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ABSTRACT

The surface concentration of dissolved inorganic carbon (DIC) at the Bermuda Atlantic Time-
series Study site (BATS) decreased gradually by ca. 30 gmol kg ~! from April to October in 1989.
This decrease occurred almost in the absence of measurable nitrate in the mixed layer. Although
ancillary data about the C system point to the possible importance of lateral transport, horizon-
tal gradients in surface [ DIC] and the mean flow in the area indicate that local effects should
prevail in the seasonal drawdown of DIC. On the basis of an one-dimensional model, we hence
estimate the mixed layer budget of DIC for this period, from surface [ DIC] data, temperature
profiles, and concomitant meteorological records. According to model uncertainties, the [ DIC]
drawdown should be mostly explained (71-93%) by a net community production (NCP)
averaging 1.4-2.3 mgC m~3d !, and to a lesser extent, by outgassing of CO, to the atmosphere.
These losses are partially compensated ( <30% ) by mixing with DIC-rich waters of the thermo-
cline. This NCP must be regarded as a lower estimate, since the mean flow from the northeast
should bring waters with slightly higher [ DIC] to the mixed layer at the BATS site. The model,
which is sensitive to short-term variations in atmospheric forcing ( <1 day), indicates that this
layer has never reached the nitrocline for spring-summer 1989, even as a hurricane passed
through the region. Hence, the surface NCP should not have been supported by unsampled,
pulse-like supplies of deep nutrients. Wet atmospheric deposition of nitrogen measured con-
currently on Bermuda could contribute to the biological N requirement (10-20% ). According
to historical estimates, N, fixation seems however insufficient to meet the remaining demand.
Comparison between NCP and primary production measured in situ suggests that most of
photosynthetically fixed C (>50% ) is not respired in the mixed layer.

1. Introduction defined function of salinity (Bates etal, 1992,
1993; Keeling, 1993). These observations, and the
In the northwestern Sargasso Sea, the concen- concomitant enrichment of surface DIC in '3C at
tration of dissolved inorganic carbon (DIC) and station S (Keeling, 1993), point to net community
alkalinity are measured regularly, at the US production of organic carbon (gross primary
JGOFS Bermuda Atlantic Time-series Study site  production minus community respiration) as an
(BATS: 31°50'N, 64°10'W:; see Bates etal, important process in the mixed layer near
1992, 1993, 1994) and at station S (32°10'N, Bermuda (ML). Yet the [ DIC] drawdown occurs
64°30'W; see Keeling (1993)). According to sur- almost in the absence of measurable nitrate and
face measurements, [ DIC] decreases each year phosphate in this region of the subtropical gyre
gradually for spring-summer after the onset of (Menzel and Ryther, 1960; Michaels et al., 1994a).
stratification (typically by 30-40 umol kg~'). By Thus, this drawdown was first suggested to reflect
contrast, the alkalinity remains generally a well- a biological activity which, as a whole, departs
from the standard Redfield stoichiometry (Keeling,

* Corresponding author. 1993; Toggweiler, 1993).
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However, the lateral transport of low-DIC
waters was more recently called for to explain the
fact that the seasonal drop of carbon stocks in the
0-150 m stratum near the BATS site, is much
higher (3-fold) than the sum of vertical fluxes of C
out of this stratum (provided that the export of
sinking particles is accurately measured with traps;
Michaels et al., 1994b). Yet, the mean flow near
Bermuda is mainly from the northeast as part
of the Gulf Stream recirculation (Worthington,
1976), and seasonal north-south transects show
higher surface [ DIC] north off Bermuda (Bates,
1995; Bates et al.,, 1995). This flow should trans-
port DIC-rich waters into the mixed layer south off
Bermuda where sampling sites are located. Thus,
lateral advection should in fact reinforce the
vertical C imbalance noticed above (instead of
explaining part of it, see Toggweiler (1995)). An
upper value of this effect can be roughly estimated
from the amplitude of the recirculation flux
(<3-4cms~!, see Olbers et al. (1985)) and from
seasonal meridional gradients in surface [ DIC]
(<12 umol kg~' over a distance of 600 km, see
Bates (1995)). The mean flow should hence con-
tribute to a maximum of ca. 30% of the local
drawdown. This contribution is likely to be lower.
Eddies could on the other hand also affect the C
budget in the mixed layer. However, although
eddies are apparent in the time series of salinity at
the BATS site, [ DIC] variations are not strongly
related to salinity changes (Michaels et al., 1994b).
Moreover, the possible implication of eddies is
poorly compatible with the fact that the [DIC]
drawdown near Bermuda occurs each year
gradually on a timescale of several months. Thus,
local effects probably dominate over net lateral
avection in the seasonal drawdown of surface DIC
at the BATS site (Michaels et al., 1994b).

In this study, we hence determine, by assuming
a vertical balance, the ML net community produc-
tion (NCP) from the surface [DIC] drawdown
which occurred at the BATS site from April to
October in 1989. This NCP should be considered
as a lower estimate, since the transport of waters
with slightly higher [ DIC] from the north would
tend to decrease the amplitude of the drawdown.
The relative impact of gas exchange and vertical
mixing from the seasonal thermocline on the ML
budget of DIC, is assessed using a diagnostic
model constrained by monthly oceanic sampling
and short-time variations ( <1 day) in meteoro-
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logical forcing. We then consider whether the
nitrogen requirement for the photosynthetic pro-
duction could be supported by unsampled, tran-
sient supplies of nutrients from deep water. This
N-demand is further compared to concomitant
measurements of wet N deposition on Bermuda
and to previous estimates of N, fixation. The
required community production is finally com-
pared to concurrent measurements of primary
production in the ML at the BATS site.

2. Method

2.1. Data

Measurements of meteorological parameters on
Bermuda and of hydrography and chemical/
biological properties at the BATS site have been
previously published in BATS data reports (Knap
etal, 1991, 1992) and elsewhere (Lohrenz et al,,
1992; Michaels et al., 1994a). In this study, we use
daily meteorological data and monthly oceanic
measurements of discrete properties, such as tem-
perature, salinity, [O,], and [DIC]. Sampling
and analytical protocols are given in the BATS
method manual (Knap etal, 1993). Measure-
ments of [DIC] was made at the Woods Hole
Institution of Oceanography using a high precision
(%2 umol kg~') coulometric technique described
by Goyet and Hacker (1992).

The evolution of sea surface temperature (SST)
and temperature profiles from April to October
1989 are shown in Figs. 1 and 2A-G, respectively.
The SST increased by ca. 6°C from April to July.
The ML shoaled from 35-55 m in April to 15-25 m
in June-July. A transient cooling of the ML by
about 1°C was observed in early August, probably
associated with the passage of hurricane Dean
through the region (Roman et al,, 1993; Malone
etal, 1993). Thereafter, the SST has increased.
After September, the ML cooled and deepened
progressively during autumn and winter.

The seasonal evolution of mixed layer [ DIC] at
the BATS site and station S is shown in Fig. 3 for
the 1989-1990 period. [ DIC] values have been
normalized to a mean surface salinity of 36.6
in order to remove the effect of evaporation/
precipitation on the water mass balance. At the
BATS site, [DIC] decreased gradually by ca.
30 umol kg ~! from May to October in 1989. This
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decrease is similar to that observed at the same
time in subsequent years (see Bates et al., 1993)
and at station S for the previous years (Keeling,
1993). During autumn, the mixed layer [DIC]
gradually increased, reaching a maximum in
winter (Bates et al., 1992, 1993; Keeling, 1993).

2.2. Diagnostic model of the DIC budget in the
mixed layer

In order to explain the surface [ DIC] draw-
down at the BATS site, meteorological and
oceanic data for spring—-summer 1989 were merged
into a diagnostic model. In this model, the con-
tinuity equation for DIC (mgC m~?) is expressed
as:

J[DIC] oF

o e M

where F (mgC m~2 d ') is the vertical flux of DIC
and ¢ (mgC m~*d~") refers to the net biological
exchange (following the terminology of Keeling,
1993). In the water column, the flux Fis related to
eddy diffusion:

o[ DIC]

F=k
0z

(2)

where k is the vertical eddy diffusivity (m>d—").
The budget equation of DIC in the ML is derived
by integrating eq. (1) between the surface (refer-
enced by 0) to the base of the ML (referenced by
zy ). For that purpose, the Leibnitz rule is used
for the left-hand side derivative:

rm oDIC] 4. _ SJZML [DIC] d:
0

ot dt Jo
dz ML
-[DIC].,, ML—F:ML Fo—| ¢dz, (3)
0
where F,, is the upward flux of DIC via eddy

diffusion through the base of the ML (where
[DIC]=[DIC],,, ) and F, is the net sea-to-air
flux of CO,. The mean concentration of DIC in the
ML is defined as

([DIC]> =ij§m [DIC] dz. (4)

Its continuity equation is thus:
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d¢[DIC]>
‘T]=F¥0T=F6T_Fo*— §10 (5)
where
. 1 d
Fp=—2u ML ([DIC].,, —<[DICT),
I Zmy df M
(5a)
F,
F§=—", (5b)
<ML
1 ZML
Fio=——[ ¢d= (50)
ZML Yo
Here, F1, F¢, and Fo (mgCm~3d ™) are the

{[DIC]) variations per unit time associated
respectively with mixing at the base of the ML,
the air-sea flux of CO,, and the net biological
exchange (the asterisk indicates that these fluxes
are expressed per unit of water volume). The last
term on the right-hand side of eq.(5a) simply
states that the mean concentration [DIC] also
varies if water layers incorporated into the ML
during deepening (dzp, /dz>0), or released
during shoaling (dzy, /df<0), have a different
concentration than ([ DIC]>. In this study, each
flux in eq. (5) is calculated diagnostically. To this
end, the continuity eq. (1) is solved according to
the procedures described below.

2.2.1. Vertical mixing. 1In order to estimate the
vertical profile k(z) between sampling dates (=~ 1
month), the one-dimensional physical model of
Gaspar etal. (1990) is used and driven at the
surface by heat fluxes and wind stresses. The eddy
diffusivity is fully constrained in this way by a
turbulent closure scheme, so that k is not a free
parameter in our study (see Musgrave et al., [988).
Here, eq. (1) and conservation equations for
temperature, horizontal velocity, and turbulent
kinetic energy (TKE) are solved on a 300-m-thick
vertical grid, with a depth increment Az =5 m and
a time step Az =15 min (Appendix A). Heat fluxes
and wind stresses are calculated using bulk for-
mulae from meteorological parameters recorded
on Bermuda (Appendix B). This meteorological
record (Figs. 4) is concomitant with the sampling
period at sea and comprises at least one observa-
tion per day for each parameter for the April-
October period in 1989. On the other hand, there
is no exchange of heat and energy through the
lower boundary of the model domain (at 300 m),
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ie., vertical gradients at this level are neglected
(Gaspar et al.,, 1990). To start the simulation, the
temperature profile measured in April (Fig. 2A) is
linearly interpolated on the model grid. On the
other hand, in the absence of adequate measure-
ments, a condition of no motion is prescribed
initially throughout the water column, and TKE
is set equal to 10 *m?s~? in the ML and to
10~°m?s~2 below the ML, as in Gaspar et al.
(1990) (see Appendix A). The depth of the ML is
determined using a AT=0.5°C criterion, as
applied for station S by Spitzer and Jenkins (1989).
The other necessary specifications about the
physical model are given in Appendix A. Details
of the turbulent closure scheme can be found in
Bougeault and Lacarrére (1989), Gaspar et al.
(1990), and Blanke and Delécluse (1993).

The physical model is able to reproduce the
evolution of the SST with a RMS error of 0.3°C
for the April-October period (n=6) and a maxi-
mum error of 0.5°C in August (Fig. 1). In early
August, high winds and low temperatures were
recorded on Bermuda as hurricane Dean passed
through the region (Figs. 4A, C, respectively). In
the simulation, this meteorological forcing triggers
mixing with cold thermocline waters and a sudden
decrease in SST (ca. 1.5°C). This leads to an evolu-
tion in agreement with the data (Fig. 1).

Although the simulation of the SST is quite
realistic from April to October, the thermal gra-
dients that it develops progressively at the base of
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the ML are too sharp in comparison with observed
temperature profiles (Figs. 2D-F). Application of
the same model in the northeast Pacific also
resulted in an underestimate of mixing in the
upper thermocline during summer—early autumn
(Gaspar et al., 1990; Thomas et al., 1993). Thus, if
subsurface values of & produced in this way are
used in the diagnostic model, the exchange of DIC
between the ML and the upper thermocline may
also be underestimated (eqgs. (1) and (5)).

We have hence modified the eddy diffusivities in
the upper thermocline using the following proce-
dure. It is noticed that in the turbulent closure
scheme, k depends on the local density stratifica-
tion, and hence on the local thermal gradient (the
lower this gradient, the larger the k value) (Gaspar
et al., 1990). Therefore, eddy diffusivities should be
corrected if temperature profiles produced by the
model compare favourably to the observations.
Thus, these profiles are altered by introducing a
correction flux H; (°C d ') into the heat equation
of the model:

oT oT
(E)i(al”ﬂ

The symbols ( )¢ and ( )y, refer to heating rates
that are constrained and unconstrained by the heat
flux H, respectively. A profile H(z) is calculated
for each time interval between 2 sampling dates
(noted ¢; below), so that temperature profiles

(6)

Q W77 7T T T T T T T T T T T T T T T T T T T

2 . I

> 28— [ ] ]

< 0

% 0O

& 26— o

= o §

E o2

m a

2 ] ]

l&- 22 [ . =

= — .

7 L 9

< 20 ® -

m

2 T T T T T T T T T T T T T T T T T T T T T 1
JAN MAR MAY JUL SEP NOV JAN MAR MAY JUL SEP NOV

1989 1990

Fig. 1. Sea surface temperature in the northwestern Sargasso Sea for 1989-1990. Circles represent data at the BATS
site (31°50’ N, 64°10' W) from Knap et al. (1991, 1992) and squares are data at station S (32°10’ N, 64°30’ W)
extracted from Fig. 1 in Keeling (1993). The dashed line is the result of the physical model. The solid line is the
result of this model when corrected by temperature profiles measured in situ (see text).
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Fig. 2. Vertical profiles of temperature (°C) in the upper water column at the BATS site from April to October
1989. Circles and squares represent different bottle casts for the same cruise (data from Knap et al., 1991, 1992).
The dashed line is the result of the physical model. The solid line is the result of this model when corrected by

temperature profiles measured in situ (see text).

calculated by the model match, in the least squares
sense, that measured in situ at the end of ¢;. For
that purpose, conservation equations of the physi-
cal model are solved repeatedly for this interval in
order to progressively constrain Hy(z) (the correc-
tion flux is derived by comparing, at the end of ¢,,
the temperature profile produced by the model to
that measured). This iterative procedure stops
once the RMS error of model temperatures at sam-
pling depths in the top 300 m is less than 0.1°C.
Convergence is rapidly reached (~1 iteration)
since the correction flux is mostly important in the

upper thermocline where calories introduced via
H are essentially stored locally. It is seen that
this procedure corrects the thermal gradients
simulated in the thermocline (Figs. 2D-F). On the
other hand, it introduces only a minimal effect on
the model SST from April to October (Fig. 1).
2.2.2. Air-sea exchange of CO,. The integra-
tion of continuity eq. (1) requires boundary condi-
tions at the sea surface and at 300 m. In our model,
DIC does not diffuse through the bottom bound-
ary, assuming that the vertical gradient in [ DIC]
is nil at this level. [ DIC] profiles measured at the
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Fig. 3. Concentration of dissolved inorganic carbon (DIC) in the mixed layer of the northwestern Sargasso Sea for
1989-1990. All values are normalized to the mean surface salinity of 36.6 (i.e. [ DIC],=[DIC] 36.6/S, where S
is salinity). Circles represent mean values for water samples collected in the mixed layer at the BATS station and
horizontal bars indicate one standard deviation around these values (an open circle is reported when only one
measurement is available) (data from Knap et al,, 1991, 1992). Squares are surface data at station S extracted from
Fig. | in Keeling (1993). The 3 solid lines are results of the diagnostic model: (1) line (A) is when the biological

uptake of carbon is not accounted for; (2) line (B) is the result of the standard version of the diagnostic model;
(3) lines (B1) and (B2) are produced by this model when [ DIC] data are increased and decreased by 5 gmol kg~

s

respectively. The depth of the mixed layer is determined using a A7 =0.5°C criterion (see text).
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BATS site (Knap et al,, 1991) and at nearby sta-
tions sampled as part of the Transient Tracers in
the Ocean study (TTO, 1986), reveal that [ DIC]
gradients are indeed low near 300 m (not shown).
Moreover, the prescription of a no-flux condition
at this level shoud have insignificant effect on our
results, since the base of the ML remains much
shallower than 300 m from April to October (Figs.
2A-G and 9).

At the surface, the rate of gas exchange from sea
to air is calculated from:

Fy=0v,0(pCOY —pCO3Y), (7)

where vp (ms™!) is the piston velocity for CO,
through the surface, « (mgC m 3 gatm ') is the
Henry solubility coefficient for CO, in seawater,
and pCOY and pCO$ (both in yatm) are the par-
tial pressures in the surface water and in air,
respectively. The calculation of the gas exchange is
detailed in Appendix B. Briefly, vp is derived from
4-h mean wind speeds recorded on Bermuda
simultaneously with the sampling period at the
BATS site, while « is modulated by SST variation.
pCOY is computed from the SST and surface
[DIC] assuming constant salinity and alkalinity,
and pCO} is inferred from an atmospheric CO,
record on Bermuda for 1989. As alkalinity is taken
constant, the biological exchange in eqgs. (1) and
(5) is equivalent to net community production of
organic carbon.

2.2.3. Net community production. Following
previous diagnostic studies (Musgrave et al., 1988;
Thomas et al., 1990, 1993; Gargon et al., 1992), net
community production is formulated according to
a simple profile (see below). Using the model,
NCP in the ML (¢,) is estimated from ML
measurements of [ DIC]. For that purpose, the
continuity eq. (1) is repeatedly solved between
2 sampling dates, until the mean ML [DIC]
calculated by the model, ([ DIC]} ., matches that
measured in situ, ([ DIC] ), (the initial condition
for this equation is the [DIC] profile of April
1989, see Fig. 6A, linearly interpolated on the
model grid). During each time interval ¢;, this
equation is solved with k provided by the physical
model and corrected by temperature profiles, and
with the rate of CO, exchange as the boundary
condition at the surface. NCP in the ML is
increased during the course of these iterations,
until the following equality is satisfied:
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[ KIDICD
. dt

(8)

=f+t‘ d———<[DIC]>°dt+a,

. dt

where g, is the allowance in the iterative scheme
(a;=1umol kg~!, on the basis of the mean of
standard deviations of [DIC] replicates in the
ML). Convergence is also reached rapidly (=1
iteration) since carbon introduced in the ML via
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Fig. 4. Meteorological parameters measured on St.
David’s Head, Bermuda, from April 1989 to February
1990 (data from Knap et al.,, 1991, 1992). Daily values
are reported in these figures: (A) wind speed, (B) wind
direction, (C) temperature, (D) relative humidity, and
(E) total pressure. These measurements have been
carried out at about 10 m above the ground and at a
height of approximately 30 m above sea level. All values
between 09/11/89 and 17/11/89 are obtained by linear
interpolation.
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¢, exchanges slowly with the atmosphere (due to
the chemical buffer) and with the upper ther-
mocline (due to the density cap). In this way, our
estimates of NCP in the ML are consistent with (1)
the seasonal evolution of observed surface [ DIC];
and (2) the rates of vertical mixing and CO,
exchange between sampling dates, constrained by
concomitant surface heat fluxes and wind data and
by the seasonal evolution of observed temperature
profiles. Once eq. (8) is satisfied for a given interval
t;, NCP in the ML is known (F¥;c = ¢,). The rate
of gas exchange at the surface is hence integrated
diagnostically to give F¢*. Finally, F iy is obtained
from the expression of the DIC budget in the ML
(eq. (5)), that is, by adding F and F§;c to the net
accumulation term (d{[DIC])./dt =

#OT)‘

2.2.4. Uncertainties in the DIC budget. In our
model, errors in the DIC budget are associated
with uncertainties in: (1) [ DIC] measurements in
the ML; (2) the NCP profile below the ML; (3) the
exchange rate of CO, at the sea surface.

(1)  Surface measurements of [DIC]. 1Inorder
to conservatively account for the analytical
variability of [ DIC ] measurements in the ML, the
budget is also calculated by introducing an uncer-

NORMALIZED NET COMMUNITY PRODUCTION

- = o g e = =
o =) o o o o
o L 1 ! L I | 1 L
‘( Prof-2 1= ZML
/”’
87 o e

100
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1
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1 i

Il

L A
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Fig. 5. Profiles of net community production adopted
in the diagnostic model. z,, is the mixed layer depth,
zc is the compensation depth (where gross photo-
synthesis equals community respiration), and zy is the
bottom of the model domain. Prof-I is the profile used
in the standard model (see text for the other symbols).
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tainty of +5 umol kg ~! in surface [ DIC] values
at the BATS site.

(2) NCP profile below the ML. Two different
profiles are used to model NCP below the ML.
Both assume net autotrophy (net DIC consump-
tion) above a compensation depth z. and net
heterotrophy (net DIC production) below (Fig. 5).
In the first profile, NCP is constant and equal to ¢,
above zc. Below ze, production is considered
negative and decreases with depth according to a
power law (from ¢, with exponent ¢; Martin et al.,
1987, 1993). The equations in this scenario are:

#(z)=do
#(z)=¢*(z/zc) "

(9a)
(9b)

for z<zc,

for z>zc.

In the second profile, NCP is maximum (equal
to ¢,) only in the ML and declines below linearly
to the depth z.. This scenario is expressed by the
following equations:

¢(z) =0, for z<zyp, (10a)
#(z) =do(zc — 2)/(zc —2mL)

for zyp <z<ze, (10b)
¢(z) =u(z/2c)~°  for z>zc. (10¢)

The NCP just below the compensation depth (¢,,)
is calculated assuming that DIC consumption
above z is balanced without delay by DIC
production below through respiration.

We further assume that the compensation
horizon (z) locates at the depth where the con-
centration of dissolved oxygen in the seasonal
thermocline is at saturation. The profiles of O,
anomaly ([O,] minus its saturation value
(umol kg~ ")) for spring—summer 1989 at the BATS
site were thus calculated from [ O, ], temperature,
and salinity data reported in Knap etal. (1991,
1992). The values of z. estimated in this way are
reported in Table 1. The O, saturation level varied
between 68-105m from April to September. At
these depths, the departure from dissolution equi-
librium should be mainly due to local biological
activity, rather than to radiative heating (see
Jenkins and Goldman [ 1985] for station S). In the
model, we use values of z¢ equal to 70, 85, and
100 m in order to constrain the DIC budget.

Finally, the exponent ¢ describing C remineral-
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Fig. 6. (a—f) Vertical profiles of dissolved inorganic carbon concentration (umol kg ~!) at the BATS site from April
to October in 1989 (no data available for September). All values are normalized to 36.6 salinity as in Fig. 3. Circles
represent [ DIC], data from Knap et al. (1991, 1992). The solid lines are the results of the diagnostic model when
the first profile for net community production is adopted (Prof-I on Fig. 5). The dashed lines are the results of this
model when the second profile is used (Prof-2 on Fig. 5) (see text). The arrow on each figure locates the depth

of the mixed layer.

ization below z. was estimated from several
profiles of sinking flux of particulate organic
carbon at the BATS site. Following Martin et al.
(1987, 1993), the depth-decrease of the POC flux is
expressed as a power law (Fp(z)/Fp(zo) = (z/24) 7,
where > 0) and the vertical divergence of Fjp is
assumed in balance with C remineralization (¢ =
—dFp/dz). In our model, ¢(z)/d(zo) = (z/z,) ~1+2),
where ¢(zo)=¢, and 1+b=¢ (eqs. (9b) and
(10c)). At the BATS site, a free-floating particle
trap array was deployed generally for a 3 day
period during each cruise (Knap et al., 1991, 1992;
Lohrenz et al,, 1992). These traps collected par-
ticles at 150, 200, 300, and 400 m. On the basis of
POC flux data from January 1989 to August 1990,
we have derived a mean profile for the sinking flux
(n=13—14, depending on the depth of particle
collection). This profile can be reproduced within
+ lo with 5~ 1 (not shown). This value is similar
to that reported for the open ocean composite
defined by Martin et al. (1987) and for sinking
POC profiles in the northeast Atlantic (Martin
etal, 1993). In order to test the influence of ¢ on
our results, the ML budget of DIC is estimated
with ¢ equal to 1.5, 2, and 2.5.

(3) The rate of CO, exchange at the surface.
Uncertainties in thermodynamical relationships
and dissociation constants of the CO, system
in seawater can introduce significant errors in
the calculation of pCOY from other parameters
(Dickson and Riley, 1978; UNESCO, 1987; Copin-

Montégut, 1988; Goyet et al., 1991). Using ML
average values of salinity, [DIC], and total
alkalinity at the BATS site, we found that the
use of different dissociation constants (pK’s in
Appendix 2) can result in pCOY differences of
12 patm at 19°C up to 29 patm at 29°C. These
differences can lead to very distinct estimates of the
air-sea exchange of CO,. In our model, we use
the pK’s that give the highest and lowest pCOY
values, to provide error constraints to the com-
putation. Another potential source of error is the
use of a constant alkalinity value (surface average
[ALK]=2390 ueqkg™!, see Appendix B). Yet,
although surface alkalinity near Bermuda is
generally correlated with salinity and does not
vary regularly over the seasonal cycle (Bates et al,,
1992; Keeling, 1993), the time-series at station S
reveals that [ALK] normalized to S can be
sometimes 10 zeq kg ™' lower or higher than this
average (Keeling, 1993). A difference of this
magnitude is clearly not negligible on pCOY (see,
e.g., the partial derivative (8.15) in Appendix B). In
order to account for deviations from the average
alkalinity value, the DIC budget is also estimated
with [ALK] set at 2380 and 2400 ueqkg™'
(Table 2).

Finally, the calculation of the piston velocity
from wind speed (governing the rate of gas
exchange) is also uncertain (eq.(7)). An uncer-
tainty of +30% is assumed in this respect in order
to provide error constraints on the DIC budget.
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Table 1. Depths of O, saturation in the seasonal thermocline (z.) at the BATS site from April to
September 1989 (July data excluded, see text)

ZAOZ>0** (Aoz)* ZA02<0** (Aoz)* Zc

Station Date (m) (umol kg~1) (m) (umol kg 1) (m)
BATS 7 April 89.2 (3.47) 106.9 (—0.29) 106
BATS 8 May 66.9 (0.28) 84.7 (—6.51) 68
66.5 (5.53) 85.2 (—4.07) 77

BATS 9 June 83.9 (2.31) 99.5 (—3.63) 90
BATS 11 August 79.6 (15.68) 101.7 (—12.80) 92
80.0 (6.64) 100.0 (—9.56) 88

BATS 12 September 924 (4.40) 110.9 (—12.00) 97

* Ao, (mol kg~') is the oxygen anomaly (O, concentration minus the saturation value at 1 atm) calculated
from bottle [ O, ], temperature, and salinity data (from Knap et al (1991)) using the Bunsen absorption coefficient
in Weiss (1970) and the state equation in UNESCO (1983).

** 2 40,>0 1S the deepest sample of the bottle cast with a positive O, anomaly. z 4, o is the shallowest sample
of the bottle cast with a negative O, anomaly (2 casts are sometimes available). z 1s calculated by linear inter-
polation between z Ay >0 and z Aoy <0-

Table 2. Budget of dissolved inorganic carbon in the mixed layer at the BATS site for the April-October
1989 period; fluxes are expressed in mgCm=3d~" (also in mgCm=2d~" for net community produc-
tion); positive values indicate a net accumulation of DIC in the mixed layer

Model version —FFM Fy —F¥0 Y Fo: M
Standard'® —11 0.6 —1.8 (- ) -23
A[DIC] = —5 umol kg~ —08 04 23 (-492) 27
A[DIC] = +5 umol kg~ ~14 08 14 (=294 ) -20
Prof-2 —1.1 0.9 —22 (—47 ) —2.3
ze=70m —-1.1 0.6 —1.8 (—39.7) —23
ze=100m —1.1 0.6 —1.8 (—38.8) —2.3
e=15 —1.1 0.6 —1.8 (—389) —23
e=25 —1.1 0.6 —1.8 (—38.9) —23
DM 4+ HA® =03 0.1 —2.1(—433) -23
A[ALK]= —10 ueq kg~ 15 09 —1.7 (=36.1) 23
A[ALK] =10 geq kg~ —06 03 20 (—45.5) 23
Yep=0.7 —08 04 19 (—384) 23
yop =13 —14 08 —1.7 (=378) 23

M F# F¥., and F¥ o are DIC fluxes related to the air-sea exchange of CO,, the upward transport of DIC at
the base of the mixed layer, and the net community production, respectively. Fy is derived from
F¥r=F*qr+ Fio0+ F§, where FXqp is the net [ DIC] drawdown calculated by the model in each model version.
The underlined values are the minimum and the maximum for each flux.

2) The standard version is defined as follows: (a) the profile 1 for NCP (Prof-1) is adopted, (b) the compensa-
tion depth (z¢) is 85 m, (c) the exponent for the remineralization profile (¢) is 2, (d) uncertainties in mixed layer
[DIC] and [ALK] are nil (A[DIC]=A[ALK]=0umolkg~'), (e) the dissociation constants of Roy et al.
(1993) for carbonic acid and Dickson (1990) for boric acid are used, and (g) the multiplier for the piston velocity
is1(yp=1)

) The symbols DM + HA indicate the result when the pK’s of Dickson and Millero (1987) for carbonic acid
and the pK of Hansson (1972) for boric acid, are used.
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3. Results

3.1. Evidence of in situ removal of DIC in the
spring—summer mixed layer

In the Northwestern Sargasso Sea, the summer-
time heating is able to bring pCO}Y above satura-
tion with respect to the atmosphere (Bates et al.,
1992, 1993; Keeling, 1993). Net outgassing of CO,
can then occur for this period. In order to estimate
its maximum effect on surface [ DIC] at the BATS
site for 1989, the continuity eq.(1) is solved
without the biological flux, with vp multiplied by
1.3, and with pCOY calculated using the pK’s of
Roy et al. (1993) for carbonic acid and the pK of
Dickson (1990) for boric acid (these give the
highest pCOY among the pK’s considered here, see
Appendix B). In this case (Fig. 3), the concentra-
tion decreases by ca. 10 umol kg ~! from April to
October (precipitous [ DIC] increases are due to
short-term mixing events with relatively rich
waters of the thermocline). If the biological
exchange is neglected, the efflux of CO, to the
atmosphere can therefore explain a maximum of
only about 30 % of the observed [ DIC] decrease
in the ML (~30 umol kg—").

3.2. Imbalance of DIC in the spring—summer
mixed layer

3.2.1. The standard model. In the standard
version, the compensation depth is fixed to 85 m,
the exponent for deep remineralization is 2, the
(most recent) dissociation constants of Roy et al.
(1993) and Dickson (1990) are used to compute
pCOY, and the values of vp are assumed to have
0% uncertainty. The seasonal evolution of surface
[ DIC] calculated in this way is shown by line B on
Fig. 3 (with @, =1umolkg~!, this line passes
at +1umolkg~"' around the data points). The
evolution of the [ DIC] profile in the top 300 m
produced by the standard model is further reported
on Fig. 6. The model simulates reasonably well
the [ DIC] gradients just below the ML. In this
regard, a better fit is obtained if NCP is set equal
to a constant value above z (Prof-I in Fig. 5).
Note however that the model poorly accounts
for low [DIC] values in the 90-150 m stratum,
especially in July. For this month, salinity was high
and [ O,] was low in this stratum, compared with
June and August (Knap et al.,, 1991). This could
result from the lateral intrusion of a high salinity
water (Siegel et al.,, 1995). Yet, the model should
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simulate with a good degree of confidence DIC
mixing between the ML and the upper thermocline
(ie., above ~60 m).

The DIC budget of the standard model is sum-
marized in Table 2 and depicted in Fig. 7A. Fluxes
are expressed in mgCm~>d~!. The [DIC]
decrease of ca. 30 umol kg ! from April to October
corresponds to a mean daily rate of removal of
23mgCm~3d~! in the ML. If profile 1 is used
to model the biological exchange (Fig. 5), about
80% of this removal should be explained by net
community production. The remaining drawdown
is due to CO, outgassing to the atmosphere, which
provides an additional loss of about 1 mgC per m?
in the ML per day. Vertical transport enriches the
ML [DIC] by about 0.6 mgCm ~*d ~'. This com-
pensates for only ca. 20% of the losses due to the
biological uptake and the gas efflux at the sea
surface.

3.2.2. Sensitivity of the DIC budget on model
parameters. The sensitivity analysis shows that
the estimate of net community production in
the ML remains well-constrained, ie., between
1.4-23mgC m~>d~! (Table 2 and Fig. 7B) (note
however that all the possible combinations
between model parameters are not considered).
The lowest NCP is obtained when surface.[ DIC]
data are increased by 5 umol kg~ In this case,
the required surface production is lower than in
the standard model, since the [ DIC] drawdown
is less pronounced (cf. line Bl in Fig. 3). More-
over, due to higher [ DIC7’s in- the ML, CO, out-

(A) (B)
CO2 OUTGASSING: 1.1 CO2 QUTGASSING: 0.3 - 1.5
NET NET
COMMUNITY COMMUNITY
bic PRODUCTION: pic PRODUCTION:
1.8 14-23
UPWARD TRANSPORT FLUX: 0.6 UPWARD TRANSPORT FLUX: 0.1 - 0.9
Aa[DIC) = 2.3 A[DIC] = 2.0- 2.7

Fig. 7. Budget of dissolved inorganic carbon in the
mixed layer at the BATS site for the April-October
period in 1989: (A) results from the standard version of
the diagnostic model; (B) results produced by account-
ing for the uncertainties in this model. Fluxes are
expressed as daily averages, (mgCm~3d ") (see text).
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gassing (14 mgCm~>d ") is higher than in the
standard case. About 30% of the losses due to
biological uptake and gas efflux to the atmosphere
are compensated by mixing with DIC-rich waters
of the seasonal thermocline (0.8 mgCm~3d~!).
In this scenario, the budget is therefore
—14—-144+08~ —20mgCm >d~"'. The largest
NCP (23mgCm~3d~!) is obtained when sur-
face [ DIC] data are decreased by 5 umol kg,
As expected, the outgassing flux in this case
(0.8 mgCm~3d~!) is lower than in the standard
model, while vertical transport from thermo-
cline water (0.4 mgC m —*d ~!) balances a smaller
fraction of the DIC losses (ca. 15%). The
budget in this scenario is thus —2.3 -0.8 4+ 0.4~
—27mgCm~3d "L

When profile 2 is adopted to model the biologi-
cal exchange (Fig.5), NCP declines just below
the ML. Hence, DIC in the upper thermocline
(between zy—zc, where 0 <¢ <¢,) is less con-
sumed than if profile 1 is used (Figs. 6C-F).
Accordingly, vertical mixing, that tends to increase
surface [ DIC], competes more efficiently with the
biological uptake, since the [ DIC] gradient at the
base of the ML is more pronounced. In this case,
a larger value of ¢, (22mgCm~3d~") is thus
required to account for the observed [ DIC] draw-
down. The transport rate at the base of the ML
(0.9 mgCm~3d™") is also the largest among the
model versions considered (Table 2). DIC budgets
estimated using a different compensation depth z¢
(between 70-100 m) and a different exponent &
for deep remineralization (between 1.5-2.5), are
similar to that produced by the standard model
(Table 2). This is expected, since the base of the
ML remains shallower than z. during the course
of the simulation (Figs. 6, 9). The surface biologi-
cal production required using the pK’s that
produce the lowest pCO?Y’s (Fig. 8) and using dif-
ferent [ALK ]’s, is relatively close to the standard
value of 1.8 mgC m ™3 d ! (the difference depends
on the fraction of the [ DIC] drawdown than can
be explained by net outgassing). Similarly, changes
in the piston velocity ( £ 30% ) has a minimal effect
on NCP estimates (1.7-1.9 mgCm—3d~"). The
low sensitivity of the required NCP to uncertain-
ties in pCOY’s and vp is related to the fact that
[DIC] variations associated with the CO,
exchange at the surface are buffered according to
the Revelle factor (partial derivative (8.14) in
Appendix B).
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Fig. 8. Partial pressures of CO, in air and in surface
water in the northwestern Sargasso Sea from April to
October 1989. The partial pressures in air are
calculated from CO, mixing ratio replicates in dry air
at the Bermuda East station from the NOAA flask
network (data from WMO/GAW, 1992). The correc-
tion for water vapor was made from total pressure,
relative humidity, and air temperature measured on St.
David’s Head, Bermuda (see Figs. 4C-E). The partial
pressures in seawater are computed by the diagnostic
model: (1) the line labelled with RO + DI is the result
when using dissociation constants of Roy et al. (1993)
for carbonic acid and the pK of Dickson (1990) for
boric acid: (2) the line labelled with DM + HA is the
result when using dissociation constants of Dickson
and Millero (1987) for carbonic acid and the pK of
Hansson (1972) (fitted to the equation of Millero,
1979) for boric acid (see text).

The standard model and the sensitivity analysis
indicate that the [DIC] decrease mostly result
from net community production. Estimates of
NCP account for 71-93% of this decrease, with
the range attributed to uncertainties in the DIC
budget. The efflux of CO, from the warm super-
saturated ML (inducing losses between 0.3-1.5
mgC m~*d ~!) contributes to 14-68 % of the sur-
face drawdown. Finally, DIC injection through the
base of the ML compensates for only 4-29 % of the
losses due to the biological uptake and the CO,
efflux to the atmosphere.

4. Discussion

The spring—summer net community production
in the ML of the subtropical gyre can be inferred
from surface [ DIC] measurements thanks to the
long equilibration time with atmospheric CO,
(about 1 year, see Broecker and Peng (1982)) and
to the density cap below the ML that prevents
efficient mixing with thermocline waters for these
seasons. In this respect, the surface production
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estimated from [O,] data at station S has
remained unconstrained (Spitzer and Jenkins,
1989). This is due to the fact that dissolved O,
equilibrates much more quickly (about 1 month)
with the atmosphere than the DIC pool (Broecker
and Peng, 1982). Yet the spring—summer NCP in
the autotrophic layer estimated here (between
120-195 mgC m ~2d ~! in the top 85 m, according
to the uncertainty in [ DIC] measurements) can be
compared to net productions in the euphotic zone
inferred for about the same period from the sub-
surface O, maximum at station S (Jenkins and
Goldman, 1985; Musgrave et al,, 1988; Spitzer
and Jenkins, 1989). Since we are uncertain if net
production near Bermuda is nitrate-based or
supported by other nitrogeneous compounds, a
photosynthetic quotient between 1-1.5 is used to
convert O, productions into organic C produc-
tions (Laws, 1991; Williams and Robertson, 1991).
Estimates of net O, productions of Jenkins and
co-workers (3.0-7.1 mol O, m =2 yr~!) should be
equivalent to 66-233 mgC m ~2d~!. The NCP in
the euphotic zone inferred in this study is thus
within earlier estimates of production obtained
from [ O,] changes in situ.

The depth-integrated NCP in the ML amounts
in this study to 29-49 mgCm~2d~! (Table2).
This should be a lower estimate, given that the
mean flow should bring waters with slightly higher
[DIC] from the northeast into the mixed layer
south off Bermuda (see above). If the photo-
synthetic assimilation of carbon and nitrogen
and the oxidation of organic matter proceed with
Redfield stoichiometry, NCP during spring—
summer requires approximately 370-620 gmol N
m~2d~". According to a classical paradigm, most
of this biological requirement should be met by
mixing with deep, nutrient-rich waters (McCarthy
and Carpenter, 1983). At the BATS site, the
nitrocline (estimated from the 0.5 umolkg™!
isopleth of the [NO; ]+ [NO; ] profiles) lies
however below 80 m from April to October in
1989. This is much deeper than the base of the ML
for this period (Fig.9). The question then arises
about the possible sources of nitrogen to support
the biological production in this layer.

It has been suggested that unsampled, pulse-like
supplies of nutrients to the euphotic zone could
support a large fraction of the annual primary
production in nitrogen-poor ocean waters (Platt
and Harrison, 1985; Malone et al., 1993). Accord-
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Fig. 9. Depths of the mixed layer and of the nitrocline
at the BATS site from April to October 1989. Circles
represent the data from Knap et al. (1991, 1992) and
the line is the result of the physical medel (when cor-
rected by temperature profiles measured in situ).
The depth of the mixed layer is estimated using a
AT =0.5°C criterion. Squares represent the depth
of the nitrocline as the 0.5umolkg™' isopleth of
[NO; ]+ [NO;] profiles (data from Knap et al,
1991, 1992) (see text).

ing to Jenkins and Goldman (1985), this could
explain why new production estimated from
integrative geochemical approaches (based on in
situ variations of chemical species) may be much
larger than discrete rate measurements (e.g., via
the *C technique). Since mixing with deep waters
should also transport DIC to the surface, a net
input of preformed nutrients, more precisely, is
required. The physical model we used (which is
driven by short-term variations in meteorological
forcing, <1 day, concomitant with the sampling
period at sea) however suggests that the ML at
the BATS site has never reached the nitrocline
for spring-summer 1989 (Fig.9). Even when
hurricane Dean passed through the region in early
August, the base of the ML remained several tens
of meters above the nutrient-rich water, despite the
sudden drop of SST in the model (see Fig. 1). In
this respect, only a very small increase in nitrate
concentration was detected in the ML after this
transient event (to 0.05 uM, see Malone etal.,
1993). Processes other than pulse-like inputs of
nutrients from deep water should therefore be
responsible for the biologically-mediated [ DIC]
drawdown at the BATS site.

The atmospheric deposition of nitrogen and N,
fixation could also stimulate organic production in
the euphotic zone of the open sea (Eppley and
Peterson, 1979; McCarthy and Carpenter, 1983).
Michaels et al. (1993) have reported a mean rate
of nitrogen deposition via rainfalls on Bermuda
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of ca. 68 umol N m~?d~! (NO; + NH;") from
October 1988 to June 1991. This flux represents
only 10-20% of the N requirement to support the
biological production in the ML at the BATS site
from April to October 1989. Including a flux of
6-19 umolm ~2d~! for dry deposition to the
Sargasso Sea (Duce, 1986), the total input via
atmospheric deposition should be only slightly
higher. Although this input could contribute to a
significant portion of the N requirement in the
ML, existing data thus indicate that it is insuf-
ficient to meet the whole demand. Nitrogen fixa-
tion by Oscillatoria ( Trichodesmium), presumably
the main N, fixers in marine plankton (Carpenter,
1983), could introduce an additional flux of
0.5-5 umol N m~2d ! into the euphotic zone of
the Sargasso Sea (Duce, 1986). The largest value
amounts to only ca. 1 % of the required nitrogen.
These estimates of N, fixation, however, are quite
uncertain (Duce, 1986; Duce et al., 1991) and the
diazotrophic activity in the marine sunlit zone is
increasingly considered as higher as previously
thought (Karl et al., 1992).

The recycling of organic matter in situ could
contribute to the nitrogen requirement. In order to
assess the efficiency in the recycling of organic
carbon in the ML, net community production
values calculated in this study are compared to
surface rates of primary production measured via
14C incubations at the BATS site for spring—
summer 1989 (Fig. 10). The two measurements of
production are relatively close to each other. The
mean primary production in the ML is 3.4 mgC
m~3>d ! for the April-October period, while a
median value of 1.8 mgCm~>d~! is most repre-
sentative of NCP estimates (Table 2). The ratio
between NCP and total primary production is
thus approximately 0.5, that is, the fraction of
organic carbon respired in the ML would amount
to 50 %. If we assume that NCP and new produc-
tion, sensu Dugdale and Goering (1967), are
equivalent, this fraction is equal to 1 — f, where f
is the ratio between new and total productions
(Eppley and Peterson, 1979). It is worth compar-
ing this fraction to previous estimates of the f-ratio
in the shallow waters near Bermuda. Two kinds of
estimates based on in situ measurements at 25 m at
station S are available. First, f-ratios between
0.0-0.2, with a mean value of 0.08, were reported
by Dugdale and Goering (1967) from in vitro
assimilation rates of NO; and NH; between
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Fig. 10. Primary production and net community
production in the mixed layer at the BATS site from
April to October 1989. Circles represent mean values of
primary production measured in the mixed layer and
horizontal bars indicate one standard deviation around
these values. Primary production was measured via in
situ dawn-to-dusk incubations with '*C (dark bottle
rates were substracted from light bottle rates in order
to correct for non-photoautotrophic fixation and/or
adsorption) (data from Knap et al, 1991, 1992). The
dashed and the solid lines are produced by the
diagnostic model and refer respectively to the lowest
and the largest net community productions required to
account for the observed [DIC] drawdown (inferred
from the sensitivity analysis on model parameters, see
text).

September—January. Second, Platt and Harrison
(1985) estimated this ratio between 0-0.8, with an
annual average of ca. 0.3, using [NO; ] data. The
f-ratio that would reconciliate net community and
primary productions in this study (~0.5) is thus
larger than these two estimates.

Net community and new productions are,
however, not strictly equivalent concepts. The first
is based on the cycle of photosynthetically fixed C
through the trophic web, whereas the second
is based on the source of nutrients (logically
nitrogen) for primary production. Therefore, if C
and N are assimilated and/or recycled with dif-
ferent rates (transgressing the standard Redfield
model), both concepts of production are clearly
not similar. In this respect, the regeneration of
nutrients in the ML of the northwestern Sargasso
Sea is presumably high (Menzel and Ryther, 1960;
Malone et al,, 1983). Thus, NCP estimates of
~1-2mgCm~3d ! inferred in this study would
suggest that carbon is recycled less efficiently than
nitrogen. Likewise, the elevated consumption of
carbon relative to nitrogen observed during
phytoplankton blooms in high latitude ML seem
best explained by biological processes that recycle
nitrogen more efficiently that carbon (Sambrotto
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etal,, 1993). Carbon overconsumption may thus
exist in both nutrient-poor and nutrient-rich
regions of the open ocean (Toggweiler, 1993).
If this is the case, the organic material leaving
the ML should be enriched in C relative to N.
There is an indication that the C:N ratio of sink-
ing particles generally increases with depth (below
150 m) at the BATS site (Lohrenz etal., 1992).
Moreover, a large fraction of photosynthetically
fixed C could be sequestened in the dissolved
organic matter in this region (Carlson et al.,, 1994).
The lateral transport of DIC into the ML at the
BATS site must be investigated (Michaels et al.,
1994b), and more accurate estimates of N, fixation
(Karl et al., 1992), dry deposition (Duce, 1986),
and wet deposition (Cornell et al, 1995), are
needed, however, before dealing further with the
amplitude of the apparent C overconsumption.

5. Conclusions

The surface concentration of dissolved inorganic
carbon at the BATS site in the northwestern
Sargasso Sea decreased by about 30 gmol kg !
from May to October in 1989. In order to explain
this decrease, we have developed a diagnostic
model for the heat and DIC budgets in the upper
water column by assuming a vertical balance.
Accordingly, the application of this model could
be extended to other tracers (e.g., O,), provided
that concentration data are available with suf-
ficient temporal resolution, and to regions where
such a balance holds. From a sensitivity analysis
on model parameters, the [ DIC] decrease at the
BATS site is mostly explained (71-93% ) by a net
community production averaging 1.4-2.3 mgC
m~?d~!. Heating during this period has also con-
tributed to the [ DIC] drawdown via CO, out-
gassing (14-68 % ). The imbalance results from the
incomplete compensation of these two losses
{<30%) by mixing with DIC-rich waters of the
seasonal thermocline. The required net community
production is a lower estimate, since the mean
flow should transport DIC-rich waters from the
northeast and hence depress the amplitude of the
observed [DIC] drawdown. This production is
unexpected given the very low surface concentra-
tion of nitrate and phosphate in the area. Wet
deposition of nitrogen from the atmosphere could
contribute to 10-20 % of the nitrogen requirement
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to support this production. Unsampled, transient
supplies of nutrients from deep waters to the sur-
face and N, fixation appear however insufficient to
meet the remaining demand. On the other hand,
the rates of primary production measured in the
mixed layer may account for the [ DIC] decrease,
if most (>50% ) of the photosynthetically fixed C
is not respired in this layer. The paradox of an
elevated net community production in a highly
regenerative system, where phytoplankton pro-
duction and consumption are closely coupled,
could result from a more efficient recycling of
nutrients relative to carbon.

6. Acknowledgments

The authors would like to express their grati-
tude to the personnel at the Bermuda Biological
Station for Research who made the measurements
at BATS, ie., Anthony Knap, Anthony Michaels,
Rachael Dow, Rodney Johnson, Kjell Gundersen,
Jens Sorensen, and to other visiting scientists who
participated in sampling, i.e., Merritt Tuel, Steve
Lohrenz, Vernon Asper, George Knauer, Hugh
Ducklow, and Helen Quinby. A first version of the
manuscript benefited from the critical views of
Michael Bender and Nicolas Gruber. Discussion
with Anthony Michaels and Rodney Johnson
was also deeply appreciated. We finally thank
the Commissariat a I'Energie Atomique (CEA,
France) for the computing facilities and the hospi-
tality provided at the Laboratoire de Modélisation
du Climat et de I'Environnement. This study was
supported by a research bursary, granted to the
first author, from the Commission of the European
Communities as part of the EPOCH programme
(contract ERB 4001 GT 911204). This is CFR
contribution No. 1656 and BBSR contribution
No. 1378.

7. Appendix A

The state variables of the physical model of
Gaspar et al. (1990) are temperature (T, salinity
(S), horizontal velocity ( V), and turbulent kinetic
energy (TKE). In this study, we have neglected
salinity changes and fixed it to its surface average
value of 36.6 (salinity variations at the BATS site
have a modest effect on the equilibria of the
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CO,/carbonate system, see Appendix B). The state
equation is solved according to the polynomial in
UNESCO (1983). The conservation equation for
each state variable (E) has the general form:

0E(z,8) 0Fg(z, 1)
o8~ oz

+ Pg(z, 1), (7.1)

where Fg(z, t) is the local vertical flux (in the water
column, Fi(z, t) =k(z, t) OF(z, t)/0z) and Py is the
local rate of net production for E. In the heat equa-
tion, this latter term is associated with radiative
heating:

—1 0E(z, 1)
prCy 0z

Pr(z, t)= (7.2)

where p* is a reference density for seawater and C})
is the specific heat at constant pressure (in this
study, p,=1025kgm~> and C} =4000Jkg~'
K=!). E; (Wm™?) is the downwelling solar
irradiance, calculated as follows. The solar con-
stant is set equal to 1339 Wm~2. The solar
declination and elevation above the horizon are
derived from the formulae in Kirk (1983, pp. 33).
The transmission of the direct and diffuse com-
ponents of E4 through the air column are hence
computed as described in Musgrave et al. (1988).
At the sea surface, a Fresnel reflection is assumed
for the direct radiation. A constant reflection coef-
ficient (6 % ) is prescribed on the other hand for the
transmission of the diffuse component (Ivanoff,
1977). Hence, the propagation of E4 through the
water column is parametrized using the equation
in Paulson and Simpson (1977). This accounts for
the strong absorption of long wavelength radiation
in the top meters of the surface ocean. In this
equation, we have introduced the constants of the
Jerlov optical type IA. These were previously
adopted for station S (Jenkins and Goldman,
1985; Spitzer and Jenkins, 1989).

Eq. (7.1) is finite differenced on a 300-m-thick
staggered grid (Az =5 m), with T and ¥ computed
at the center of each cell, and TKE and k deter-
mined at cell boundaries (Gaspar et al., 1990). The
resolution of the inertial period (about 23 h at the
latitude of the BATS site) appeared essential for
the model to reproduce the seasonal cycle of
temperature in the mixed layer; a time step of
15 min is used as in Gaspar et al. (1990). The rate
of radiative heating, correction flux - Hy, gas
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exchange, and net community production (see
text) are solved according to a simple explicit
scheme. The inertial rotation in the momentum
equation is taken into account via a two-time step,
implicit algorithm (Mellor and Durbin, 1975).
Finally, shear production, buoyancy flux, and
Kolmogorov dissipation in the TKE equation are
solved following an implicit scheme. The integra-
tions hence proceed via the inversion of tri-
diagonal matrices.

8. Appendix B

Wind speed, wind direction, air temperature,
relative humidity, and total pressure have been
measured at St. David’s Head, Bermuda, on top of
a 10-m-tall sampling tower located at ca. 30 m
above sea level (Figs. 4A-E). We use the 4-h
average wind data and daily values for the other
parameters published in the BATS data reports
(Knap et al. 1991, 1992). The meteorological data
are not available for the 09/11/89-17/11/89 period
(9 days). A linear interpolation is hence carried
out for each parameter during this period (see
dashed line on Figs. 4A-E). This has no effect on
the DIC budget which is estimated for spring—
summer 1989 only.

Heat fluxes and wind stresses

The net flux of heat from air to sea (Fr) is the
sum of fluxes of latent heat (Fig), sensible heat
(Fsg), and net IR radiation (Fiz) (W m™2):
Fi=F g+ Fsg+ Fig. (8.1)
F\ g is related to the specific humidity of air (g*,
dimensionless) through (Niiler and Kraus, 1977):
Frg= —p*CpWio{Lv(g¥ —q*)}. (8.2)
p? is a reference density for air (in this study
pr=125kgm3), W, (ms~1) is the wind speed
measured at 10m, L, is the latent heat of
vaporization (set constant and equal to
245 x10%T kg™'), and g is the specific humidity
at saturation at the sea surface temperature (SST).
Cp, (dimensionless) is a transfer coefficient. This is
taken identical in the bulk formulae for the fluxes

of latent and sensible heat, and for the wind stress
(Niiler and Kraus, 1977). We use a value of
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1.0 x 10 73; this produces an RMS error of model
SST of ca. 0.3°C for the April-October period
(without the correction flux Hr, see text). When
the value of Cp is fixed between 0.8x 1073~
1.4 x 1073, this error remains less than 0.7°C and
the maximal error in SST is < 1°C for this period.

The specific humidities (g* and ¢) are related
to the partial pressures of water vapor, respec-
tively, below saturation (P, in mB) and at satura-
tion at the SST (P}(SST), in mB):

. Em P’ g
P e P (8.3)
PY(SST

TP+ (em—1) PYSST)

where P is the total pressure (mB) and ¢,, is the
ratio between the mass-specific constants for dry
air and for water vapor (&,=0.621). P¥ is
calculated from the relative humidity (RH, in %)
and the partial pressure at saturation at the air
temperature 7*(PY(T*?), in mB):

RH
PY=—— PY(T?).
Too Fs(T™)

(8.5)
The partial pressures at saturation P}(T,) and
PYSST) are computed from the Clausius-
Clapeyron relationship.

The flux of sensible heat depends on the tem-
perature difference between air and sea:

Fsg=p*CpoW,o{ C{(T* —SST)}, (8.6)

where C7 is the mass-specific heat capacity of air at
constant pressure (taken constant and equal to
1005 T kg ' K~1).

The net flux of IR radiation to the ocean is given

by:
Fig=0{e*T* —g"SST*}. (8.7)
o is the Stefan-Boltzmann constant (5.67 x 10 8 W
m~2K™%). ¢* and ¢* (both dimensionless) are the
emissivities of air and of the surface water, respec-
tively; in this study, ¢* = 0.80 and ¢ = 0.95.

The zonal and meridional components of the
wind stress at the surface (7, and t,, respectively,
in Nm~™2) are computed from the wind speed
(W) and the wind direction (6, zero for a
northerly wind):
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7. = p*Cp W1, sin(0 — 180),

(8.8)
1, = p*Cp W3, cos(6 — 180).
Finally, the boundary condition for TKE at the
sea surface (TKE,,y, in m?s~?) is given by (from
Blanke and Delécluse, 1993):

TKE, ;= 3.75u*2, (8.9)
where u* (ms~!) is the friction velocity in water.
u* is calculated from the modulus of the wind
stress:

/2 2
e Tx+7-'y
__pw .

(8.10)

The surface exchange of CO,

The piston velocity vp (see eq. (7) in the text) is
computed as a function of the wind speed recorded
on Bermuda (Fig. 4A). For that purpose, the for-
mula of Liss and Merlivat (1986) is used. In this
formula, the Schmidt number for CO, is calculated
from the SST according to a polynomial and its
value at 20°C is fixed to 660 (Wanninkhof, 1992).
The values of vp computed in this way are
multiplied by 1.7, in order to be in line with the
global mean estimate of the '*CO, transfer velocity
(Monfray, 1987; Watson, 1993). Finally, the solu-
bility coefficient o (mgCm ~> patm) is calculated
from the surface temperature and salinity accord-
ing to the formula of Weiss (1974) and the state
equation in UNESCO (1983).

In a more rigorous treatment of the gas
exchange (eq. (7) in the text), the partial pressures
should be replaced by fugacities. Yet, at a total
pressure of 1 atm, the relative difference between
the two quantities is less than 0.5% (UNESCO,
1991). This difference is thus neglected in this
study. The values of pCO3$ are derived from CO,
mixing ratios in dry air measured for 1989 at the
Bermuda East station from the NOAA flask
network (WMO/GAW, 1992). Erroneous data
and measurements in poorly mixed air masses
influenced by local anthropogenic sources or strong
local biospheric sources or sinks, are rejected
according to the data selection detailed in the
WMO/GAW report. In order to convert the mean
of mixing ratio replicates into pCO3%, we use the
total pressure, relative humidity, and air tem-
perature recorded on St. David’s Head. The values
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of pCOj3 calculated in this way are reported on
Fig. 8 for the April-October period.

The partial pressure of CO, in water (pCOY)
is computed from the surface temperature (7),
salinity (S), dissolved inorganic carbon (DIC),
and total alkalinity (ALK). We have neglected the
minute contributions of water alkalinity (Skirrow,
1975) and of phosphate and silicate alkalinities
to the charge balance (surface [PO2~] and
[H;Si0; ] are always <15umolkg~! at the
BATS site, see Knap et al., 1991, 1992). Hence, this
balance is only associated with carbonate and
borate alkalinities and we have determined the
speciation of DIC and the value of pCOY by
solving a cubic equation for the proton activity
(Millero, 1979). To this end, total boron is
estimated from salinity using the proportionality
constant in Culkin (1965), and different dissocia-
tion constants (pK) of the CO, system are used
(see text): the pK’s for carbonic acid proposed by
Dickson and Millero (1987), Goyet and Poisson
(1989), and Roy et al. (1993), and the pK for boric
acid of Hansson (1972) (fitted to the equation of
Millero, 1979) and Dickson (1990).

In order to estimate the relative importance of
T, S, [DIC], [ALK] on pCOY at the BATS site,
a linear approximation can be made (Keeling et
al., 1993; Takahashi et al., 1993):

dln pCOW=<

0 In pCO¥
+(ZREE0 ) as

8 In pCOY
———= | dT
oT )d

0 1In pCOY
o[ DIC]
0 1n pCOY
O[ALK]

>d[DIC]
)d[ALK]. (8.11)

The partial derivatives 0InpCOY/ox or
x/pCOY 0pCOY /0x (where x=T, S, [DIC],
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[ALK]) are estimated by computing pCO?Y versus
x in the range of surface variation of x near
Bermuda. The different dissociation constants
reported above are used for that purpose. The
slopes of the least squares lines In pCOY versus 7,
In S, In[DIC], and In[ALK] are hence deter-
mined (in each case, n =21, coeff. of determina-
tion = 0.999, and STD error of est. =1 gatm):

pclog L0 00365 -00392°C,  (812)
pc%g P23 — 085096, (8.13)
[p]gl(f; j[pg—%zg.o, (8.14)
ooy ALy 8 (8.15)

pCOY [ALK] ™

These values are in agreement with global ranges
reported by Takahashi et al. (1993) from earlier
pK’s (here, the ranges of variation are due to
the use of different dissociation constants). From
eqgs. (8.12)-(8.15) and considering seasonal ampli-
tudes of 8°C, 0.4, and 30-40 umolkg™' at the
BATS site, the seasonal cycle of pCOY seems
primarily controlled by variations in temperature
(ApCOY /pCOY =0.29—-0.31), and to a lesser
extent, by changes in [ DIC] (ApCO}/pCOY =
0.13-0.18) ([ALK] is in general strongly correlated
with S in the M at the BATS site (r> =0.91; Bates
et al, 1995). The effect of [ALK] changes on
pCOY are thus largely compensated by [DIC]
changes caused by evaporation/precipitation at
the surface). Keeling (1993) came to the same
conclusion from his data at station S. In this
study, variations in salinity and alkalinity are there-
fore neglected. Their profiles are fixed to surface
averages of 36.6 (see above) and 2930 ueq kg,
respectively (this [ALK ] value is about the mean
value of the 7 year time-series data at station S).
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