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ABSTRACT

A one-dimensional model was developed, aiming at the simulation of the seasonal course of the
upper-ocean pCO,. This model is validated here, by comparing its outputs with field data, at the
Ocean Weathership Station Papa in the Northeast Pacific Ocean (from 1975 to 1977). This
simulation emphazises the leading role of biology in changing the inorganic carbon content at
this station, compared to those of eddy diffusivity, entrainment and air-sea exchange. Complex
and intricated dependences of pCO, variations on temperature, £CO, and TA are analysed.
On the occasion of a comparison of the model with that of Taylor et al., the pitfalls of univocal
correlations between the sea-surface pCO,, temperature and Chl at a given site are put in
evidence on the basis of their complex and divergent annual evolutions. Sensitivity tests quan-
titatively show the importance for the model of (i) the representation of the chlorophyll cycle,
(ii) the mean value selected for the f-ratio. Some possible developments of the model, and its

applications in view of assimilating remotely-sensed data are discussed.

1. Introduction

With the purpose of simulating the annual
course of the upper-ocean pCO,, a one-dimen-
sional model was developed; it is particularly
designed to quantify the relative role of physical
and biological processes in the modulation of the
pCO, (Antoine and Morel, this issue). Briefly, this
model accounts for (i) the variations in the physi-
cal environment, ie., in the mixed-layer depth,
temperature and eddy diffusivity, in response to
the external forcing, (ii) the photosynthetic carbon
fixation, (iii) the fate of the organic carbon
produced through photosynthesis, either locally
recycled or exported down to deep waters, and
parameterised by using the temporal variations of
the chlorophyll content combined with a f-ratio,
(iv) the chemistry of CO, in seawater, allowing the
pCO, inside the mixed layer to be computed from
the total inorganic carbon (XCO,) and total
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alkalinity (TA) contents. The carbon fluxes result-
ing from air-sea exchange, upward transport, and
net primary production are thus simultaneously
assessed. The model is deliberately developed
under the proviso of making use of remotely-
sensed information about chlorophyll, wind, tem-
perature and irradiance; nevertheless a minimal a
priori knowledge of the oceanic zone under con-
sideration is needed. Even if a light-photosynthesis
model is incrusted in the general model, the algal
biomass evolution is not predicted. On the con-
trary, the carbon-based biological compartment is
driven by the chlorophyll concentration evolution,
as detectable from space.

A validation of the model at the Ocean
Weathership Station PAPA (OWSP) in the Gulf
of Alaska is presented here, and the relative roles
of the various processes governing the CO, evolu-
tion are assessed. The possible existence of corre-
lations between SST and pCO,, and between
sea-surface chlorophyll concentration and pCO, is
then examined within the frame of a comparison of
a simplified version of the present model with
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another modelling investigation (Taylor etal.,
1991). Finally, the needed developments or sim-
plifications of the model in view of assimilating
future satellite information at large scale are
discussed.

2. Validation of the model at the Ocean
Weathership Station Papa (OWSP)

Over a period of 30 years (1949-1981), a con-
siderable database was set up by the Canadian
Environmental Service, from the meteorological
and oceanographic parameters recorded at Ocean
Weathership Station Papa, located in the Gulf
of Alaska (50°N, 145°W). Along with the usual
measurements (SST, salinity, wind speed...),
oceanic and atmospheric pCO, were monitored
from 1973 to 1978. These measurements were
recently published and analysed by Wong and
Chan (1991). Sea-surface pCO, was more
regularly recorded during 1975, 1976 and 1977,
and oxygen and nitrate concentrations were also
determined. These three years are therefore
selected for a validation of the present modelling.

OWSP is located at the transition zone between
the North Pacific drift and the Alaska gyre system,
what allows the horizontal advection to be con-
sidered as negligible (Gaspar et al,, 1990). This
feature results in favourable conditions when
validating a one-dimensional model. Furthermore,
sea-surface salinity is rather constant throughout
the year (around 32.8 psu), and the water budget
(evaporation versus precipitation) being approxi-
mately balanced, it does not play an important
role in the ‘physical forcing at OWSP (Martin,
1985). Mixed-layer depth exhibits a notable
seasonality, and extends in January-February
down to a permanent halocline, at about 110 m.
After several short-term retrait events in March—
April, a steady stratification occurs in summer
resulting in a thin mixed layer (about 20 m). The
erosion of the seasonal thermocline begins in early
fall, and progressively leads to the winter convec-
tive system. The autumn cooling is mostly due to
episodic stormy events (Large et al., 1986). Eddy
diffusivities around 10 3 m? s ~! were estimated at
the base of the mixed layer in summer, while values
greater than 107*m?s~! could occur in winter
(Emerson et al., 1991; Large et al., 1986).

OWSP is a representative example of the situa-
tion generally prevailing in the Subarctic Pacific
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ocean, with relatively low and weakly variable
Chl concentrations of about 0.45 mg(Chl) m 3.
Reduced blooms (1 to 2mg(Chl)m~3) appear
episodically, usually from May to September
(Miller et al., 1991). This algal biomass steadiness
is also confirmed by ocean-colour imagery (Yoder
etal, 1993). Surface waters, however, are never
nutrient-depleted, with concentrations varying
between 5 and 15 mmol NO, m~3 (Frost, 1991).
These two somewhat contradictory observations
could originate from intense grazing pressure
(Booth et al.,, 1988), or from ammonium-limita-
tion of nitrate uptake (Wheeler and Kokkinakis,
1990). Such features are typical of a high-nutrient,
low-chlorophyll, zone (HNLC) (Miller et al., 1991).

Primary production exhibits a marked season-
ality, resulting mainly from physical environment
(irradiation and temperature variations), with a
maximum in summer (Frost, 1991), when approxi-
mately 70% of the annual production seems to
occur (Emerson et al, 1991). Sea-surface pCO,
evolution was described in Wong and Chan
(1991). Even if OWSP is on average a sink for
CO,, with a mean annual entering flux of about
0.7 mol CO, m~2 year ~', evasion of CO, could
have occurred in summer 1975. An outgassing O,
flux, of about 30mmolO,m~2d~! was
estimated by Emerson et al. (1991), for the years
1987 and 1988.

The model is operated as follows (see Table 1 for
symbols and units).

2.1. Computation of the surface heat fluxes

Heat fluxes are computed from the three-hourly
records of (i) SST, (ii) air temperature, (iii) wind
speed at 10m height, (iv) sea-level barometric
pressure and (v) total cloudiness index. Some
missing data (about 5% of the total) were inter-
polated between the surrounding measurements.
The computed surface heat fluxes (Table 2, and
Fig. 1a) are in close agreement with those com-
puted for another period (1969-1972) by Tricot
(1985), and adopted by Gaspar et al. (1990). The
heat budget cumulated over the three years
exhibits a final excess of 3.1 W m ~2 (Table 2). This
gain should correspond to an increase of about
0.2°C within the upper 110-m layer, actually
comparable with the increase as derived from
bathythermographic records (about 0.3°C). This
agreement is somewhat fortuitous, as the accuracy
of the heat fluxes estimates cannot be better than
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Table 1. Symbols and units used in the text

pCO,
1CO,
APC02
T4
0,
Chl
Zol
EKE
K:
SST
P

R

oceanic CO, partial pressure (uatm)

total inorganic carbon concentration in seawater (umol kg ~')

CO, partial pressure difference at the air-sea interface (uatm)

total alkalinity in the mixed layer (uequ kg ')

nitrate concentration (mol m ~3)

oxygen concentration (mol m ~3)

chlorophyll concentration (mg Chl m~3)

depth of the mixed layer (m)

eddy kinetic energy (m?s~?)

eddy diffusivity coefficient (m?s~!, and subscript ml for its value at the base of the mixed layer)
sea-surface temperature (°C)

net primary production (gCm~2d~")

local recycling of the organic carbon produced through photosynthesis (g€ m~2d ")

C-to-Chl carbon-to-chlorophyll ratio (g/g)

/

ratio of new-to-total production

Fig. 1. (a) Annual courses of the various heat fluxes, computed from the three-hourly meteorological records at
OWSP, and shown as monthly means for the sake of clarity. The solid line is the heat budget resulting from the sum
of the sensible heat flux, Q, the total radiation impinging at sea level, SW, the latent heat flux, Q., and the net long-
wave radiations budget, LW, The sign of the heat budget is reversed in March-April and October. (b) temporal varia-
tions of the heat content within the upper (110 m) layer. The solid curve is the integration of the surface heat budget
shown in a; the dashed curve was obtained by using the bathythermographic records from 0 down to 110 m; the dotted
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curve is obtained by integrating the temperature profiles produced by the EKE model.
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Table 2. Upper part: mean values of the observed wind speed and sea-surface temperature at OWSP

1975 1976 1977 mean 1969-1972

wind speed (ms™') 9.3 9.3 9.6 — —
observed  sea-surface temperature (°C) 7.67 7.71 8.04 — —
computed solar flux (SW) 101.8 102.3 101.1 101.7 101
(Wm~2) net long-wave —48.8 —48.9 —48.1 —48.6 —40

budget (LW)
sensible heat flux (Q,) —12.8 -9 —11.8 —11.2
—522 -57
latent heat flux (Q.) —432 —38.1 —41.8 —41
heat budget —-28 6.5 —-0.6 3.1 4

(SW+LW+0.+0,)

Lower part: mean values of sea-surface heat fluxes as computed from the three-hourly meteorological records. A
slight increase in temperature is observed between 1975 and 1977, in correspondance with the weak heat gain com-
puted over the 3 years. The last column provides mean values for the period covering the years 1969 to 1972, taken

in Gaspar (1988).

mmol O, m-3
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Fig. 2. Vertical profiles used as initial conditions (1 January 1975) of temperature (from bathythermographic
records), salinity (climatological profile), nitrate and oxygen (from measurements), and £CO,.
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3 W m~2 The variations of the heat content of
the upper (110 m) layer, either deduced from the
surface heat fluxes, or derived from the bathyther-
mographic records, or finally computed from the
temperatures obtained via the EKE model, are
very close (Fig. 1b). This general agreement con-
firms that the surface heat fluxes parameterisation
is able to reproduce the upper-ocean temperature
variations at OWSP in a rather accurate way.

2.2. Physical characteristics of the water column
obtained via the EKE

A climatological salinity profile, taken from
Levitus (1982), and a bathythermograph profile
(Fig. 2) are used when initialising the EKE
model, on the 1st of January, 1975. The minimum
threshold value for the turbulent kinetic energy is
setat 10 °m?s~2,

The annual courses of the mixed-layer tem-
perature at OWSP are very well reproduced by the
EKE model (Fig. 3a). The agreement between
measured and computed temperatures is excellent,
without any bias. The mean difference is totally
negligible ( +0.014°C), and the standard deviation
is 0.39°C. When the solar heating of the upper
layers is computed without taking into account
the actual Chl concentration, but rather by using
the same Jerlov’s optical water type (type II)
throughout the year, the mean difference and
standard deviation turns out to be -0.12 and
0.45°C, respectively. The interannual differences in
the temperature attained in summer are very well
reproduced, whereas a slight drift appears in
winter. It can be argued that a kind of restoring
is implicitely included in the present computation,
as the SST “meteorological” data are used to
compute the heat flux terms. The model has
been operated in an entirely free mode, by using
the temperature computed each three hours for the
upper layer (5 m thick, in EKE) to compute the
heat exchange for the following 3 h period. This
trial has not revealed any perceptible deviation,
even after three years, with respect to the results
obtained by using the measured SST.

The mixed-layer depth evolution (Fig. 3b) is
consistent with the result of other modelling
studies (Gargon et al., 1992), as well as with field
data (Martin, 1985; Gaspar, 1988). A certain
interannual variability is observed for the onset of
the stratification. Finally, the eddy diffusivity just
below the mixed layer (Fig. 3c), exhibits values,
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from less than 10 >m?s~! (about 6-107*%) to
10~°m?s~!, comparable to other estimates
(Emerson et al, 1991; Large etal, 1986). The
lower values are obviously attained when mixing is
minimal in summer, but also in winter, when the
mixed layer extends down to the permanent halo-
cline. In conclusion, the physical characteristics of
the water column, as modelled via the EKE model,
very close to the observed conditions, are believed
to be realistic.

2.3. Chlorophyll concentrations and net primary
production

The Chl concentrations measured at OWSP in
1975 and 1976 show frequent and extended gaps
with a mean value of 0.45 mg(Chl) m —3. Episodic
higher concentrations appeared in June and July
1975, but not in 1976. From this irregular time-
serie for sea-surface Chl, three types of Chl “cycles”
are thereafter considered. The first one is a linear
interpolation between measurements, and covers
the period from 1975 to 1976. The second one is
simply a constant concentration equal to the mean
value. The third one consists of a hypothetical and
unique annual cycle, reproduced over the three
years, and built as a Gaussian curve superimposed
on the constant concentration of 0.45 mg(Chl)
m ™3 (see Fig. 4a). The choice of the position of
the summer maximum (day number 225), with a
peak value of 1.6 mg(Chl) m—3, is supported by
the relative depletion of NO, observed during the
period of mixed-layer stability. This choice and the
peak value seem also reasonable when considering
long-time series of Chl determinations at OWSP
(see also Fig. 4a). Note that Gargon et al. (1992)
also adopted a Gaussian curve for the annual
course of primary production, as being the most
suitable when reproducing the O, data. The verti-
cal profiles for Chl were inferred from the sea-
surface concentration alone (Fig.5), by using
the two sets of equations of Morel and Berthon
(1989), for stratified and not stratified situations,
respectively.

The net primary production, P, (gCm~2d~!)is
computed with the three kinds of chlorophyll
cycles (Fig. 4¢).

2.4. Other initial conditions and prescribed
parameters
The f-ratio at OWSP, derived from N mea-
surements (Wheeler and Kokkinakis, 1990) does
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not exhibit clear seasonal trends, except that f'is
apparently depressed during August (Fig. 4b). As
a consequence, and also in absence of data in
winter, a constant f-ratio of 0.36 (the mean of
Wheeler’s estimates) is assumed in a first step. The
C-to-Chl ratio was measured in May 1988 by
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Frost (1991), and his value, 53 (g/g), is adopted
and kept constant throughout the year.

The XCO, vertical profile used as initial condi-
tion (Fig.2) was built from the measurements
made at the surface in January 1975 by Wong and
Chan (1991), namely 2040 umol kg ~!, and from a

FENNPIE DS |

" PR N
Oct Jan Apr

) P " 1
Jul Oct Jan Apr Jul Oct

0 M B | 1 T

Zmi

S
o
T

100

| A LA | I LM 1

" ) - 1 al
120Jan Apr Jul Oct Jan

) I
Apr

1 j | 1 " |
Jul Oct Jan Apr Jul Oct

103 T

| S S S A e B

104

Ky (M2 s7)

L | T T T

I

TTIIiiiitdsees
33.’5{....
Frraaae—

R AREN

- - - atar

W 1

105

Jan Apr Jul Oct Jan

Apr

Jul Oct Jan Apr Jul Oc

Fig. 3. Annual courses at OWSP of (a) SST: the heavy curve is the temperature from the EKE model and the light
curve is from the three-hourly records (b) the mixed-layer depth from the EKE model (heating of the upper layers
was computed with the Gaussian Chl cycle of Fig. 4), and the depth of the productive layer, as computed either from
a constant Chl concentration (0.45 mg(Chl) m =3, Z_, =72 m), or from the Chl Gaussian cycle (c) the eddy diffusivities

at the base of the mixed layer (log scale).
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climatological value typical for the deep North
Pacific, namely 2100 umol kg ! (Bacastow and
Maier-Reimer, 1990). Salinity is kept constant
(32.8 psu), and the biologically-induced variations
in TA are not here taken into account. Therefore,
a unique value for TA is necessary. TA is thus set
at 2215 yequ kg ', as calculated at station Papa
in January 1975 by Wong and Chan (1991), and
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[ 15

. N ‘ N ’; 0
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kept constant throughout the three years. With the
£CO, initial vertical profile, and those for O, and
NO, (Fig. 2), the model is thereafter freely run
over the three consecutive years without any intro-
duction of external data or restoring to obtain a
better fit with the observations. The three annual
courses for atmospheric pCO, were computed by
using the CO, mole fraction, taken in Chan and
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Fig. 4. (a) Compilation of 20 years (1958-1977) of sea-surface Chl determinations at station Papa (diamonds, left
scale), and monthly means of the nitrate measurements made over the same years (circles linked by straight line, right
scale). The hypothetical Chl Gaussian cycle is also shown. (b) Field data of the f-ratio at OWSP obtained, from '*N
experiments (Wheeler and Kokkinakis, 1990), in 1987 (triangles) and 1988 (diamonds ). Monthly means of these field
values (four) are displayed as circles and linked by straight line. (c¢) Discrete values of the net primary production,
computed from the Chl concentrations measured in 1975 and 1976 (triangles), and the 3-year course of the net
primary production, when computed with a constant Chl concentration (0.45 mg(Chl) m 3, dashed line), or with the
Gaussian cycle (solid line). The weak interannual differences in carbon fixation are due to variations in the light

environment, as well as in temperature.
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Wong (1990), the barometric pressure, and the
saturated water vapor pressure at sea surface
temperature. The oxygen partial pressure was kept
constant (0.21 atmosphere).

2.5. Results: annual courses of mixed-layer pCO,,
0, and NO,

In a first run of the model, the ocean was con-
sidered as an abiotic medium, even if the initial
ZCO, vertical profile actually results, at least
partly, from the former biological activity. In such
a simulation, where biological activity has sud-
denly ceased, it is assumed that the disrupted
system will evolve towards a new equilibrium. The
evolution (Fig. 6a) leaves to think that a newly
balanced system is not yet reached after three
years, as pCO, is persistently increasing. A 20-year
repeated simulation, making use of the physical
forcing of 1975 only, results in a steady pCO,
cycle; the final values exceed by 20 to 50 zatm the
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initial ones (Fig. 6b). In this abiotic, physically
stable system, the upward CO, flux originating
from CO,-rich deep waters is balanced owing to
an equal outgassing. The net effect of the biological
activity is clearly to maintain the pCO, level well
below that of an abiotic ocean under the same
physical constraints.

A constant Chl concentration of 0.45 mg(Chl)
m~ is used as input in a second run, to verify if
this only introduction is able to bring back the
pCO, values toward realistic levels. Indeed, the
resulting cycle falls within the range of observed
values, at least during winter and autumn
(Fig. 7a). In summer, however, the simulated
values exceed the actual ones, presumably because
the CO, uptake by algae has been underestimated.

When the model is fed with the observed (and
interpolated) Chl concentrations, the result
(Fig. 7b, 1975 and 1976 only) is not greatly
improved compared to that obtained with a con-
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Fig. 5. Examples of vertical Chl profiles reconstructed from the concentration measured at the sea surface, compared
to measured profiles (diamonds). The measured profiles (when they exist) were not used in the simulations, to remain
consistent with the proviso that the model must be fed only with the Chl concentration at the sea surface, as detectable
from space. Mixed layer depths are indicated when less than 100 m.
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stant Chl concentration, probably because of the
under-sampling of Chl. As suggested by the obser-
vation of large drawdowns of nitrate and pCO, in
summer, the algal biomass might temporarily
reach higher levels, missing in the data set. An
accurate prediction of the pCO, would require
that the Chl evolution be described with a tem-
poral resolution similar to that used for the physics
of the mixed layer. This is particularly true at
Station Papa, because short-time variations in
biology inside the thin mixed layer established in
summer are quickly reacting on pCO,, is spite of
their weak amplitude.

The three-year pCO, course is finally computed
by introducing the Chl Gaussian cycle. The
agreement with the measured pCO, is much
better (Fig. 7c), with a mean ratio of modeled-to-
measured pCO, of 1 and a standard deviation of
7 patm. In addition, the annual courses of nitrate
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and oxygen, which are by-products of the simula-
tion, are also fairly well reproduced (Fig. 8). It can
be reasonably concluded that the bulk seasonal
variations in all parameters are well captured by
the model, as well as many small-scale details.

2.6. CO,, O, and NO; annual fluxes derived from
temporal evolutions

The resulting annual fluxes in C, O, and NO,
can be established (Table 3) and compared to
some estimates derived from field experiments.
On average, the computed photosynthetic carbon
fixation amounts to 104 gCm~2y~', equivalent
to 0.285 gCm~2d ™! on a daily basis. When con-
sidering only the May-to-August period, the
mean value amounts to 0.50 gC m~2d ", within
the range of those measured for the same period
(0.24 to 1.3, mean value 0.6 gCm~2d"!), but
in 1984, by Miller et al. (1991). Old data (now
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Fig. 6. (a) Annual courses at OWSP of the mixed-layer pCO, computed for an abiotic ocean; the rectangular boxes
represent measured pCO, values averaged over one week, and their heights represent one standard deviation (see
Table 2 in Wong and Chan (1991)). (b) mixed-layer pCO, cycles obtained by running the abiotic model for twenty
years and repeatedly imposing the physical constraints of 1975; boxes are as in (a).
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questionable) were lower by a factor of 2
(McAllister et al, 1960). A slight interannual
variability appears in the computed annual
primary productions ( +3 % around the mean, see
Table 3), even if they are estimated from the same
Gaussian cycle for sea-surface Chl. This is mainly
due to the change in temperature and irradiance.

The new production is steadily around 37 gC

m~2y~! (or 10l mgCm~2d~"), as a straight-
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forward consequence of the choice of the f-ratio.
New production was inferred from oxygen mass
balance calculations, resulting in a value of
140 mgC m~?d~! for summers 1987 and 1988
(Emerson et al., 1991), or more generally in values
in the range 100-300 mgC m~2d ! for the entire
10 year period, from 1969 to 1978 (Emerson,
1987). The relative agreement in terms of new
production obviously extends to the correlative
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Fig. 7. Mixed-layer pCO, obtained when the model is fed (a) with a constant Chl concentration throughout the year

(0.45 mg(Chl) m ~3), (b) with the Chl cycle interpolated from the measured Chl concentrations, (¢) with the mean
Gaussian cycle for Chl.
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Fig. 8. Measured nitrate and oxygen concentrations
(diamonds) within the mixed-layer (no data in 1977),
and as computed when the model is fed with the
Gaussian cycle for Chl (solid curves).

net oxygen production (3.9 mol O, m 2y~ ! here,
versus 2.8-4.2 mol O, m~2y~! in Emerson et al.,
1991). Interestingly the net uptake of carbon seems
to occur exclusively within the mixed layer at
OWSP, as the consumption below this layer is on
average equal to the fixation. The mean annual
ratio of the net C uptake (ie, P—R) to the
primary production (P) is about 0.5 when con-
sidering only the mixed-layer domain, instead of
0.36 adopted for the whole productive layer.
Despite possible outgassing in July and August,
Station Papa is ultimately a sink for CO, (see
Fig. 9a) and the entering flux is estimated to be on
average 0.62 mol CO, m~2y~!, ie., slightly less
than the value (0.70) proposed by Wong and Chan
(1991). It 1s a source for O, and the annual out-
gassing flux resulting from the model is on average
23mol O, m~2y~!. From their model, Thomas
etal. (1993) estimated the O, outgassing flux to

D. ANTOINE AND A. MOREL

be in the range 0.2 to 2mol O, m 2y ~!, while

Emerson etal. (1991) deduced a value as high
as 12mol O, m~2y~! from oxygen mass balance
calculations by considering summer data only.
A great uncertainty still remains about the magni-
tude of the oxygen exchange at the air-sea inter-
face. The downward export of the biologically-
produced O, was estimated between 0 and
4molO, m~2y~! by Emerson etal. (1991), to
be compared to 2.6mol O,m~2y~! from the
present simulation. For nitrate, Miller et al. (1991)
calculated an upward flux through the halocline
of 2.2 mmol NO; m~2d ~, slightly above the pre-
sent estimate, 1.2 mmol NO; m~2d~! (0.43 mol
NO,m~2y™!)

The computed fluxes lead to weakly unbalanced
annual budgets. The residuals, however, are very
small with respect to the involved fluxes. They are
also comparable in magnitude to those derived
from measurements. For example, the net carbon
uptake by biota, supported by the capture of
atmospheric CO, (20%), and by the upward
CO, flux (80%), remains slightly unbalanced.
With respect to O,, the deficits are —1.7 and
—04mol O, m=2y~! for 1975 and 1976 respec-
tively (Table 3), in agreement with the field data
(—3.3 and —0.33 respectively). The amount of O,
exported towards the atmosphere and towards the
deep layers (45% and 55 %, respectively), would
be slightly larger for the three years than the net O,
production by phytoplankton. A different parti-
tioning when dealing with O, and CO, is con-
ceivably due to the fact that O, is more rapidly
exchanged through the air-sea interface than CO,.
The field data would lead to a gain of 53 mmol
NO; m~2y~" at the end of 1975, while (in absence
of advection) the model produces a loss of
—44 mmol NO;m~2y~!. In the simulation, the
upward flux of NOj; (386 mmol NO,m~2y~!)
nearly makes up for the net uptake by phyto-
plankton (430 mmol NO,m~2y~!),

It is worth noting that the upward CO, and
NO; fluxes are not linked by the Redfield ratio
(i.e., 106/15 =7.06). Their ratio is smaller (about
5.2) because the C uptake by phytoplankton,
in contrast with the nitrate uptake, is not only
balanced by diffusivity, but also by air-sea
exchange. This is confirmed by forming the ratio of
the sum of the CO, upward flux plus air-sea
exchange to the upward NO; flux, that is reset to
the nominal value 7.

Tellus 47B (1995), 1/2
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2.7. Relative importance of the various processes in
governing the 2CO, and pCO, evolution

The physical and biological processes, regulat-
ing the mixed-layer ZCO, content with various
and time-dependent efficiencies, can be separately
analysed through the model. Unlike pCO,, 2CO,
does not depend on temperature variations, and
the three-year mean C-fluxes estimates in Table 3

D. ANTOINE AND A. MOREL

(last column) show that biological activity (P — R)
is the main factor controlling ZCO,, and that the
upward flux and then the air-sea exchange follow
in order of decreasing importances. In Gargon
etal. (1992), the three processes were found to
equally contribute to the £CO, change at OWSP,
for the years 1971 and 1972. Their method,
however, was quite different, as they successively
introduced the various processes in different
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Fig. 9. (a) Computed annual courses of the £CO, content
the Chl Gaussian cycle; the pCO, cycle (from Fig. 7c) is s
evolution of the atmospheric pCO, (dotted curve). (b) the

Jul

Oct Jan Apr Jul Oct

within the mixed layer, when the present model is fed with
hown again for comparison (dashed curve), as well as the
derivative of ZCO,, expressed as daily change. (c) Relative

importance (as % ), in changing the mixed-layer XCO, content, of biology (solid line), eddy diffusivity plus entrain-

ment (dotted line), and air-sea exchange (dashed line).
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simulations. This general pattern must be nuanced
when the annual courses are considered (Fig. 9c).
During winter, air-sea exchange, biological
activity, and eddy diffusivity plus entrainment are
of comparable importance; the XCO, change at
this period, however, is reduced (Fig. 9b). The
divergence starts in spring and is maximum in july,
when the biological activity is responsible for up to
80% of the negative 2CO, change. From July to
October, the ApCO, is close to zero, and the
air-sea exchange is almost annihilated. The relative
role of diffusivity plus entrainment is approxi-
mately the reversed image of that of biology; it
becomes progressively preponderant in autumn,
when the £CO, change is positive, and is a conse-
quence of the mixed-layer deepening. In general,
any drawdown in the £CO, content due to the
biological activity within the mixed layer is there-
after compensated by an upward flux of CO,-rich
waters and by a CO, invasion from the atmo-
sphere (when OWSP is a sink for atmospheric
CO,). The biologically and the physically induced
XCQ, variations show opposite variations with a
phase lag of 6 months. Because the wind speed
seasonality is weak and the temperature effects
on the CO,-transfer velocity and CO, solubility
nearly cancel each other (leading to an almost
constant gas-exchange coefficient), the air-sea
exchange at OWSP is almost exclusively sized by
the ApCO,, whatever the physical environment.
During winter, eddy diffusivity has never a strong
impact on XCO, at station Papa, for at least
two reasons (i) the mixed layer is clamped by
the permanent halocline, which acts as a barrier
to diffusive exchanges, and (ii) the XZCO,
gradient between mixed layer and deeper waters is
weak.

It is noteworthy that the biologically-mediated
variations in ZCO,, O, or NO; within the deep,
stratified, layers, play a decisive role in determin-
ing the mixed-layer concentrations. Indeed, non
negligible O, production, CO, and NO; uptake
occur in these layers, able by this way to affect the
exchange rates with the mixed layer. If biology
was hypothetically made inoperative inside the
stratified domain, the main consequence would be
a reinforcement of the air-sea exchanges, by about
10% and 40 %, for CO, and O, respectively. The
pCO, also rapidly would diverge from the field
data, for example exceeding by 20uatm the
observed level in summer 1977. These remarks

Tellus 47B (1995), 1/2
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remain valid when the productive domain (1.5Z,)
is restricted to the euphotic zone (Z,).

In addition to the changes in XCO,, the pCO,
reflects the influence of the SST variations (Figs.
9a and 3a). The divergences between the pCO,
and XCO, evolutions originates from the varying
weights of the thermodynamics (on pCO,), and of
biological activity and eddy diffusivity (on ZCO,).
For example, during winter 1975, pCO, experien-
ces a minimum while ZCO, is almost constant.
After opposite evolution in spring, both pCO, and
2CO, are simultaneously declining in summer.
During this period, however, the SST increase con-
flicts with the simultaneous XCO, decrease, and
the pCO, drawdown is accordingly reduced with
respect to that expected for constant temperature.
In autumn, the sharp increase in ZCO, (due to
entrainment) is in no way reflected by a parallel
pCO, change, because SST is markedly decreasing
at this time of the year.

3. A simplified version of the model

When validating the complete model at station
Papa, the biological compartment was finally fed
with an imposed Chl cycle in the upper layer, and
the vertical pigment profiles were inferred from
this single piece of information. Similar inputs will
be available for the future use of the model in
conjunction with satellite-derived information. In
contrast, the physical segment was driven by the
three-hourly meteorological records at station
Papa. Such detailed inputs will obviously be
lacking for studies at large scale. Even if, in
principle, remotely-sensed data about SST, wind
and irradiation will be available, it will remain out
of reach to retrieve everywhere in the ocean the
evolution of the mixed layer with an accuracy
comparable to that obtainable when using
meteorological records. In this section, the EKE
sub-model is therefore voluntarily abandoned (a
sensitivity study to the mixed layer representation
will be presented later on). It is admitted that the
annual courses of the mixed-layer depth and
temperature, and of the eddy diffusivities, will be
prescribed, by relying on climatological infor-
mation, or outlined by using intermittent space
observations. This simplified version is described
and operated below, in a comparison exercise with
the modelling approach developed by Taylor et al.
(1991).
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3.1. Comparison with Taylor et al’s results

The climatological situations studied by Taylor
etal. (1991) are revisited; they are located at
latitudes 0, 35, 47 and 60°N in the Atlantic Ocean.
In the Taylor et al.’s study, thereafter denoted TL,
attention was focused on the development of the
spring bloom, and on its impact on £CO, within
the upper layer. The pCO, and £CO, annual
cycles produced by their model and by the sim-
plified version of the present one are compared.

In TL, the annual changes in the physical struc-
ture of the upper oceanic layers were imposed and
three boxes (mixed layer, thermocline and deep
waters) were considered. The annual courses of the
mixed-layer depth and temperature are taken from
TL to drive the present model. Associated with the
mixed-layer minimum depth, a minimum eddy dif-
fusivity value is adopted (K, =10 m?s™') at
the base of this layer. The actual K, coefficient for
a given day is scaled by the mixed-layer depth,
according to K. =K, pi, (Z.1/25)"°, as done in
TL. Inside the pycnocline or in the deep layers
beneath, K, is given the constant values 10> or
3.107°m?s~}, respectively. Salinity is kept con-
stant throughout the year, at 37, 37, 35.5, and
33 psu.

The temporal evolution of the phytoplankton
biomass was modeled in TL, within a single-
species and single-nutrient (nitrate) system. The
annual cycles for pigments, resulting from TL’s
modelling, are directly used as inputs to drive the
present model. The f-ratio is not involved in TL.
Concerning the present model, extrema for the
f-ratio (0.2-0.7) are adopted in such a way that
the mean annual f-value is 0.3, a value generally
believed to be typical of the open ocean (Platt
etal., 1989), except for the equatorial station,
where a constant f value of 0.1, probably more
realistic, is adopted. The annual course of the
f-ratio is assumed to mimic that of Chl, with
a maximum coinciding with the spring bloom, and
a minimum occuring in summer. A sensitivity
study, with respect to the mean f-ratio, and to the
mixed-layer annual course, will be presented later
on.

Annual means of the cloudiness index, namely 5,
5.5, 6 and 6.5 okta for the latitudes in question,
were taken in a cloud cover atlas (NCAR, 1988) in
order to estimate the incident radiation. In TL a
constant piston velocity for air-sea CO, gas-
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exchange (4.8 m d ~!) was assumed. According to
the mean temperatures at each station, such a
value would correspond to constant wind speeds
of 8, 10, 12, and 13ms~'. The ZCO, vertical
profiles used as initial conditions were built from
the 2CO, values choosen by TL for the upper box
and for the deep reservoir. Salinity is kept con-
stant, and the biologically-induced variations in
TA are not taken into account. Surface values of
TA were selected, and kept constant throughout
the year, in such a way that, when combined with
the ZCO,, SST and salinity, they lead to the pCO,
level adopted by TL at the beginning of each of
their simulation.

The qualitative agreement between the pCO,
and ZCO, annual cycles, as obtained with the
present model, and those of TL, is good (Fig. 10),
with simultaneous pCO, rises and falls. At the
equator, the pCO, (not displayed) is nearly
constant throughout the year, around 370 patm.
At the other locations, and especially at 47°N,
however, the amplitude of the pCO, drawdown
due to the phytoplankton bloom, or the post-
bloom pCO, rise, differ in the two models.
Differences in parameterising the net effect of the
plankton community on ZCO, and the diffusive
exchanges are at the origin of these divergences.
During the maximum blooming at 47°N, and
given the surface Chl value (6.5 mg Chlm™3,
adopted from TL), the total Chl content over the
mixed layer-plus-thermocline domain in TL is
about twice the total Chl content estimated in the
present model, where the depth of integration is
that of the productive layer. This difference is
mainly responsible for the variable impact of the
spring bloom on the pCO, in the two models. By
tuning somewhat arbitrarily these parameters, it
could have been possible to reach a better agree-
ment, which actually has no particular significance
per se.

As previously underlined by TL, these academic
simulations demonstrate that the effect of algal
activity on XCO, is increasing with increasing
latitude. At 35°N, the signal is essentially con-
trolled by the SST cycle, while at 60°N the
phytoplankton bloom has a dominant influence on
the pCO, level. The concordance between the
results of both models demonstrates that at least
the general trends of the carbon cycling within the
upper ocean can be understood, even if not easily
predicted in a quantitative way. This understand-
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Fig. 10. Annual courses of ZCO, (top) and pCO, (bottom) for the “case-stations” at 35, 47 and 60° N. Dotted curves
are the cycles as obtained by Taylor et al. (1991), and solid curves are those resulting from the present modelling.

ing allows to examine the reliability of methods
which make use of Chl and SST as predictors of
the pCO, evolution.

3.2. SST and Chl as proxies for pCO,

Various correlations have been occasionally
detected between pCO, and SST or Chl concen-
tration within the upper layer of the ocean
(Takahashi et al., 1983; Watson et al.,, 1991). By
using such correlations, SST and Chl, as detectable
from space, could help in constructing large-scale
pCO, fields. Once combined with CO, gas-trans-
fer coefficient derived from wind scatterometry,
such pCO, maps would allow the air-sea CO, flux
to be inferred at large scale (Etcheto and Merlivat,
1988; Thomas et al., 1988; Erickson, 1989; Etcheto
etal, 1991). Tans etal (1990), for instance,
attempted to map the ApCO,, between ocean and
atmosphere, by using relationships between ocean
SST and pCO,, made dependent on latitude but
not on the season. The possibility of extending in
space and time such local and episodic correlations
remain an open question.

The pCO, annual cycles at the three sites are
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plotted as a function of Chl or SST (Fig. 11). The
pCO, annual cycle obtained at station Papa (for
1975) is also shown for comparison. The increas-
ing impact of the spring bloom on pCO, with
increasing latitude is clearly shown by Fig. 11. In
response to the bloom, the pCO, change is about
4, 25, and 40 patm at 35, 47, and 60°N respec-
tively, and definitely not sized by the magnitude of
the bloom itself, if expressed in terms of Chl
increase (namely 2, 5, and 4 mg(Chl) m~3 at 35,
47, and 60°N). In a given location, at 47°N for
instance, pCO, can remain almost constant while
Chl is rapidly increasing (onset of the bloom), or
decreasing (post-bloom conditions), even if the
mean pCO, level differ by about 20 yatm before
and after the bloom. Conversely, at constant Chl
concentration (from summer to autumn), pCO, is
markedly increasing. At 35°N, the absence of
correlation is even more marked as the Chl change
is in no way refelected by a pCO, variation; at
this latitude the pCO, cycle is dominated by the
temperature evolution.

Concerning the pCO,-SST relationships the
situation is equally complex. According to the
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season, the pCO, change can be either correlated
(from autumn to winter at 47°N, for instance)
or anti-correlated (bloom period) with the SST
evolution. Such conclusions cannot be generalised
because they depend on latitude, and also on the
oceanic area. For example, the pCO,-SST plots, at
station Papa (50°N in the Pacific) and at the case-
station at 47°N (in the Atlantic), do not show the
same patterns.

These rather complex relationships emphasise
that Chl and SST are ambiguous proxies of the
evolution of pCO, at a given site, and illustrate the
importance of the previous history of the water
body in the determination of its pCO, level at a
given instant. Although the Chl concentration is
believed as being an essential parameter for the
upper-ocean CO, modulation, its instantaneous
and local knowledge is insufficient to infer a
reliable value of the upper-ocean pCO, (Yoder
etal., 1993). The same conclusion is obviously
valid for the SST.

These pessimistic conclusions are inevitable
when trying to extract from the entire annual
cycles of the pCO,, SST and Chl at a given site
some reliable and univocal relationships. The
situation is different when larger spaces are con-
sidered, and if the evolution of the SST or Chl
fields can be monitored. Various correlations
between the seasonal values of the pCO,, SST and
Chl actually exist at regional scale (Metzl et al.,
1991; Poisson et al., 1993); in an implicit way they
integrate the previous evolution of the system. On
such seasonally-dependent relationships, derived
from field data, rests the development of methods
to reconstruct continuous pCO, fields by using
climatological (or, in the future, remotely-sensed )
SST and Chl fields.

4. Sensitivity studies

Prior to testing the model sensitivity to modified
parameterisations, the internal consistency of the
computations has been checked. The daily pCO, is
permanently generated from the daily values of
XCO, and TA. The relative variations of pCO, can
be expanded by using the partial derivatives

dpCO, & (3pCO, 1
pCO, _21; pCO, 0X dx,
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where X is either SST, XCO,, TA, or salinity
(practically, at station Papa, TA and salinity are
not involved, and are kept at 2215 uequ kg ~! and
32.8 psu, respectively). To obtain the numerical
value of each partial derivative, the other
parameter must be kept constant. They are given
their mean value over the three years considered,
namely 8°C for SST and 2025 umolkg~!' for
LCO,. With these values, the partial derivatives
turn out to be +0.043 (°C) ~! and +0.0056 (xmol
kg=!)~!. When combined with the daily varia-
tions in SST and £CO,, obtained through the
model, and by summing the two contributions,
new (actually less accurate) pCO, values are
obtained. They agree with the accurate values
within +2 gatm, and confirm the numerical
competence of the code.

Various sensitivity experiments are thereafter
presented. They concern the representation of the
Chl cycle and of the mixed-layer depth, the impact
of the prescribed values, namely the f and the
C-to-Chl ratio. They are carried out for station
Papa and also for the “case-stations” examined in
the previous section.

4.1. The chlorophyll representation in the model

The first sensitivity test involving the Chl
representation in the model has been already
described; it has led to the adoption of a Gaussian
cycle (Fig. 4a). With respect to this choice, the
impact of modified Gaussian cycles was tested. In
a first trial, the same Chl cycle was just shifted by
+ 10 days, resulting in minute effects on the chemi-
cal evolution and annual budgets. Widening the
peak, covering 250 days instead of 150, enhances
the new production by 12 % ; correlatively the CO,
entering flux is raised by 37% . The sensitivity to
more pronounced blooms, with the same Gaussian
profile peaking at 2.0 instead of 1.6 mg Chl m 3,
was also studied. As expected, the new production
is -enhanced by 7%, whereas the CO, invasion
is increased by 20%. From June to October,
the mixed-layer pCO, is depressed by about
5-10 patm (wider peak) or about 5 uzatm (higher
peak). In all these experiments, the oxygen budget
was never notably modified, as a consequence of
the rapid response of the outgassing (increased by
up to +25%). The response inside the inorganic
carbon compartment, when the physical con-
straints are practically unchanged (apart from
the heating rate), are not linearly related to the
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changes imposed to the algal biomass. If still
needed, these sensitivity studies demonstrate that
in any model a good Chl cycle representation, and
hence the availability of a continuous Chl informa-
tion, are essential.

The impact of the vertical pigment distribution
is also tested, by replacing the non-uniform verti-
cal profiles by uniform Chl profiles throughout
the year. The resulting pCO, cycles are nearly
unchanged at station Papa and for the case-
stations previously studied, except at 47°N in
summer, where a local enhancement of the pCO,
(by 5puatm) lasts two months. The resulting C
fluxes are not significantly affected (within +2%)
at 47°N, 60°N and at station Papa. In contrast,
changes are notable at the Equator and at 35°N.
At the equatorial station, the deep chlorophyll
maximum is permanently located at about 120
meters; if it is ignored (what is irrealistic), the
integrated Chl content within the productive layer
is decreased by 65% and primary production in
the deep layers is halved. The annual column-
integrated primary production is decreased by
40% , and more CO, is thus brought from below
toward the mixed layer ( +40% ). The CO, air-sea
exchange is, however, nearly unchanged, as a con-
sequence of an increased biological consumption
in the upper layers (the recycling term, R, being
decreased). At the 35°N station, deep chlorophyll
maxima are only characteristic of summer; if they
are ignored, similar changes are observed than at
the equatorial station, with however a lesser
amplitude. As expected, uniform vertical profiles
are not representative for the low latitude stations,
where the stratification is intense, the upper-layer
chlorophyll concentration low, and the deep
chlorophyll maximum well developed.

4.2. The f-ratio and the C-to-Chl ratio

The Gaussian cycle being fixed, it remains to
examine the effect of two other ecological
parameters, the mean f-ratio and the C-to-Chl
ratio. Incidentally, if at station Papa f is given
the value 0.30, instead of 0.36, the deficit that
appeared in the carbon budget over the three years
considered, is annihilated. This relatively minor
adjustment confirms that the deficit found in the
annual budgets (Table 3) is not really significant
and also suggests that the response of the model is
very sensitive to the f value. Therefore, two
extreme values have been tested, namely 0.18 and
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0.54 (+50% around the mean), even if they are
irrealistic for OWSP. The new pCO, and NO,
cycles rapidly diverge from the field data. When f
is 0.18, the upward fluxes are modified by about
—12, +6 and —23%, for XCO,, O, and NO,
respectively. These changes turn out to be +13,
—6 and +23% when f'is 0.54. The CO, flux due
to gas-exchange increases by 130% if f'is 0.54 (by
93% for O,), and becomes an outgassing (or
decreases by 90% for O,) when fis 0.18. Inter-
estingly, the difference expected in the carbon
budget, as a consequence of the change in new
production (with respect to the basic case with
f=0.36), is almost entirely obliterated (actually
by up to 80%). This quasi-compensation is
inequally shared by an increase of the dissolution
process (+130% ) and of the upward transport
(+13%). The disproportion is even more accen-
tuated for oxygen. When O, is in excess inside the
mixed layer, the compensation only results from a
93 % increase of the outgassing.

In another numerical experiment at station
Papa, the f-ratio was made varying according to
the four mean field estimates of Wheeler and
Kokkinakis (1990), as shown on Fig. 4b. By this
way, the mean annual value of /(0.36) is respected,
whereas the f; values are allowed to fluctuate
between 0.4 in winter and 0.25 in summer. Changes
in the pCO,, O, or NO,; annual cycles and
budgets are minor. Thus, some uncertainties in the
annual course of the f-ratio would not preclude a
proper estimate of the fluxes, provided that the
relevant mean annual value of f is respected.
A similar experiment was made on the “case-
stations”, by assuming a constant (0.3) f-ratio
throughout the year, instead of making it varying
with the Chl concentration. Significant changes are
obtained in the pCO, annual cycles. The above
conclusion is to be nuanced for stations where
the annual cycle for f would be characterised by
pronounced variations. A test has been also
carried out on the “case-stations”, by increasing or
decreasing the mean f-values by 0.1 (extrema
become then 0.1-0.6 or 0.3-0.8, instead of 0.2-0.7).
The pCO, and XCO, cycles are also significantly
altered, the air-sea fluxes being the most affected
by the change in f (for example, the CO, entering
flux decreases by up to 50% at 35°N, when f
decreases). These results from the sensitivity
studies emphasize the crucial buffer role of the
atmosphere, able to regulate efficiently the upper-
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ocean CO, and O, content, when modified by a
change in the biological pump functioning. This
conclusion, however, could be invalidated, for
example at a station where the wind speed is much
lower than at station Papa. The situation for
nitrate is obviously different; when changing f, the
unbalanced budget is only partly compensated
(50% ) by a modified upward transport.

The C-to-Chl ratio is by far more uncertain.
A test was made by considering a constant higher
value, i.e., 100 instead of 53, and in a second run,
the C-to-Chl ratio was given a sinusoidal pattern,
as suggested for station Papa by McAllister (1969)

C-to-Chl =30 — 15 cos(2n(day — 15)/365)

and thus varies from 15 (winter) to 45 (summer).
Surprisingly, very small, unsignificant, changes are
observed in both cases, either in the annual cycles
or for the annual budgets. This weak influence of
the C-to-Chl ratio is inherent in the method used
here to calculate the rates of local recycling and
export of primary production. Indeed, a careful
examination of this method shows that a modifica-
tion of the C-to-Chl ratio leads to opposite and
compensatory effects.

4.3. Short-term events in the annual course of the
mixed-layer depth

The eddy diffusivity coefficient at the base of the
mixed layer, K, ., is sensitive to the physical con-
straints. Thus, prior to testing the sensitivity of the
model to the short-term changes in the physical
forcing, a test is carried out on the value of K, ;.
The exchange between the mixed layer, which con-
sists of a unique box, and the underlaying waters is
entirely ruled by the K. ,, value, and a high sen-
sitivity of the model to this parameter is expected
(note that it is not specific to the present model,
but is inherent to any simulation of the mixed layer
as a unique box). By increasing K., by 50%
throughout the three years of simulation at station
Papa, the mean yearly upward ZCO, flux is raised
by 20 %, while the CO, entering flux is decreased
by 50 %, as a consequence of the enhancement of
the mean pCO, level (by about 10 #atm in 1977).
The impact of an opposite change in K,
(—50% ) is greater, the above percentages becom-
ing —30% and + 75 % respectively, and the mean
pCO, level is lowered by about 10 zatm in 1977.
These two tests also produce significant changes in
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the O, and NO; fluxes, the O, concentration being
however practically unchanged, mainly as a conse-
quence of the efficient air-sea O, transfer.

The sensitivity of the model to the mixed-layer
representation has also to be envisaged. To
simulate a kind of “climatological” physical
forcing, monthly averages have been computed
for the mixed-layer depth and temperature and for
the eddy diffusivities obtained through the EKE
model. Daily values are then re-interpolated
within this monthly values and short-term varia-
tions are thus totally smoothed. The model is run
with these smoothed values over the three years
(and by using again the Gaussian Chl cycle and
f=036). The pCO, variations and the mean
pCO, level are approximately reproduced during
the first 21 months (results not shown). After this
period, a serious drift starts, and the model there-
after totally fails in reproducing the pCO,. This
result emphasizes the importance of the short-term
variation (within a few days) of the physical con-
straints. The permanent succession of mixing and
stratification events (see Fig. 3b) is able to modify
the mixed-layer pCO,, either by bringing up
ZCO,-rich deep waters and by simultaneously
cooling the sea-surface waters, or by heating and
stabilising the upper layers. Ignoring such events
introduces artifactual offsets in the simulated
ZCO, and pCO,, as compared with the corre-
sponding measurements, which can, in a non pre-
dictable way, either compensate or accumulate
during the successive days of the simulation. The
reproduction of the O, and NO, annual cycles is
clearly less sensible to the smoothing of the physi-
cal forcing, their seasonal evolutions being well
simulated, even if the short-term variations are not
reproduced. In the case of O,, this is probably a
consequence of the more rapid exchange with the
atmosphere, as compared to CO,, allowing the
excesses or deficits in the mixed layer to be rapidly
compensated. It is likely that the independance of
NO; upon temperature is responsible for its lesser
sensibility to the present smoothing of the physical
constraints.

The same test has been also carried out on the
three “case-stations” examined in the previous
section, relatively to the prescribed extrema. The
mixed-layer depth was increased or decreased, by
10 meters for the summer minimum, and by 50 m
for the winter maximum. These modifications
result again in significant changes in the XCO, and
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pCO, annual cycles. Changes by up to +50% are
observed for the £CO, upward flux and the CO,
air-sea exchange. These modifications, however,
never reverse the direction of the carbon fluxes.
These tests show that, beside the short-term varia-
tions in mixed-layer depth, the depths attained
during the winter overturn and also the thickness
of the mixed layer during the stratified period are
equally important parameters. They determine to
a large extent the £CO, content of the water mass
in winter, and particularly before the onset of the
spring bloom.

5. Conclusion

The successful validation of the full model at
station Papa is encouraging. In addition, a sim-
plified version of the model has produced pCO,
cycles in agreement with those obtained by Taylor
etal. (1991) in various climatic environments.

An important characteristic of the present
model is to derive the impact of the biological
activity on the £CO, only from the chlorophyll
concentration at the sea surface. The sensitivity
tests emphasize the importance of a good represen-
tation in the model of the chlorophyll annual cycle,
and even of short-term events, particularly in
summer time. This sensitivity, however, does not
preclude the future use of the model at large scale,
as ocean colour sensors will provide the necessary
information. For example, the SeaWIFS instru-
ment (Hooker et al., 1992) will provide a global
earth coverage each three days, with an increased
accuracy for the pigment determination. Further-
more, at least two other ocean colour sensors (the
Japanese OCTS, and the European POLDER
instruments, Deschamps et al., 1990) will be simul-
taneously operating. From the remotely-sensed
Chl concentrations, the vertical pigment distri-
bution can be inferred by using statistical
relationships, as done in the present study. The
sensitivity tests have confirmed that the vertical
pigment structure is, as expected, particularly
important for the ZCO, budget in the oligotrophic
ocean, where deep chlorophyll maxima are well
developed. More crucial is the adoption of a rele-
vant mean value for the f-ratio, even if some uncer-
tainties in its annual course have not a dramatic
impact on the pCO, evolution. The link between
this ratio and the total primary production
(Eppley and Peterson, 1979), although somewhat
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circular, is certainly a guideline, as could be also a
rough estimate of the nutrient level from the tem-
perature field (Kamykowski and Zentara, 1986).
Several attempts to assess the new production
were made along this line (Dugdale et al., 1989;
Sathyendranath et al., 1991) and likely have to be
generalised.

Improvements can be made, following two
somewhat diverging directions, in correspondance
with two possible applications. One improvement
could be a complexification of the model in view of
describing in every detail the pCO, evolution
at a given station or test site, particularly well
documented (a JGOFS permanent station for
instance). The hypothesis of instantaneous and
perfect homogeneisation within the mixed layer
can be relaxed. There is also no particular problem
in keeping the nycthemeral cycles, instead of
averaging over a 24-h period. The physiological
parameters (specific absorption, parameters of
the light-photosynthesis curve), here given mean
values, could be varied with depth, nutrients,
pigment composition, if information is available.

Conversely, the other improvement should be a
simplification of the model in view of a generalised
application to large scale and incorporation into a
data assimilation scheme. For computational and
practical reasons, a certain degradation in the
quality of the mixed-layer description has to be
accepted, and the necessary averaging (in time and
space) of the input parameters for this segment will
result in less accurate estimates of the mixed-layer
depth and eddy diffusivities. The simplified version
of the code, used when comparing the CO, evolu-
tion for the situations already studied by Taylor
etal. (1991) is one possible approach. The sen-
sitivity to a degraded representation of the mixed-
layer characteristics has been tested, and unfor-
tunately appears rather high. When using a
degraded physical forcing, the introduction of the
remotely-sensed SST certainly could preserve the
simulation from excessive drifting. In summary, if
satellite observations are definitely of unvaluable
help in the biogeochemical problem of the pCO,,
if also numerical tools are in progress to make a
meaningful use of these data, systematical field
observations will be for a while absolutely
necessary. The delineation of biogeochemical
provinces tied to physical conditions, and a better
knowledge of their own typical parameters, still
require efforts as those planned in the frame of
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JGOFS, before models become more efficient and
realistic in their outputs.
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