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Transport of heat, CO, and O, by the Atlantic’s

thermohaline circulation

RALPH F. KEELING! anp TSUNG-HUNG PENG?

Y Seripps Institution of Oceanography, La Jolla, California 920953-0256, U.S.A.
% Ocean Chemistry Division, NOAA/AOML/OCD, 4301 Rickenbacker Causeway, Miami, Florida 33149 U.S.A.

SUMMARY

We estimate transport of heat, CO, and O, by the Atlantic’s thermohaline circulation using an approach
based on differences in the chemical and physical characteristics of North Atlantic Deep Water (NaDW),
Antarctic Intermediate Water (aamw), and the northward return flow across the equator. The
characteristics of the return-flow waters are constrained by imposing conservation of phosphate in the
North Atlantic as a whole. Based on a total equatorial return flow of 13 x 10® m® s, we find that the
Atlantic north of the equator is a source of 7.74+1.4x10" W to the atmosphere, a sink of
0.5140.21 x 10** mol of O,, and preindustrially was a sink of 0.33 £0.15 x 10'* mol of CO,. Uptake of
O, and CO, by the North Atlantic is driven mainly by thermal, as opposed to biological processes.

1. INTRODUCTION

The North Atlantic is unique among the world’s
oceans in that its surface water is believed to be
exchanged with the other oceans by thermohaline
circulation rather than by wind-driven transport.
Surface water leaves the North Atlantic by flowing
northward into the Labrador, Greenland, and Nor-
weglan Seas where it cools sufficiently to sink to great
depths. These newly formed deep waters intermix in
the deep Labrador Sea to form a water mass known as
the North Atlantic Deep Water (Nabpw) which is
transported by a system of deep currents along the
western boundary of the North Atlantic across the
equator and into the southern ocean (see, for example,
Schmitz & McCartney 1993).

The return flow needed to balance the exported
NADW originates, according to Schmitz & McCartney
(1993), as Antarctic Intermediate Water (aarw) that is
warmed by upwelling in the South Atlantic and along
the equator so that it enters the North Atlantic within
the thermocline or at the surface. Important questions
remain, however, over the origin and pathways of the
return flow (Gordon 1985; Rintoul 1991; Schmitz &
Richardson 1991).

The Atlantic’s thermohaline circulation, sometimes
known as the conveyor circulation (Broecker 1991),
contributes to a net northward transport of heat
because the northward flowing waters are warmer
than the southward flowing deep waters. The conveyor
circulation also leads to a net southward transport of
both CO, and O, through the ocean (Brewer et al.
1989; Rintoul & Wunsch 1991; Broecker & Peng
1992).

Our principal purpose here is to re-examine inter-
hemispheric transport of O, and CO, caused by the
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conveyor circulation, as a precursor to interpreting
observations of atmospheric O, and CO, (see, for
example, Keeling & Shertz 1992). The fluxes of O, and
CO,, carried by the oceans must be balanced, assuming
a steady state, by reverse fluxes through the at-
mosphere. These atmospheric fluxes of oceanic origin
are superimposed on additional O, and CO, fluxes
driven by exchanges with terrestrial ecosystems and by
fossil-fuel burning. A better understanding of the
oceanic contribution to these fluxes is needed, for
example, in order to apply atmospheric O, and CO,
data to constrain CO, exchanges with terrestrial
ecosystems (Keeling ef al. 1989, 1993; Tans et al. 1990).

The approach we have taken to compute inter-
hemispheric O, and CO, fluxes is essentially an
extension of the method used by Broecker & Peng
(1992) for computing CO, fluxes. The approach allows
us to obtain first-order estimates of the fluxes across the
equator where direct calculations based on geostrophic
and Eckman transports (e.g. Hall & Bryden 1982;
Rintoul & Wunsch 1991) face difficulties. We are
interested in the fluxes across the Equator because the
observable interhemispheric gradients in atmospheric
CO, and O, are mainly dependent on transport across
the tropics where the barrier to north—south atmos-
pheric mixing is greatest. Because the application is
straightforward, we also apply the method to compute
transports of heat which are relevant to climate and
climate modelling studies (e.g. Broecker 1991 ; Isemer
et al. 1989).

The method used here involves examining the
properties of three water masses along the conveyor’s
path: first, in newly forming NaDpw, second in aAtw,
and third in the water returning northward across the
equator. Air-sea fluxes are computed by simply
multiplying the water flux by the difference of the
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Figure 1. Illustrating the approach used to estimate heat transport by conveyor circulation. 6,, 6,, and 0, represent
the average potential temperatures of North Atlantic Deep Water, Antarctic Intermediate Water, and waters
returning northward across the equator, respectively. Conversion from one water mass to the next along the conveyor
requires heat exchanges with the atmosphere that can be directly calculated from the differences in the potential
temperatures of the water masses and the total volume flow rate of the conveyor circulation.

properties in the three water masses. The method, as
applied to compute transports of heat, is illustrated in
figure 1. In principle, the method can be applied to
compute transports of any tracer that is conservative in
the sense that its concentration in a water parcel can
only be changed by exchanges with the atmosphere.

2. TRACERS FOR CO, AND O, TRANSPORT

To apply the approach to compute fluxes of CO, and
O, we need to find conservative tracers in the ocean
that keep track of the exchanges of these gases with the
air. Total dissolved CO, (2CO,) and dissolved O, are
not conservative: both are altered within a water mass
by photosynthesis and respiration, and XCO, is
additionally altered by the dissolution and precipi-
tation of calcium carbonate. To correct for these
alterations we follow Broecker & Peng (1992) by using
dissolved phosphate to measure the extent of photo-
synthesis versus respiration and by using the nitrate-
corrected alkalinity to measure the extent of dissolution
of calcium carbonate. They define the following tracers

ALCO, = £CO,— 1900 x 3—S5~ 127 PO,

1 S
—{ Alk+ — =

and

0
PO,* = PO, —1.95+—=2
0,* = PO, ~1.95+ =,

where S is the salinity, Alk is the alkalinity, and where
factors of 127 and 175 represent the global average
‘Redfield’ ratio of O, consumption and CO, release to
phosphate release during respiration (Takahashi et al.
1985; Peng & Broecker 1987). To the extent that these
factors are constant throughout the ocean, the tracers
AZCO, and PO, * are conservative. The expression for
AZCO, includes salinity corrections to total dissolved
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CO, and alkalinity to account for changes caused
simply by addition or removal of fresh water. The
constant term (1.95) is arbitrary. Changes in AXCO,
and 175 x PO * effectively measure the integrated
amount of atmospheric CO, and O,, respectively,
which a water parcel has taken up or released, and
they are thus the conservative analogues of atmospheric
CO, and O, that we need for our transport calcu-
lations.

In the case of O, it is possible to divide the air—sea
fluxes computed based on PO, * into separate ‘thermal’
and ‘biological’ components. This is because, in the
absence of biological activity, O, would tend to remain
close to equilibrium with the atmosphere. We can,
therefore, approximate the ‘thermal’ transport as
being simply proportional to O, solubility. It follows
that the remaining ‘biological’ transport is pro-
portional to the flux of preformed phosphate (Redfield
et al. 1963), another conservative tracer, defined here
by

PO,®) = PO, — AOU/175,

where AOU is the apparent oxygen utilization. The
thermal O, fluxes computed from O, solubility are
slight overestimates of the true thermal O, fluxes
because a water parcel that fully equilibrates with the
atmosphere on warming or cooling exchanges more O,
with the air than a water parcel that does not fully
equilibrate (see also Keeling et al. 1993).

Special consideration is needed to estimate CO,
exchanges because the ocean carbon cycle is currently
not in a steady state as a result of the build-up of
anthropogenic CO, in the atmosphere and its re-
distribution into the ocean. Our interest here, however,
is limited to estimating the fluxes that existed prior to
the anthropogenic perturbation, and following
Broecker & Peng (1993), we estimate these exchanges
by correcting the observed AXCO,, values back to their
preanthropogenic values.
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3. FLUX CALCULATIONS

The first step for computing the air-sea exchanges of
heat, CO,, total O, and biological O, is to determine
the average values of potential temperature 8, AXCO,,
PO,*, and PO,®™" in the three water masses: NADW,
aarw, and the return-flow waters. For NADw and aarw
this task is relatively straightforward because these
water masses are relatively homogenous in these
tracers, as shown in figures 2 and 3.

Defining the average characteristics of the return-
flow waters presents a more serious challenge. From
general considerations we know that the waters
contributing to the return flow have potential temper-
atures greater than about 5 °C. This alone is not very
helpful, however, because low-latitude waters warmer
than 5 °C exhibit considerable variability in 8, AZCO,,
PO,*, and PO,*™® as shown in figure 4. Fortunately
we can limit the range of water characteristics by
requiring the fluxes of phosphate carried into or out of
the North Atlantic by the ocean currents to sum to
zero. This is justified because input of phosphate from
rivers and export to sediments is only a tiny fraction of
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the flux of phosphate that is carried north and south by
the conveyor circulation (Meybeck 1982; Broecker &
Peng 1982, pp. 346).

The phosphate concentration in newly formed NADW
isaround 1.07 umol kg™, as can be seen from figure 2a,
so we require an average of 1.07 pmol kg™ of phos-
phate in the return-flow waters to balance this export.
Additionally, we must allow for phosphate that
accumulates in the southward flowing NaDw plume
because of in situ remineralization. Using PO,* to
distinguish waters of northern and southern origin,
Broecker et al. (1991) have estimated oxygen defici-
encies from in situ respiration in waters deeper than
2000 m in the Atlantic. In the equatorial region, their
estimated oxygen utilization varies between
20-30 pmol kg™, Converting the oxygen utilization to
units of phosphate by dividing by 175, we estimate that
about 0.14 pmol kg™ of phosphate is added by
remineralization to the southward flowing Nabpw by
the time it crosses the equator. Thus we require
approximately 1.21 pmol kg™ of phosphate in the
return flow to balance the phosphate in newly forming
NADW plus that added by remineralization.
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Figure 2. Results from GEOSECS (Bainbridge, 1981) and TTO expeditions (Scripps Institution of Oceanography,
1986) for stations in the deep Labrador Sea with potential temperatures less than 3.5 °C. (a) phosphate versus 6, (b)
preformed PO, versus 6, (¢) PO,* versus 6, (d) AXCO, versus 6. The ranges adopted for the NaAbw component of 6,
PO,*, preformed PO,, and AXCO, concentrations are indicated. For AXCO,, a northern component of
105i 15 pmol kg™* was taken from Broecker and Peng (1992). The data in the figure indicate that AZCO,
concentrations in the deep Labrador sea in the early 1980s were somewhat higher than this, presumably as the result
of input of anthropogenic CO,. Following Broecker ¢t al. (1991), we have decreased the TTO phosphate for these
stations by 0.03 ftmol kg™, to bring the data into better agreement with the GEOSECS data.
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Figure 3. Results from GEOSECS, TTO/TAS, and SAVE (Scripps Institution of Oceanography, 1988) expeditions
for Atlantic stations between 30-50 °S. (a) phosphate versus 6, (b) preformed PO, versus 6, (¢) PO,* versus 0, (d)
AZCO, versus 0. The ranges adopted for the Antarctic Intermediate Water component are indicated. The
anthropogenic correction to AZCO, is assumed negligible.

Additionally, we need to allow for phosphate
exported from the North Atlantic by sinking organic
matter that is remineralized in Antarctic Bottom
Water (aaBw) that recirculates into and out of the
North Atlantic without ever being exposed to the
surface. The maps of Broecker et al. (1991) indicate
that between 10-209, of the water below 2000 m in
the North Atlantic is derived from aaBw. Because we
do not expect large differences in the rate of respiration
in AABW compared to NADw, we can account for
phosphate added to recirculating AaBw by increasing
the respiratory phosphate added to Napw by 15+59,.
Overall, this raises the required phosphate content of
the return flow to 1.23 pmol kg™*.

Around 0.8 Sy (1 Sv = 10°* m® s71) of the return flow
enters the Atlantic from the North Pacific through the
Bering Strait and the Arctic Ocean (Coachman &
Aagaard 1988). Although the flow is small, the nutrient
content of this water is potentially quite high (Bjork
1990). To allow for this phosphate contribution to
NADW, we assume that the phosphate content of the
water passing through the Bering Strait is
2.1 pmol kg™ (Codispoti & Owens 1975), we assume
no phosphate is gained or lost in the Arctic Ocean, and
we assume that 69, of the return flow arrives via the
arctic route. This figure of 6 9, is based on taking 13 Sv
for the return flow entering the North Atlantic via the

Phil. Trans. R. Soc. Lond. B (1995)

equatorial route (see below). In order to bring the
average phosphate content of the combined equatorial
and arctic return flows to the required 1.23 pmol kg™*,
we need, under these assumptions, an average phos-
phate content in the equatorial return flow of
1.18 pmol kg™. We expect this estimate is reliable to
within about+0.13 pmol kg™, as we have assumed
rather pessimistically that the error contributions from
the phosphate content of newly formed Napw (+0.07),
the phosphate added by deep respiration (=4 0.04),
and the phosphate content of Bering Straits overflow
(£0.4) might be added systematically.

In addition to this phosphate constraint, we impose
a second constraint that is based on the argument of
Schmitz & McCartney (1993) that waters with
potential temperatures between 12-24 °C are effec-
tively blocked from crossing the equator by the
equatorial countercurrent. Figure 5a indicates that
there is a relatively consistent relationship between
potential temperature and phosphate over the full
range from 5-30 °C, so an equivalent statement is that
the waters with phosphate concentrations between
about 0.3 and 1.6 pmol kg™ are effectively blocked
from crossing the equator. This constraint, plus the
relatively consistent relationship between phosphate
and 6, PO *, PO,**" AZCO, as shown in figure 5,
suggests that it may be possible to characterize the
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Figure 4. Results from GEOSECS, TTO/TAS and SAVE expeditions for stations between 15 °S and 15 °N. (a) PO,
versus 0; (b) preformed PO, versus 0; (c) PO, * versus 8; (d) ALCO, versus 6.

average composition of the return flow on the basis of
the relative amounts of three endmember components:
surface water, lower thermocline water, and inter-
mediate water, with phosphate concentrations of 0.0,
1.7 and 2.4 pmol kg™, respectively. The approximate
chemical composition of these endmembers and their
uncertainties are summarized in table 1.

We would like to be able to uniquely determine the
relative contributions of each of the three endmembers
to the total return flow. This is not possible in the
present circumstances because we have only two
constraints — the constraint on the total northward
flow and the constraint on the average phosphate
concentration — but three unknowns. We have chosen
to allow for the uncontrolled degree of freedom by
considering scenarios in which the return flow consists
of two endmembers only. There are only two possible
scenarios of this sort, the first in which the return flow
consists of just ‘surface’ and ‘lower thermocline’
endmembers, and the second in which the return flow
consists of just ‘surface’ and ‘intermediate’ end-
members. The third scenario with just ‘lower thermo-
cline’ and ‘intermediate’ endmembers is ruled out by
the phosphate constraint. In the two allowable
scenarios, we adjust the proportions of the two
endmembers to obtain the required average phosphate
concentration of 1.18+0.13 umol kg™'. These two
scenarios are extreme cases which must bracket the
actual budget for the return-flow waters.

Phil. Trans. R. Soc. Lond. B (1995)

The air—sea fluxes involved in converting the return-
flow waters to NaADW computed for these two ‘extreme’
scenarios are summarized in table 2. The fluxes are
directly proportional to the equatorial return flow for
which we adopt a value from Schmitz & McCartney
(1993) of 13 Sv. The uncertainties allow for variability
in the composition of NADW, aamw, and in the
equatorial return-flow water as reflected in uncertainty
in the equatorial endmembers and the phosphate
constraint. We have made no allowance for uncertainty
in the conveyor flow, although recent estimates range
as high as 20 Sv (Broecker et al. 1991). Table 2 also
includes a ‘composite’ scenario calculated by aver-
aging the fluxes for the ‘extreme’ scenarios. The
uncertainty allowed for in the ‘composite’ scenario
includes the full ranges spanned by the two ‘extreme’
scenarios.

The air-sea fluxes involved in converting NADW to
AArw and in converting AAIW to return-flow waters are
summarized in table 3, where the composition of the
return-flow waters is taken from the ‘composite’
scenario. The pattern of heat, O,, and CO, exchange
indicated by the composite scenario is shown in figure
6.
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Figure 5. Results from the GEOSECS, TTO/TAS and SAVE expeditions for stations between 15 °S and 15 °N, for
0> 5°C; (a) 6 versus PO,; (b) preformed PO, versus PO,; (c) PO,* versus PO,; (d) AZCO, versus PO,. Average
concentrations and uncertainties adopted for the various ‘endmembers’ are indicated. For the surface endmember
we take AXCO, from Figure 5 of Broecker & Peng (1993), rather than from this graph. Doing this is consistent with
an average anthropogenic correction to the surface waters of around 40 pimol kg™, as indicated. The anthropogenic
CO, correction to the other endmembers is assumed to be negligible.

Table 1. Water mass properties

return flow endmembers

water mass NADW AATW surface thermocline intermediate

potential temperature/°C 2.25 4.5 27 12 6
(£0.75) . (£1.5)  (£3) (+3) (£3)

PO,/ (pmol kg™) 1.07 0.0 1.70 2.40
(£0.07)

PO, ®r" /(umol kg™?) 0.79 1.51 0.08 0.75 1.22
(£0.06) (£0.2) (£0.20) (£0.20) (£0.30)

PO,*/(umol kg™) 0.73 1.36 —0.73 0.30 0.93
(+£0.04) (£0.25) (£0.20) (£0.30) (£0.40)

AXCO,/(umol kg™) 105 28 0 62 22
(+12) (£20) (+20) (£10) (+20)

4. DISCUSSION

So far we have been rather vague about what regions
of the sea surface correspond to these surface fluxes. In
table 3 and figure 6 we have assigned the fluxes
associated with converting NADW to AAIw to the
Antarctic Ocean because this is where the most
vigorous upwelling of deep water takes place, although,
we note that some upwelling also occurs in the Pacific
and Indian oceans, so this assignment is only ap-

Phil. Trans. R. Soc. Lond. B (1995)

proximate. Following Schmitz and McCartney (1993),
we have assigned the fluxes associated with converting
AAw into return-flow waters to the Southern and
Equatorial Atlantic. Not only are these regional
assignments very approximate, but the computed
exchanges include only a portion of the total air-sea
exchange that takes place in these southern regions
because additional exchanges related to wind-driven
transport have been neglected. These difficulties are
not of great concern here because our purpose in
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Table 2. Results for North Atlantic fluxes
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‘intermediate
‘thermocline’ water’ composite
scenario scenario scenario
volume transports of return-flow endmembers®
surface water 4.0+1.0 6.6+0.7 3.0t0 7.3
lower thermocline 9.0+1.0 0 0 to 10.0
intermediate Water 0 6.44+0.7 0to7.1
average return-flow characteristics®
pot. temp./°C 16.6 +3.2 16.7+3.2 16.61+3.3
pref. PO, /(imol kg™*) 0.5440.21 0.64+0.26 0.60+0.28
PO,*/(pmol kg™) —0.024+0.30 0.09+0.33 0.0440.36
AXCO,/(umol kg™?) 43+13 11420 26+ 33
North Atlantic fluxes™®
heat flux® 7.7+1.4 7.7+1.3 7.7+1.4
bio. O, flux® —0.184+0.13 —0.11+0.15 —0.154+0.17
thermal O, flux' —0.371+0.07 —0.36+0.07 —0.37+0.07
total O, flux® —0.554+0.17 —0.48+0.18 —0.514+0.21
CO, flux" —0.264+0.08 —0.40+0.09 —0.33+0.15

* Flows are in units of 10° m® s™*. The uncertainty bounds are set by the constraint that the average phosphate of the return
flow must lie in the range of 1.05 and 1.31 pmol kg™ (see text).

* The errors for the ‘thermocline’ and ‘intermediate water’ scenarios represent the quadrature sum of errors arising from
uncertainties in ‘endmember’ composition (from table 1) combined with the errors that arise from letting the flows vary within
the bounds set by the phosphate constraint. Errors for the composite scenario include the full error ranges spanned by the
‘thermocline’ and ‘intermediate water’ scenarios.

¢ Units: heat flux, 10 W; gas fluxes, 10'* mols a™*. Fluxes are positive into the atmosphere.

 The heat flux is computed according to @ = pc, 2, (6, —Oypw) F, Where pe, is the heat capacity per unit volume, for which
we use a constant value of 4.12 x 10® J m™ K™%, where 6, and 6, are the potential temperature of the return-flow endmember
¢ and NADW, respectively, and where F; is volume transport of return-flow endmember 7.

¢ Computed from 175p %, ([PO™], — [POR™ ., ) F, where p is an appropriate average density, for which we use a value of
1.025 x 10% kg m™®.

" Computed from the difference in the biological O, flux and the total O, flux. The percent uncertainty in the thermal O, flux
was assumed to be the same as the percentage uncertainty in the heat flux.

¢ Computed from 1750 %, ([PO*],— [PO¥]x.pw) Fir

" Computed from p X, ([ALCO,],— [AZCO, ] apw) Fir
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Table 3. Results for Southern Hemisphere fluxes® T 1
1.2
Southern Igleat ey }
and ux 053 068
. ial 1 .
e Eqer sgra 1 o
fluxes fluxes 0, flux
0.07 050 087
heat flux —12409 —65+16 thermal x|, t , ¢
bio. O, flux —0.5340.15  0.68+0.23 Oaflux 008 s
thermal O, flux 0.0740.05 0.30+0.07 1 1
total O, flux —0.4740.19  0.98+0.29 Ototﬁfl ; 4
CO, flux 0.3340.10  0.0040.17 i
0.33 033
@ Units: heat fluxes, 10 W; gas fluxes, 10** mols a™. Fluxes Co, $ , 2 ) |  atmosphere
are positive into the atmosphere. flux  Antarctic South  equator North ocean
Ocean Atlantic Atlantic

showing these Southern hemisphere fluxes is only to
illustrate qualitative differences in the patterns of O,
and CO, exchange expected from the conveyor
circulation in the Southern hemisphere.

We have assigned the fluxes associated with con-
verting return—flow waters into Napw to the North
Atlantic. Although we used hydrographic data span-
ning a wide range of latitudes (15°S-15°N) to
characterize the return flow, we can, in fact, be
somewhat more precise about where the boundary
between the North and South Atlantic fluxes should be

Phil. Trans. R. Soc. Lond. B (1995)

Figure 6. Fluxes computed for various regions in the Atlantic
and Antarctic Oceans from the ‘composite’ scenario. Heat
fluxes are in units of 10 W, O, and CO, fluxes are in units
of 10 mol a™.

located. The key here is to note that, because our
analysis neglects north—south transport associated with
subtropical gyre circulation and with equatorial
upwelling, the boundary needs to be drawn at the
latitude band where the north—south transports caused
by gyre and upwelling circulation are at their smallest.
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Figure 7. Map of the Atlantic surface currents in February,
redrawn from Schott (1942). The grey area indicates the
latitude band where the surface currents tend to run from
Africa to South America.

We expect this condition to be achieved at the latitudes
of intense equatorial upwelling, or equivalently, at the
latitudes where the streamlines of the average surface
currents run all the way from Africa to South America.
From figure 7, therefore, we see that this boundary is
probably best drawn somewhere between 0-10 °S. In
contrast to the Southern hemisphere fluxes, the North
Atlantic fluxes should approximate the total areally
integrated exchange north of this boundary because we
have chosen the boundary so as to minimize transports
other than thermohaline transports.

According to figure 6, the total O, cycle can be
largely explained on the basis of two subcycles: a
biological cycle involving uptake of O, around
Antarctica and release in the South Atlantic; and a
thermal cycle involving O, release in the South Atlantic
and uptake in the North Atlantic. The biological cycle
is driven by photosynthetic uptake of nutrients along
the conveyor’s return path leading to the release of O,
to the atmosphere and the export of organic carbon to
the deep South Atlantic. The respiratory consumption
of this organic carbon in the southward flowing plume
of NaDW releases nutrients and consumes O, from these
waters. The O, undersaturation caused by this con-
sumption results in O, uptake from the atmosphere
when these waters upwell around Antarctica. The
thermal cycle is driven by warming that occurs along
the conveyor’s return path in the South Atlantic and
by cooling that occurs in the North Atlantic.

Although we have not attempted to divide the CO,
fluxes into separate thermal and biological com-
ponents, we can get a qualitative guide from a
comparison with the O, fluxes. Thermal CO, fluxes
have the same sign as thermal O, fluxes, while the
dominant biological CO, fluxes driven by the for-
mation and destruction of soft tissues have the opposite
sign. This suggests that the CO, cycle can also be
explained largely by two subcycles: a biological cycle
involving CO, release in the Antarctic Ocean and
uptake in the South Atlantic; and a thermal cycle
involving CO, release in the South Atlantic and uptake
in the North Atlantic. The sum of these two cycles
yields the net exchanges shown in figure 6. Our finding
that the net CO, flux is small in the South Atlantic
requires that the biological and thermal effects on CO,

Phil. Trans. R. Soc. Lond. B (1995)

exchange cancel each other out on average in this
region. In the North Atlantic, the small biological O,
flux is directed into the ocean so the biological CO,
flux must be outward in this region. The fact that there
is net CO, uptake requires that thermally driven CO,
uptake more than compensates for the biological CO,
release in the North Atlantic.

An important result from these calculations is that
the exchanges of heat, total O,, and ‘biological’ O,
over the North Atlantic appear reasonably well
constrained even though the waters contributing to the
return flow are not yet well characterized. The key
here is that 6, PO,*, and PO,®™" are all sufficiently
well correlated with phosphate in the return-flow
waters (figure 5), that, once the northward flux of
phosphate is determined, the other fluxes are effectively
determined as well. The correlations even hold
reasonably well in the upper thermocline waters
(12-24 °C), so the heat and O, fluxes would not
change significantly even if we allowed upper thermo-
cline water to contribute to the return flow. On the
other hand, the phosphate constraint is not very
helpful for constraining CO, fluxes because there is not
even an approximate linear relationship between
AXCO, and PO, in the return-flow waters (figure 6).
Excluding upper thermocline waters does indeed
matter for CO, because AZCO, has an extremum in
these waters. Allowing this upper thermocline to
contribute to the return flow would reduce the
computed CO, uptake for the North Atlantic.

Our flux estimates for heat, CO,, and O, are
compared with other Atlantic studies in table 4. A
previous study which examined both CO, and O,
fluxes across 24 °N is that of Brewer et al. (1989),
although comparison is difficult because their GO,
fluxes are not corrected for anthropogenic CO,, and
because their O, transport is based on the flux of
dissolved O,, not on PO,*. To make a valid com-
parison for O, one would need to show that the flux of
PO, was zero across the 24 °N transect.

Rintoul & Wunsch (1991) examined heat, O,, and
NO, fluxes across the 24 °N transect and found that
the NO, flux (and thus presumably also the PO, flux)
was not significantly different from zero although their
O, flux is somewhat larger than that of Brewer et al.
(1989). The Rintoul & Wunsch (1991) heat and O,
fluxes at 24 °N are larger than the heat and O, fluxes
reported here for the equatorial region, by factors of
1.69 and 1.80, respectively. Larger fluxes are expected
at 24 °N than at the equator because the gyre
circulation contributes to additional northward trans-
port of heat and southward transport of O, at 24 °N.
Our estimate of the heat transport across the equatorial
region agrees quite well with previous estimates within
rather wide error margins, as shown in table 4. It is
satisfying that our value of 7.7+1.4x10™ W lies
midway between the apparently well-constrained
estimates of 2.5+ 1.2 x 10" W at 32 °S (Rintoul 1991),
and 12.2+3 x 10" W at 25 °N (Hall & Bryden 1982).

Our result for North Atlantic CO, flux agrees well
with the result of Broecker & Peng (1992), if their
result is scaled to a total flow of 13 Sv, as assumed here.
Broecker & Peng (1992) base their calculation on the
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Table 4. Flux comparison

northward southward southward
latitude heat flux CO, flux O, flux

Hall & Bryden (1982) 25° N 12.2+3
Wunsch (1984) 0° 2to 10
Hsiung (1985)* 0° 5.4
Oberhuber (1988)* 0° 4
Isemer et al. (1989)°

unconstrained 0° 0+9

constrained @ 24° N 0° 8 to 10
Brewer et al. (1989)° 25° N >0.22 0.66
Rintoul & Wunsch (1991) 24° N 1342 0.92+0.06
Rintoul (1991) 32°S 2.5+1.2
Broecker & Peng (1992)

unadjusted ~0° 0.5

adjusted? 0.32
this study 0° 7.7+1.4 0.3340.15 0.51+0.21

* The uncertainty in the Hsiung (1985) and Oberhuber (1988) estimates, although not reported, can be assumed to be
comparable to the uncertainty in the unconstrained Isemer ef al. (1989) calculation, which uses a similar method.

* Two estimates from Isemer ¢t al. (1989) are listed. The unconstrained value corresponds to their result based on unconstrained
bulk transport formulae. The constrained estimate corresponds to their result when the heat flux at 24° N is forced to lie

between 10 x 10412 x 10** W.

¢ Following Broecker & Peng (1992) we interpret the Brewer ¢t al. (1989) result as a lower bound to the preindustrial transport
because their CO, transport is not corrected for excess anthropogenic CO, carried by the northward return flow.
¢ The adjusted number is the result Broecker & Peng (1992) would have obtained had they assumed a total conveyor flow of

13 Sv as opposed to 20 Sw.

difference between the AXCO, of deep waters of
northern and southern origin in the Atlantic, and as
they point out, their calculation assumes that little CO,
is exchanged along the conveyor’s northward return
path. Our results for the CO, exchange in the southern
and equatorial Atlantic (table 3) support this as-
sumption.

According to Schmitz & McCartney (1993), the
northward return flow of the conveyor circulation
is comprised of a mixture of 7 8v ‘surface’ water
(> 24°C), 1 Sv ‘thermocline’ water (12-24 °C), and
5 Sv ‘lower thermocline’ water (7-12 °C). Our return-
flow breakdown (table 2) is somewhat different. The
maximum ‘surface’ flow compatible with the phos-
phate constraint is about 7 Sy (‘intermediate water’
scenario, table 2); but this requires that the remaining
6 Sv cross the equator as 6 °C intermediate water, not
thermocline water. The phosphate constraint, there-
fore, seems to imply that either significantly less surface
water is transported northward than proposed by
Schmitz & McCartney (1993), or that a significant
fraction of the return flow crosses the equator as
intermediate water. Either way, our transports require
a larger fraction of deeper water. Our best guess, based
on the ‘composite’ scenario, would be that the return
flow consists of approximately 4.8 Sv of surface water,
4.8 Sv of lower thermocline water, and 3.4 Sv of
intermediate water. The need for a deep component to
the return flow was previously noted by Broecker &
Peng (1982, p. 346), who argued that the *C and
nutrient content of NADw could only be explained if the
source waters for NADW originated mostly at inter-
mediate depths rather than at the surface.

While our flux calculations for the North Atlantic
take account of variability in endmember composition
and uncertainty in the phosphate budget, they do not

Phil. Trans. R. Soc. Lond. B (1995)

account for errors that arise from oversimplification of
flow patterns. What do our calculations really assume
in this regard? Although it may appear that our
calculations assume that the North Atlantic circulation
involves nothing more or less than a single overturning
cell, the calculations can, in fact, be justified on the
basis of two less restrictive assumptions: (i) that a line
can be drawn across the equatorial Atlantic, to the
north of which, all water parcels at the surface
eventually drift northward rather than southward, and
(ii) north of this line all water parcels which are
exposed to the surface eventually exit the North
Atlantic as a component of NADwW. Thus our North
Atlantic flux calculations should be quantitatively
accurate as long as there are no significant pathways
for surface water to leave the North Atlantic other than
as NADW. As far as we are aware, the only pathway of
this sort which has been clearly identified is via water
flowing out of the Mediterranean Sea, some of which
intermixes with NADW and migrates southward (Reid
1994). The flows involved here are small, however.
In any case, an evaluation of the magnitude of the
errors arising from the oversimplification of the flow
patterns will require a closer examination of north—
south mass transports, especially in the tropics. Our
calculations emphasize the value of the nutrient
distributions for constraining large-scale flows in the
Atlantic, especially in the equatorial region where
computing mass transports via the standard physical
oceanographic approximations is problematic.
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