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[11 A global inversion is used to estimate the oceanic mass transports and vertical
diffusivities based on a subset of hydrographic data from the World Ocean Circulation
Experiment (WOCE) and Java Australia Dynamic Experiment. The analysis is based on
the linear inverse “box’ model of Ganachaud and Wunsch [2000] that consistently
combines the transoceanic sections. A globally consistent solution is obtained for a depth-
independent adjustment to the thermal wind field, the freshwater flux divergences, the
Ekman transport, and the advective and diffusive dianeutral fluxes between layers. A
detailed error budget permits calculation of statistical uncertainties, taking into account
both the nonresolved part of the solution and the systematic errors due to the temporal
oceanic variability. The horizontal structure of the transports for different density classes is
analyzed regionally. During the WOCE period (1985—1996), net meridional transports are
estimated, with 16 + 2 Sv (10° m?/s) of North Atlantic Deep Water (NADW) being
produced in the northern North Atlantic, moving southward, entraining Antarctic Bottom
Water (AABW), and Antarctic Intermediate Water increasing in volume transport to 23 £+ 3
Sv at 30°S. In the Southern Ocean, 21 £+ 6 Sv of bottom water was formed from lower
Circumpolar Deep Water, which corresponds approximately to the lower NADW density
range. Bottom water inflows (NADW + AABW mixture) to the Atlantic, Indian, and
Pacific Oceans are estimated at 6 + 1.3, 11 =4, and 7 + 2 Sy, respectively. In the Indian
and Pacific Oceans this water returns southward at deep and intermediate levels. Property
anomaly conservation constraints permit estimation of dianeutral diffusivities in deep
layers, with a global average of 3.7 + 0.7 cm®s™ ' north of 30°S.  INDEX TERMS: 4532
Oceanography: Physical: General circulation; 4223 Oceanography: General: Descriptive and regional
oceanography; 4283 Oceanography: General: Water masses; 4576 Oceanography: Physical: Western boundary
currents; 4215 Oceanography: General: Climate and interannual variability (3309); KEYWORDS: transports,

diffusivities, climate, Circumpolar Deep Water (CDW), WOCE, hydrographic
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1. Introduction

[2] A quantitative determination of oceanic transports and
mixing was one of the main objectives of the World Ocean
Circulation Experiment (WOCE). In this paper, we present a
global circulation scheme and vertical diffusivities from the
transoceanic WOCE hydrographic sections that is consistent
with ocean dynamics and simple biology and geochemistry.
We examine the regional aspects of the global the circu-
lation presented by Ganachaud and Wunsch [2000], who
first attempted to use the WOCE sections in a global and
consistent framework. Mass transport is the most basic
element of the circulation that we focus on; heat and
nutrient transport estimates were published independently
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[Ganachaud et al., 2000; Ganachaud and Wunsch, 2003].
This work follows the tracks of Macdonald and Wunsch
[1996], who used historical hydrographic data spanning 25
years to estimate a globally consistent circulation. In addi-
tion to the use of the high-quality hydrographic WOCE
sections, several methodological improvements are made
including a more quantitative estimate of absolute uncer-
tainties [Ganachaud, 2003]. Our transports are compared
with regional estimates and a semiquantitative picture of the
global circulation [Schmitz, 1996]. The remaining uncer-
tainties are discussed, suggesting modifications for future
observations and methodologies.

2. Method

[3] A subset of WOCE transoceanic sections was used
(Figure 1) to ensure temporal homogeneity and avoid
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Figure 1.

crossing sections which can introduce large biases in
property budgets [e.g., Wunsch and Grant, 1982]. The
sections are essentially zonal away from the Southern
Ocean. Given the data, the model solution, at best, repre-
sents an average of the circulation for the 1989-1996
period in most oceans, except in the North Pacific where
the sections were taken earlier, in 1985. The inverse
methods provide convenient tools to obtain an ocean
circulation that obeys simple conservation statements. Since
the pioneering works of Riley [1951] and Wunsch [1978],
steady geostrophic box inversions have been extensively
used in most oceanic regions [e.g., Wunsch, 1996]. Linear
inverse models allow transport computations at the high
resolution of hydrographic sections with realistic error bars.
However, they include additional uncertainties due to the
inability to adjust density [see Ganachaud, 2003]. Alter-
native approaches are possible (e.g., a steady numerical
model fit to climatological data) [de las Heras and Schlitzer,
1999], generally at the expense of uncertainty computation
(model errors are inaccessible in the latter case).

[4] Using the basic procedure of the steady geostrophic
box inversions [Wunsch, 1996], hydrographic and wind
stress data are combined with geostrophic dynamics and
prior knowledge of the solution elements (size of reference
velocities; dianeutral transports and diffusivities; adjust-
ments to Ekman transports and freshwater fluxes). Aside
from the use of the WOCE data, the main improvements are:

[s] 1. Use of neutral surfaces instead of isopycnals
[Jackett and McDougall, 1997], with calculation, as part
of the inversion, of dianeutral transfers, dianeutral mixing of
tracers [Wijffels, 1993], and freshwater fluxes, along with
the reference velocities and ageostrophic transport adjust-
ment in the surface layers (ascribed to a correction to
Ekman transports).

[6] 2. Use of a more quantitative error budget derived
from analysis of the impact of internal wave noise and
oceanic variability on transport calculations [Ganachaud,
2003].

o
110 (Nov 95
1w, P2] (May 94)
89 (Aug 89)
I s S8 AP,
——#-30
P12 (#n 95)
F14S (Jan 96)
J
-90°

120 180 240

Selected WOCE and JADE hydrographic sections covering the period 1985—1996.

[7] 3. Property anomaly formulation for conservation
equations [Mcdougall, 1991] based upon making explicit
the necessary assumptions concerning the error covariance
between mass constraints and property constraints [ Wunsch,
1996, p. 273].

[8] 4. Use of National Center for Environmental Predic-
tion (NCEP) reanalysis for the mean wind fields [Kalnay et
al., 1996] (Appendix C).

[0] 5. Determination and analysis of nutrient and oxygen
divergences as part of the inversion [Ganachaud and
Wunsch, 2003c].

[10] The flow is required to conserve approximately sev-
eral properties (Table 1). Bulk advective (w*) and diffusive
(r*) transfers are allowed between layers (hereinafter
referred to as dianeutral transfers). By definition there is no
diffusion in the mass equation. Top-to-bottom silica is con-
served within the bounds derived by Ganachaud [2003]. The
anomaly equations for the conservative tracer “NO” (9.1 X
NOj3 + O, [Broecker, 1974] are, in general, indistinguishable
from the “PO” equations and only the latter was constrained
because the nitrogen cycle is the more complex one. A priori
weights attributed to mass conservation equations are based
on Ganachaud [2003] and extrapolated to the global ocean
(Table 2). The weights on tracer conservation equations are
set using the ad-hoc method of Ganachaud et al. {2000,
Appendix A]. Constraints that are specific to each ocean are
listed at the beginning of each of the following sections. The
full inversion requires solving a 1200 equation system with
3000 unknowns. The solution is obtained using the Gauss-
Markov estimator [Wunsch, 1996, p.184] that produces a
minimum error variance solution. The posterior error cova-
riance includes the part that is not resolved by the equations,
in contrast with the conventional least squares or singular
value decomposition estimators. A number of solutions were
explored by changing the model configuration, and focusing
on large-scale features such as the overturning circulation. A
standard, or preferred solution is presented here, and selected
alternative solutions are discussed.
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Table 1. Conservation Constraints for the Standard Solution®

Top-to-Bottom Individual Layers

Mass yes yes
Heat” no below surface®
Salinityb yes yes
Silica® yes no
NO (9.1 NOs3 + 0O,) no no
PO (170 PO, + 0,)>® no below surface®

*From Ganachaud et al. [2000]. Lateral and dianeutral transports
included.

®Anomaly formulation for heat, salinity, and “PO”.

“Outcropping layers (or layers within 50 dbars of the surface) are
nonconservative because of heat and oxygen exchanges with the
atmosphere.

9The anomaly formulation was not used for silica for technical reasons
[Ganachaud, 1999, p 24].

‘From Anderson and Sarmiento [1994]; an experiment with a lower ratio
of 140 [Redfield et al., 1963] showed little change to the circulation.

[11] The flow was not explicitly constrained to force the
net layer fluxes to be advected away from their supposed
sources, although water mass distributions guided the
choice of the “first guess” circulation. Away from the core
of boundary currents, the mean mass flux direction does not
always coincide with the direction implied by the mean
property tongues, and given the existence of an eddy field
and its potential effects on property distributions, the only
reasonable constraints appeared to be enforcement of near-
conservation of properties on the large scale. The uncer-
tainty due to the arbitrary choice of a reference surface (or
“first guess” circulation) is included by choosing the
appropriate a priori size (or “range of adjustment™) of the
reference velocities. The solution is examined in each
ocean, starting with the Atlantic.

3. Atlantic Ocean

[12] Qualitative pictures of the North Atlantic circulation
and its connection with other basins have emerged from
water mass analysis and current meter measurements by
[Reid, 1994, 1996]. Elements of this large-scale circulation
have been estimated more quantitatively with the help of
inverse box models (Wunsch [1978], western North Atlantic;
Wunsch and Grant [1982], whole North Atlantic; Hall and
Bryden [1982], 24N; and Roemmich and Wunsch [1985] and
Rintoul and Wunsch [1991], subtropical North Atlantic). In
the South Atlantic, the circulation was estimated by Fu
[1986] and Lux and Mercier [2001], equatorial region and
by Holfort and Siedler [2001] and Saunders and King
[1995], 45°S. The most comprehensive circulation picture
probably comes from the global model of Macdonald [1998]
and the circulation of Talley [2003], who manually adjusted
Reid’s circulation for mass conservation.

[13] The published estimates of meridional overturning
circulation consist of 13 to 27 Sv northward flow of
thermocline water coming from the South Atlantic that
eventually sinks at high latitudes to form the southward
flowing North Atlantic Deep Water (NADW) (for a review,
see Talley [2003]). The NADW flows to the south, mainly
in the Deep Western Boundary Current (DWBC) whose
transport increases owing to the contribution of Atlantic
Antarctic Intermediate Water (AAIW) from above and
Antarctic Bottom Water (AABW) from below. The net
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NADW export (including the returning AABW) to the
Southern Ocean is approximately 20 Sv according to most
authors. The AABW is formed in the Weddell Sea and
around the continental shelf of Antarctica and flows north in
the Atlantic at a rate of about 8 Sv at 30°S, according to
current meter measurements [Hogg et al., 1999; Holfort and
Siedler, 2001]. Part of this flow is entrained into southward
flowing NADW within the Brazil Basin; about 2 Sv enters
the Guyana Basin [Hall, 1997] and 1.2 Sv enters the Eastern
Atlantic through the Romanche Fracture Zone [Mercier and
Speer, 1998].

3.1. Atlantic Setup

[14] At the low-latitude sections 7.5°N and 4.5°S
(Figure 2), the temperature and salinity were horizontally
filtered in the upper 1000 dbars to decrease the noise in a
geostrophic calculation that was enhanced by the small
station spacing [Ganachaud, 1999]. The part of the North
Brazil Current that flows on the continental shelf is added
to the transports at 7.5°N with 5 Sv northward [Johns et
al., 1998] for mass and 5 Sv times the average tracer
concentration in the upper 100 dbars of the western-most
7.5°N station [see also Lux, 1997]. A super Tropical
Atlantic box was defined between 24°N and 19°S to keep
the coupling between the flow north and south of the
Equator that is otherwise lost because of the large uncer-
tainties in the equatorial region. Neutral surfaces defining
the layers were chosen following previously published
works to render comparison easier (Appendix A).

[15] In the original model configuration, the circulation
did not conserve mass properly in deep layers and produced
systematic negative diffusivities. Because variability in
nutrient and oxygen transport is far less quantifiable than
variability in mass transports, PO conservation constraints
were given lower weights than the original ones in boxes
Rio, Tristan da Cunha, and superbox 24°N-19°S so that
mass would be properly conserved. The net mass transport
across all Atlantic sections was constrained based on the
Bering Strait volume and salt transports of Coachman and
Aagaard [1988] (—0.8 + 0.6 Sv and 26.7 x 10° kg s,
respectively). The weight on those constraints also depends
on the a priori error budget of Table 2. The Florida Strait
transport was constrained to 31 + 1 Sv [Schott et al., 1988];
the AABW northward flow at 7 = 2 Sv with 4 £ 0.4 Sv in
the Vema Channel [Hogg et al., 1982] and 2.9 £ 1 Sv in the
Hunter Channel [Zenk et al., 1999] (at 30°S). Farther North,
the AABW transport was constrained at 5.5 £ 2 Sv in the

Table 2. A Priori Uncertainty in the Mass Conservation Equation
for a Single Section®

Variability of

Total Flux Individual Layers
Latitudes, Measurement 0-1000 1000-2000 2000 dbar
°S Noise® Variability  dbar dbar to Bottom
30 3 6 2 1 0.5
20 5 7 3 2 1
10 10 10 7 3 2
5 20 20 13 7 3

*From Ganachaud et al. [2000]. The results from the North Atlantic part
of the GCM are extrapolated at latitudes less than 20°(S and to the Indian
Ocean regions. Values are in sverdrups and represent root mean square
quantities.

"Measurement noise comes from internal wave activity.
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Figure 2. Atlantic Ocean sections and topography. The
4000 m isobath is contoured, and areas shallower than
3000 m are shaded. The light rectangles indicate the box
labels. The WOCE sections are A2 (Gauss 226, July 1993)
[Koltermann et al., 1999]; AS (July 1992) [Parilla et al.,
1994]; A6 (Feb. 1993) [Arhan et al., 1998] and A7 (Jan.
1993) [Oudot et al., 1998]; A8 (March 1994), A9 (Feb.
1991), and A10 (Dec 1993) [Siedler et al., 1996]; and A1l
(Dec. 1993) [Saunders and King, 1995]. At 26°N in the
Florida Strait (a continuation of section AS) the 1992 data
did not contain nutrients, so that CTD and nutrient data
from the 1981 AT109 section of Roemmich and Wunsch
[1985] were used. The section at 36°N (dashed line) was not
used because of biases in the nutrient and oxygen data that
were available to me.

western part of the basin at 11°S [McCartney and Curry,
1993]; at 3 + 6 Sv at 4.5°S and at 2 + 4 Sv at 7.5°N in the
western basin [Hall et al., 1997]. There too, the prior
uncertainties derive from our error budget. The AABW
transport through the Romanche and Chain Fracture zones
was constrained at 1.4 & 3.6 Sv [Mercier and Speer, 1998]
(the constraint was applied to the zonal transfers between
the deep layers of the Equatorial box).

[16] The DWBC was weakly constrained at 20 + 10 Sv at
7.5°N, according the SOFAR float measurements of
[Richardson and Schmitz, 1993] (between 900 and 2800
dbars and within 700 km of the coast); at 19°S at —15 =7
Sv (1200—-2000 dbars); at —11 = 4 Sv (2000—2800 dbars);
and at —13 + 6 Sv (2800—-3600 dbars) according to Weath-
erly et al. [2000]. Reference surfaces are taken from
previous works and current meter arrays (Table 3). Inte-
grated mass transports after inversion were insensitive to
this choice when compared to the choice of y" = 28.11 as a
reference surface. The circulation could accommodate all
Atlantic constraints within one standard deviation of the a
priori noise range, except for the DWBC transport across
19°S between 2800 and 3000 dbars and the Romanche

GANACHAUD: WOCE OCEAN TRANSPORTS AND DIFFUSIVITIES

Fracture Zone transports. The estimated DWBC transport at
19°S is weaker than by Weatherly et al. [2000], probably
because of the effect of variability and the limited duration
of the measurements. Nevertheless, the values agree within
2 standard deviations. Residual mass imbalances within
layers are of O(1 Sv) above 1000 dbars, and very small
deeper except for the South Atlantic boxes (19°—45°S) that
had higher noise down to 2000 dbars, possibly because of
enhanced time variability there. Nevertheless, nowhere are
the mass residuals significantly different from zero. The
adjustments in the net surface layer transports are smaller
than 32% of the initial value (Appendix C, those include
any non-geostrophic adjustments, for example, a correction
for time variability in the upper layer).

3.2. Atlantic Circulation

[17] From the zonally integrated stream functions (Figure
3), transports in consecutive layers showing the same flow
direction are summed (Table 4) to evaluate the main water
mass transports. The resulting NADW flow transports 16 +
2 Sv to the south at 48°N; it aggregates returning AABW
and AAIW on its way to the South, for a total transport of
—23 £ 3 Sv at 30°S. This result is generally consistent with
previous studies, for example, —14 Sv at 48°N; —18 Sv at
24°N [Wunsch and Grant, 1982]; 25 Sv at 24°N [Talley,
1999, 2003]; 24°N, —20 + 5 Sv Roemmich and Wunsch,
1985]; South Atlantic, —20 Sv [Fu, 1986]; —14 Sv between
v" =27.5 and v" = 28.11 at 11°S versus —20 = 4 Sv here
[Speer et al., 1996]; 30°S, —23 Sv [Holfort and Siedler,
2001]; and 45°S, —22 Sv [Saunders and King, 1995]. The
high NADW transport at 24°N of Talley [2002] is associated
with a 7-Sv northward flow of AABW, which is not
reproduced in other estimates. Transports are also consistent
with Macdonald [1998] almost everywhere, except at 48°N
and 11°S where Macdonald [1998] obtained larger NADW
transports of respectively —26 Sv and —28 £ 1 Sv. The
reason for the difference is unclear-possibly time variability
[Koltermann et al., 1999] or a problem with the bottom
triangle treatment of Macdonald, who used a constant shear
below last common depth where we use horizontal extrapola-
tion (Ganachaud [2003] found a bias of 30 Sv using
Macdonald’s method at 48°N). At 4.5°S, our NADW trans-
port is the largest (29 + 4 Sv). From this same section, Lux
and Mercier [2001] obtained a similar flow associated with

Table 3. Reference Surfaces in the Atlantic Ocean

Reference
Section Surface Remark
A2 bottom (LCD)* match to Clarke et al. [1998]
in the DWBC
FI. Strait bottom (LCD) 25420 cm s~ initial
Schott et al. [1988, Figure 2]
AS v"' = 28.1295; NADW/AABW
0~ 1.90°
A6 pair-specific Lux and Mercier [2001]
A7 pair-specific
A8 pair-specific Speer et al. [1996]
A9 pair-specific Weatherly et al. [2000]
A10 v'=28.11; NADW/AABW
0 ~ 1.90°
All v =28.11; NADW/AABW - Saunders
0 ~ 1.40°-1.8° and King [1995]

“Last common depth of station pairs.
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Figure 3. Atlantic Ocean standard circulation. Mass transport across each section is shown, integrated
from the bottom (the overturning stream function). The shaded area corresponds to the uncertainty (one
standard deviation). The net transport is indicated below each graph; the layer interfaces are indicated on
the right of each graph, while depth is an approximate cumulative average pressure. (b) The total
transport across 24°N and (c) the transport in the Florida strait alone. Note the different scales on Figure
3c. The net fluxes (numbers below the plots) are indistinguishable from the Bering Strait outflow but are
more uncertain because of the baroclinic variability in the upper layers.

large dianeutral transfers between 7.5°N and 4.5°S that
accounted for the difference in the overturning structure
between the two latitudes. (Noise in the geostrophic trans-
ports is largest at those latitudes [Ganachaud, 2003]).
Within the present error bars, the estimated transports in
the North Atlantic are consistent with the Schmitz and
McCartney [1993, Figure 13] circulation schematic. Com-
parison is made difficult as Schmitz and McCartney [1993]
gave no uncertainties. A northward transport of 6 = 1.3 Sv
of Antarctic Bottom Waters is found to enter the Atlantic at
30°S west of the Mid Atlantic Ridge, progressively decreas-

ing to 1 =1 Sv at 24°N and 0 Sv at 48°N. In the South
Atlantic, the AABW flow is consistent with that suggested
by Hogg [1999]. However, this circulation conflicts with the
description of Reid [1994] or Talley [2002], of a large
production of NADW (29 Sv flowing south at 60°N) that
decreases as it flows south.

[18] Net intermediate and surface flows (Table 4, third
column, adding Ekman transports) are northward in the
range 14—20 Sv outside the equatorial box, becoming
consistent with Macdonald [1998, Tables 12 and 14],
Schmitz and McCartney [1993], and Schmitz [1996]. Their
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Table 4. Atlantic Water Mass Transports®

Latitude AABW NADW Intermediate + Thermocline®
48°N (A2) 0 —16£2 19+2
24°N (A5) 1+1 —185+2 14+£2
75°N (A6)  3.6+12 —18+3 1+4
4.5°S (A7) 34+12 —-29+4 42 +7
11°S (A8) 31+15 23 +4 28 +4
19°S (A9) 3.4+ 1.1 —23+3 26 +3
30°S (A10) 6+1.3 —23+3 18+3
45°S (A11) 542 —18+4 8+3

*Transports (in sverdrups) are summed over consecutive layers of same
integrated flow direction (see Figure 3), which does not correspond exactly
to the approximate water mass definitions of Tables 8 and 9.

Ekman transport is not included.

vertical structure (Figure 3) indicates a balanced partition
between AAIW and surface flow, contrary to the suggestion
of de las Heras and Schlitzer [1999], of intermediate water
flow dominating.

[19] The horizontal structure is presented in the global
summary section (Figures 16a—16¢) for three global density
classes. In the upper layers, large transport variations render
arbitrary the definition of boundary currents in many places
(Figure 16a). The boundary current transports were deter-
mined from stations with common flow direction on the
lateral boundaries (Table 5). In the South Atlantic, the
present boundary current estimates are in general agreement
with estimates from the literature that are based on the same
section or on modern current meter arrays, apart from the
ambiguity in definition. In the North Atlantic, substantial
differences are found, and may be simply due to changes in
the circulation. Our boundary current transport uncertainties
are underestimated because of unaccounted for baroclinic
variability on small scales.

3.3. Dianeutral Transfers and Diffusivity

[20] Inbottom layers, upwelling occurs almost everywhere
(Figure 4). At deep levels, upwelling dominates in the
Equatorial and south subtropical boxes, totaling 5—7 Sv,
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depending upon depth. At intermediate levels (1000—1500
dbars), upwelling is found mainly in the Tristan da Cunha
(45°-30°S, Figure 4f) box with downwelling found in the
Equatorial box, consistent with the NADW southward
increase. Macdonald [1998] found similar deep upwelling
and intermediate downwelling near the equator.

[21] In the North Atlantic and Tristan da Cunha boxes
there is downwelling of thermocline waters (—13 £+ 3 and
—5 + 2 Sy, respectively), and upwelling in most other
boxes. The geostrophic transports in the upper layer com-
bined with horizontal advection across outcropping isopyc-
nals are therefore strong enough to cancel and reverse the
convergence of Ekman transports. There is no direct link
with the Sverdrup transport though, as our budget includes
boundary currents.

[22] Dianeutral diffusivities in the deep layers are mostly
positive and systematic over consecutive layers, in the range
0-50 cm?s™ ' (Figure 4 (bottom)). The highest diffusivities
(50 + 50 cm?s™ ") are found in the bottom layers where the
area of the layer interfaces are small-and subject to uncer-
tainties in their calculation from Levitus et al. [1994] and
Levitus and Boyer [1994]. In the North Tropical, Equatorial,
and Rio boxes, diffusivities are significant and in the range
5-20 cm®s~'. The average diffusivity in the Rio box is of
4.6+3 cm?s~ !, which is similar to the 1 -5 cm?s ! calculated
by Hogg and Owens [1999]. In the Equatorial and Rio boxes,
highest diffusivities are found approximately at the depth of
the crest of the Mid-Atlantic Ridge, over which the sharp
topography is known to induce enhanced mixing at values
reaching 10 cm?s ™' [Polzin et al., 1997; Ledwell et al., 2000].
The average diffusivity in the Tropical Atlantic superbox
between 24°N and 19°S (see above) below 1000 dbars is 7 +
2 em’s™ !(Figure 5), in agreement with Morris et al. [2001],
who estimated a Brazil basin average at | -5 cm”s™" based on
a parameterization of bottom roughness. There is no evidence
for enhanced dianeutral mixing above 1000 dbars in the
Atlantic Ocean; estimates are within the range allowed by the
uncertainties-less than 1-2 cm”s ™', also in qualitative agree-

Table 5. Boundary Currents Estimated From Selected Station Pairs®

Latitude Location Above " Name Estimates, Sv
48°N 50°-43°W 27.82 North Atlantic Drift 47 +£2
+ recirculations 28 [Macdonald, 1998]
37 [Schmitz and McCartney, 1993]
24°N Bahamas-72°W 27.82 upper Antilles Current 27+3
12 [Macdonald, 1998]
12 [SMC93]
6°N western end 27.82 North Brazil Current 10°
4.5°S west of 34°W 27.82 North Brazil Current 44 +7
11°S west of 34.7°W 27.5 North Brazil Current 18 +4
40 [Macdonald, 1998]
25 [Speer et al., 1996]
19°S west of 36.9°W 27.5 Brazil Current —15+3
(at 23°S) —13 + 1 [Macdonald, 1998]
30°S west of 40°W 27.5 Brazil Current —14+4
—16 [Muller et al., 1998]
—22 [Zemba, 1991]
30°S east of 11.8°E 27.5 Benguela Current 14+2
16 [Garzoli et al., 1996]
(At 27°S) 23 + 10 [Macdonald, 1998]
45°S west of 58.4°W bottom Falkland Current 30 £ 10

40 [Saunders and King, 1995]

Uncertainties are underestimated as they do not include temporal variability on small scales.
Transport at 6°N changes substantially from one station to the next.
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Figure 4. Atlantic Ocean dianeutral transfers. (top) Dianeutral mass transfers (thin line, with the shaded
area denoting the one standard deviation uncertainty, and scale given by the lower axis) and
corresponding dianeutral velocities (thick line, scale given by the upper axis in units of 10 °m s ").
(bottom) Dianeutral diffusivities. Depth (cumulative average pressure) is given in dbar.
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ment with tracer release experiments that show little mixing
near the thermocline [Ledwell et al., 1998]. Basin-averaged
diffusivities and dianeutral velocities are discussed in the
Summary section.

4. Indian Ocean

[23] The Indian Ocean has a circulation distinct from that
of the Pacific or Atlantic ocean because of its strong
monsoonal variability (for a review, see Schott and
McCreary [2001]); its southward average Ekman transport
on both sides of the equator; its low-latitude northern
boundary; and the net influx of warm water from the
Indonesian Throughflow (ITF) (Figure 6). The regional setup
and description of our Indian Ocean circulation is given by
Ganachaud et al. [2000], and we only summarize the main
features. Note that the large variability from monsoonal shifts
reflects a balance between changes in surface Ekman trans-
ports and barotropic return flows [Lee and Marotzke, 1998]
so that hydrographic measurements are little biased with
respect to mean, except near the Somali Current.

[24] At all three latitudes (32°, 20°, and 8°S) we find a
deep inflow of 11 = 4 Sv (Figure 7), similar to that of
Robbins and Toole [1997] (at 32°S) but with different the
zonal and vertical partitions. The weaker deep inflow that is
obtained in general circulation models [Zhang and Mar-
otzke, 1999] is barely compatible, within an uncertainty of
two standard deviations, with these results.

[25] The average ITF is estimated here at 15 £ 5 Sv
westward (Figures 7a and 7f), in agreement with recent
current meter measurements in the Makassar Strait of 12.5
Sv for a null ENSO index [Gordon et al., 1999] and with the
wide range of hydrographic instantaneous estimates (20 Sv
westward to 1 Sv eastward) [Sprintall et al., 2002]. How-
ever, our estimate is largely dictated by the use of the 1989
JADE cruise, as the adjustments to the thermal wind field
are limited by the null flow constraint below sill depth (the
1992 JADE cruise was not used because it contained no
nutrient data).

[26] In the Mozambique Channel, there is a southward
transport of the same magnitude as the ITF, similar to the
Southwest Indian estimate of Donohue and Toole [2003].
DiMarco et al. [2002] reviewed all existing measurements
and model results there and estimated a flow between 6 and
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29 Sv southward depending on the section, while DeRuijter
et al. [2002] found that a train of eddies was transporting an
average total of 15 Sv in the channel. Such flow implies a
weak or null net flow between Madagascar and Australia
(Figures 7d and 7e). At 32°S, the Agulhas Current carries
74 + 7 Sv to the south, consistently with the previous
estimate of Beal and Bryden [1997] (69 + 2 Sv). No obvious
horizontal recirculation is observed; the gyre northward
wind-driven flow occurs over the whole interior. Under-
neath, we estimate a northward Agulhas Undercurrent [Beal
and Bryden, 1997] of 13 £ 5 Sv against the continental
slope, with an immediate southward recirculation to its east
for an insignificant net transport between the coast of Africa
and 35°E in that depth range.

[27] Downwelling is found at the base of the surface
layers of the subtropical and North Indian boxes (Figure 8
(top)). Most of the deep upwelling appears to take place in
the North Indian box, with about 10 + 5 Sv. This deep
upwelling is returned primarily in the 800—1500 dbars
depth range, rather than near-surface. The corresponding
“bulk” upwelling velocity ranges from 1 to 3 x 107> cms ™!
and is associated with bulk dianeutral diffusivities of 4 to
10 cm? s~ ' with larger values in the deepest layer at
30 cm?®s~'. In this box, down-gradient mixing is found
consistently over all the deep interfaces, with an average
diffusivity at interfaces below layer v = 27.36 and above
28.11 of 8.6 + 4 cm? s~ '. Large diffusivities were found in
that region (3.5 cm?s™ ") [Johnson et al., 1998], possibly
because of the rough North Indian Ocean topography.

5. Pacific Ocean

[28] In the South Pacific, previous regional estimates of
the deep water northward flow range 11 to 20 Sv, the main
ones being from Warren [1973] (DWBC from the Scorpio
sections of Stommel et al. [1973]); Wunsch et al. [1983]
(12 Sv, same data); Tsimplis et al. [1998] (12 Sv from the
WOCE data); Wijffels et al. [2001] (16 to 20 Sv from
WOCE including floats); Roemmich et al. [1996] (11 to
14 Sv from current meter and hydrographic measurements
at 10°S); Whitworth et al. [1999] (15 Sv from current meter
measurements in the western Southwest Pacific basin at
32°S with a £10 Sv variability); and a review by Talley and
Roemmich [1991]. The global model of Macdonald [1998]
yielded a more moderate bottom water inflow of 8 + 5 Sv at
43°S from the older Scorpio data.

[29] In the North the estimated deep inflow at 10°N ranges
from 9.6 Sv [Johnson and Toole, 1993] to 8 Sv [Wijffels et
al., 1996]. North of 24°N, Roemmich and McCallister
[1989] (hereinafter referred to as RMC89) used an inverse
model combining zonal and meridional sections to estimate
a 10 Sv deep inflow at 24°N and 0.7 Sv to the north across
48°N. In this same region, the Macdonald [1998] model also
suggested a weaker bottom water flux of 5 + 3 Sy at 24°N,
although it could be consistently constrained at a 10 Sv flow.
As will be seen in our inverse model, a significant northward
bottom water flow at 24°N is incompatible with conserva-
tion of heat and salt in the North Pacific.

5.1. Pacific Ocean Setup

[30] A gap of a few stations in the phosphate data set in
P6 (32°S) was filled with a local nitrate-phosphate Red-



GANACHAUD: WOCE OCEAN TRANSPORTS AND DIFFUSIVITIES 6-9

30° 40° 50° 60° 70° 80" 90° 100° 110° 120°

20° 20°
10° 10°
y el ) 7 “t
Basin & : g \\
¥ ¢ / 12 Central : ]
-10° K - £ Indian D S -10°
: Basip 20

% | Tropical
¥ 13
L, e g ;
N

Sl ; ‘ ¥ -40°
30° 40° 50° 60° 70° 80° 90° 100° 110° 120°

Figure 6. Indian Ocean sections and topography. The data set is made of the WOCE sections 12 (Dec.
1995 to Jan. 1996 [e.g., Johnson et al., 1998]); 13 (April—June 1995); 14 (June 1995); 110 (Nov.—Dec.
1995 [Bray et al., 1997]); the pre-WOCE section I5 (Nov. 1987 [Toole and Warren, 1993; Robbins and
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1994; Coatanoan et al., 1999]). (The 1989 JADE data were used instead of the 1992 data because they
included nutrient measurements. However, the 1989 data were combined with a station of the 1992 data
to complete the section. Reproduced from Ganachaud et al. [2000].)
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Figure 8. Standard solution dianeutral mass transfers and diffusivities for the (a) subtropical, (b)
tropical, and (c) north regions in the Indian Ocean. (Same as Figure 4; from Ganachaud et al. [2000].)

field relation. Conservation was required in deep layers of
the Aleutian box (Figure 9) as water properties suggest no
deep water formation in the North Pacific [Warren, 1983],
the deepest winter convection affecting layers above 1000
dbars at 47°N [e.g., Reid, 1965, pp. 50-51]. (CFC
measurements suggest that some bottom water was
formed during the past 40 years in the Bering Sea, but
in very small amounts [Warner and Roden, 1995].) The
net northward flux across 32°S and 17°S was constrained
at the a priori Bering strait+ITF transport, 7.8 £ 10 Sv
[Ganachaud et al., 2000]. At 32°S between 179°W and
168°W the deep water transport was constrained at 16 +
5 Sv northward below y" = 27.95 (6 = 1.75° according to
Whitworth et al. [1999] (hereinafter referred to as
WWNRPM99). The +5 Sv uncertainty is their estimated
variability in the baroclinic transport from repeat sections,
which is half the total variability as measured from the
current meters. Importantly, the authors found that the P6
baroclinic transport was representative of the average of 3
repeat sections. The vertical structure of that transport was
constrained according to WWNRPM99 [see Ganachaud,
1999]. The deep flow through 17°S was constrained at
12 + 4 Sv below y" = 27.95 in the Samoa Passage region
[Roemmich et al., 1996]. (The Roemmich et al. [1996]
estimate is for the total northward transport below 6 =
1.2°C at 10°S, while WWNRPM99 estimated only the
western contribution.) The deep flow was also constrained
according to bathymetry (Appendix B, Table B2). Refer-
ence surfaces were chosen at the top of the northward
flowing Circumpolar Deep Water (Table 6). An experi-
ment with the 17°S reference surface moved to "

27.95 (8 ~ 2°) led to similar integrated mass transports
after inversion.

[31] Almost all constraints were met within their a priori
range. The WWNRPM99 constraint of net flow of 16 = 5
Sv was met as 11 = 3 Sv; however, the vertical partition
suggested by WWNRPM99 could not be reproduced within
one standard deviation of the constraint: the model pro-
duced northward transport higher than the ones prescribed
below 4250 dbars with 10 + 2 Sv and lower just above with
4 £ 1 Sv. Residual layer mass imbalances are smaller than
0.5 Sv and indistinguishable from zero within two standard
deviations.

5.2. Pacific Circulation

[32] Across 32° and 17°S there is a net northward
transport of 16 £ 5 Sv (values below Figures 10a and
10b). The net flow between New Caledonia and Australia
is uncertain and to the south, —8 + 11 Sv (Figure 10c),
implying a 24 + 12 Sv northward transport between New
Caledonia and Peru, similar to the transports of Tsimplis
et al. [1998]. At 32°S in the Tasman Sea, the total
transport between Australia and 170°E is also southward,
with —10 Sv.

[33] In the South Pacific, net northward flow of deep
water is found at approximately 8 Sv (Figures 10a and
10b). At 32°S, most of that flow occurs in the bottom
layer below y” = 28.18 (6 ~ 0.8°) at 8 + 2 Sv, while at
17°S the bulk of the northward flow occurs higher in the
water column, with 7 £+ 1.3 Sv below v" = 28.1 (6 ~ 1.2°).
Dianeutral transfers account for this shift. The DWBC
against the Tonga-Kermadec ridge at 32°S has a strength
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Figure 9. Pacific Ocean sector of the model is made of the pre-WOCE sections P1 (Aug. 1985) and P3
(April-May 1985) and the WOCE sections P21 (April—June 1994) and P6 (May—July 1992). An
attempt to use P4 (10°N, Feb.—May 1989) gave rise to large downward mass transfers at intermediate
levels, probably because of the baroclinic variability in the Mindanao Current (S. Wijffels, personal
communication, 1998), which made the section incompatible with the rest of the circulation. It was thus
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of 17 £ 3 Sv below v" = 27.95 (6 ~ 1.9°). With no PO
conservation constraint, the deep inflow is of 15 + 3 Sv
and associated with larger mass imbalances at intermediate
and deep levels in the tropical Pacific. This solution is
physically acceptable as well. It hardly overlaps with the
standard one, suggesting that the a priori weights on some
of the constraints may be too high. For instance, there is a
trade-off between the WWNRPM99 constraint, the PO
constraint, and residual mass imbalances in the tropical
Pacific. While the 22 months time series of WWNRPM99
may be too short to estimate a mean flow, the weight on
the PO constraints were chosen somehow arbitrarily
[Ganachaud et al., 2000, Appendix A]. The solution of
low overturning was retained because of the smaller mass
residuals.

[34] In the North Pacific at 24°N (Figure 10d) the deep
inflow is indistinguishable from zero in the bottom layers
below v" = 28.09 (6 ~ 1.15°). Still, there is a substantial
amount of northward flowing deep water ventilating the
basin (Figure 16c¢) but this same amount returns south in
the same density range. Most published estimates are in the
range of 10—13 Sv from regional analyses and of 5 to 8 Sv
from the global [Macdonald, 1998] model. The flow of
Talley [2003] suggests 3 Sv Circumpolar Deep Water

(CDW) (CDW = NADW + AABW mixture) going North
and 6 Sv PDW going south just above. The RMC8&9
circulation (10 Sv inflow) conserved mass only top-to-
bottom: no conservation statements were applied in indi-
vidual layers. (They used the same 24° and 47°N sections as
ours combined with one at 36°N and several meridional
sections.) This inflow requires 60 cm’s~ ' diapycnal diffu-
sivities to the north-a large value for the North Pacific where

Table 6. Reference Surfaces in the Pacific Ocean

Section Reference vy"(0) Remark
P6 28.10(1.1) LA
P21 28.10(1.3) b
P3 27.95(1.6) 2000 dbars [RMC89]
Pl 28.09(1.1) 4000 dbars [RMC89]

#At 32°S, near the deep western boundary current against the slope of the
Kermadec ridge, the current meter results of WWNRPM99 showed that the
limit of the northward flowing waters did not coincide with any water mass
boundary as classically used as reference surfaces The initial velocity field
was thus adjusted to match their 2-year mean absolute velocity.

At 17°S against the Tonga Ridge, the reference surface was moved just
above the high shear region of the deep western boundary current Away
from the boundary currents, the reference was taken at 6 = 1.1° or 1.3°
[Banks et al., 1995; Tsimplis et al., 1998].
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Figure 10. Pacific Ocean standard circulation. (Same as Figure 3.) (b) The total transport across 17°S
and (c) the transport between New Caledonia and Australia only (P21W).

topography is smooth [see, e.g., Morris et al., 2001]. In our
case, the deep inflow is determined by salt anomaly con-
servation in the North Pacific deep layers. An experiment
without salt conservation produced a 5 Sv deep inflow with
strong upwelling (w* ~ 4 x 107> cm s, see section 7 for
w* values) and vertical mixing (60 cm?s™') at 4000 dbars
between 24° and 47°N. A deep reference surface choice
(y" = 28.11, the upper limit of the deep inflow of RMC89)
did not cause substantial changes; neither did a 10 + 5 Sv
constraint on the deep inflow. The RMC89 circulation in the
North Pacific could be reproduced by suppressing conser-
vation in individual layers. The Macdonald [1998] circu-
lation (an inflow of 5 = 3 Sv at 24°N) imposed no heat
conservation and a lower weight on salt conservation
because the anomaly formulation was not used. It is not
clear whether our low inflow is an actual feature or whether
it is model-dependent, for instance, because of our limited
representation of vertical exchanges.

[35] Just above the northward flowing bottom waters, the
deep flow (2000—4000 dbars) is directed southward in the
South Pacific. Most of it occurs between 170°W and 140°W
at 32°S (Figure 16b), greatly contrasting with the specula-
tive interior circulation that WWNRPM99 inferred from a
[Stommel and Arons, 1960] schematic combined with the
current meter measurements. The northward bottom inflow
topped by southward mid-depth return flow is similar to that
of Wunsch et al. [1983], Macdonald [1998], and Wijffels et
al. [2001]. The bulk of the bottom water flow occurs below
v"' = 28.19 (04 = 45.96, about 4500 m on average, 4100 m
in the DWBC and 5400 m at 150°E) by Wunsch et al.

[1983] (note that the pressure scale is distorted), as well as
here. Macdonald [1998] and Wijffels et al. [2001] would
suggest that the northward net inflow occurs monotonically
from the bottom all the way up to 4200 m. (Comparison is
uncertain because of the different coordinate systems.) At
17°S, our estimated bottom inflow occurs in density layers
up to y" = 28.1 (3800 dbars).

[36] At 30°S, examining the upper layers, the East Aus-
tralian Current (EAC) closes the subtropical gyre with a
strength of 36 £ 10 Sv southward (Figure 16a Australia to
154.5°E; surface to y" = 27.95), similar to Macdonald
[1998, p. 348] and Chiswell et al. [1997]. At 25°S, the
estimated EAC strength is somewhat smaller at 25 + 6 Sy
southward (Australia to 155°E). Both estimates are consis-
tent with those of Tsimplis et al. [1998]. At both latitudes,
an immediate recirculation returns about 80% of the EAC to
the north within 500 km of the current. The Peru-Chile
Current on the eastern side of P6 carries 8.5 + 4 Sv to the
north at 30°S (surface to v" = 27.95; 75°W to Peru). At
16°S (P21E), the flow is to the south against the coast (—8 +
2 Sv), with a 22 + 2 Sv northward jet offshore and eddy-like
motion farther west.

[37] In the North Pacific, the subtropical gyre at 24°N is
closed by the Kuroshio (Figure 16a, 68 + 7 Sv to the north
between the surface and y" = 27.95 and from the western
boundary to 130°E), similar to Macdonald [1998] or Wor-
thington and Kawai [1972, p. 373] (60 Sv). About 2/3 of
this flow is returned south between 132° and 134°E and 1/3
over the rest of the basin. The Kuroshio transport in the East
China Sea alone is 28 £+ 6 Sv, similar to that of Macdonald
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