

3. Results

3.1. Steady state and current climate

Model output (which gives latitudinally averaged
results) and latitudinally averaged mesurements
from the GEOSECS program (Takahashi et al.,
1981) have been plotted as latitude-depth graphs.
This allows both a comparison of absolute values
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Fig. 3. Nitrate concentrations: model and observations (Takahashi et al., 1981).
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Alkalinity (uMole.kg™")
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Fig. 4. Alkalinity: model and observations (Takahashi et al., 1981).

at a certain depth/latitude and a comparison of at depth to 200-250 uMole kg ™' at the surface
general patterns (gradients, location of minimum, (Toggweiler, 1988), and with radiocarbon
etc.). The results generally show good agree- activities (Bauer et al., 1992) between —550°/,, in
ment with measurements. Steady state results for  the deep Pacific and —400°/,, in the deep Atlantic
nitrogen (Fig. 3) alkalinity (Fig. 4) and *C to —200°/,, at the surface. The geographical dis-
(Fig. 5) closely agree with GEOSECS data; similar  tribution of primary production does not agree
agreement was found for oxygen and total carbon.  well with measurements (Fig. 7), but its average
Simulated values for DOC (Fig. 6) agree with value (72gCm~2y~') is close to the estimated
recent HTC estimates of 80-100 uMolekg™' averages of 60gCm?y~' (Berger, 1989) and
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Fig. 5. Radiocarbon (in °/,, relative to atmospheric equilibrium): model and observations (Stuiver et al., 1981).

86gCm~2y~! (Platt and Subba Rao, 1975).
Average new production is calculated as 12.6 gC
m~2y~! in the range of 9.6-132gCm 2y~!
estimated by Eppley and Peterson (1979).

After reaching steady state at an atmospheric
pCO, of 280 ppmv the model was forced with
observed atmospheric concentrations of CO, and
14C. The calculated ApCO, (Fig. 8) in 1987 is in
good agreement with observations (Tans etal,

1990). Uptake of bomb-'*C in 1974 was con-
strained to match the GEOSECS value of 8.3 - 10°
atoms cm ~* (Broecker et al, 1985) by adjusting
piston velocity. This required a piston velocity of
57mday~!, 18% higher than the GEOSECS
estimate of 4.8 ms—! (Liss, 1984). Average pene-
tration depth was calculated as 300 m, 14 % below
the GEOSECS average of 350 m (Broecker et al,,
1985). Atmospheric uptake of anthropogenic CO,
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Fig. 6. Dissolved organic carbon: model results for concentrations and DO C.

(i.e., correcting for pre-industrial efflux) during
1980-1989 is 1.37 GtCy~', within the IPCC
range of 2.0+ 0.8 GtC y ~! (Houghton et al., 1990).

3.2. Feedback mechanisms

When the model was forced with increasing
pCO,, the standard version of the model has
stored a total of 394 Gt anthropogenic carbon in
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the ocean in the year 2100. The modifications of
this amount by various feedback mechanisms are
shown in Table 1. It can be observed that the most
important positive feedbacks are related to tem-
perature and its effect on chemistry, biology and
DOC decomposition. Together, this may cause a
decrease in storage of 100 Gt. Negative feedbacks
are provided mainly by a decreased calcification
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(40 GtC), CO, fertilization (17 GtC) and eutro-
phication (7 GtC); in combination, these could
lead to an extra storage of 71 GtC.

4. Discussion

The present model has some obvious flaws, in
particular in the description of the transport field.
The model does not reproduce some of the spatial
structure apparent in the data, in particular the use
of a single upwelling rate for both tropics and tem-
perate zones of each ocean basin is not realistic. In
addition, the hydrodynamic transport (affecting
the penetration depth of bomb-!*C) is apparently
underestimated, requiring a rather high vaiue of
air-sea transport rate. However, for a global
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Fig. 8. 1987 surface ocean ApCO,: model and observa-

tions.
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Table 1. Effect of various feedback mechanisms on
storage of anthropogenic carbon in 2100

Like- AS

Feedback mechanism lihood (GtC)
temperature effects on chemistry + —62
temperature effects on biology + -16
temperature effects on DOC decay + -5
CO, fertilization - +17
decreased calcification +40
increased UV: stimulation of DOC decay .— -2
increased UV: decrease in productivity o -5
eutrophication - +7
decreased circulation 1] —-16
all positive feedbacks combined - =100
all negative feedbacks combined -- 71

Basic storage (S) is 395 GtC, effects are expressed as
AS. The column “likelihood™ indicates authors’ subjec-
tive estimate ranging from unlikely ( — ) to probable (+ ).

averaged value of carbon fluxes spatials details
may not be very important. Furthermore, for the
present sensitivity study our main interest is in
the biological cycle rather than in the physical-
chemical pump. The fact that global averages of
both total and “new” primary production and the
concentrations of substances most sensitive to the
biological cycle (nitrogen, oxygen, DOC) are well
reproduced appears to make the present model
a valid basis for an estimate of the relative
magnitude of feedback effects.

In the assessment of possible global-change
induced mechanisms one must necessarily be
speculative (“what if the presently observed
change near Antarctica would be extrapolated to
the entire ocean?”) without making completely
unrealistic assumptions (“without the biological
carbon pump, atmospheric pCO, would double”).
The estimated effects of feedback mechanisms in
Table 1 are therefore intended as upper bounds
to speculations rather than actual predictions.
For example, it is unlikely that all phytoplankton
would respond to increased pCO, or that all
riverine N-inputs would double. Our estimate of
the likelihood of particular changes has been
entered in Table 1. As can be noted, positive
feedbacks (leading to a decreased storage) seem
more likely than negative ones. Adding all positive
feedbacks would decrease storage by 100 GtC
(—25%), adding all negative feedbacks gives an
extra storage of 71 GtC (+18%).
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Obviously, neither of these extremes is likely to
occur. Due to large uncertainties an overall assess-
ment is difficult, but the most likely result appears
to be a net positive feedback in the order of 20 %
of oceanic uptake. It appears that the most impor-
tant feedback results from temperature effects on

499

chemistry; possible changes in calcification rates
could be important but are highly speculative. It
seems that these results confirm the conventional
approach to focus on physical and chemical
models in the calculation of anthropogenic carbon
uptake.
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