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Mass, heat, and salt transport in the southeastern Pacific: A
Circumpolar Current inverse model
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Abstract. A box inverse model for the southeastern Pacific is used to combine hydrographic
measurements with synoptic information from floats, acoustic Doppler surface velocity
measurements, altimeter-derived surface geostrophic velocities, and wind measurements.
The southeastern Pacific is marked by substantial changes in eddy kinetic energy along the
path of the Antarctic Circumpolar Current (ACC), associated with the Eltanin and Udintsev
Fracture Zones in the East Pacific Rise. The results of the inverse model show that the
heat and salt carried by the ACC are essentially unchanged as the current passes through
regions of high eddy variability. Thus, within the error bars of the available measurements
the ACC appears not to exchange significant water properties with its surroundings in
the southeastern Pacific Ocean. (The system is geographically variable, and elsewhere in
the Southern Ocean, meridional exchanges may be substantial.) Meridional flow through
the north side of the inverse model domain is consistent with an overturning circulation
that carries surface intermediate water northward and returns deep water southward into

the ACC. Diapycnal fluxes identified in the inverse solution indicate that water mass
transformation occurs predominantly in the outcropping upper layers of the ocean.

1. Introduction

The Antarctic Circumpolar Current (ACC) is the oceanic
link between the Atlantic, Indian, and Pacific Oceans. Esti-
mated to have an eastward transport of 130+15x 106 m3 s—!
[Whitworth et al., 1982], the ACC is large enough to influ-
ence global mass and heat budgets. Its influence on climate
processes depends both on air-sea fluxes and on the merid-
ional exchange processes that link the circumpolar flow with
the subtropical ocean circulation in each of the three basins
and with the Antarctic continental margins.

Studies based on atmospheric and oceanic observations
indicate that the global ocean carries 1 to 2 PW south-
ward into the Southern Ocean at 40°S [Talley, 1984; Hsi-
ung, 1985] and between 0.3 and 0.7 PW southward across
the ACC [Gordon and Owens, 1987; Keffer and Holloway,
1988]. Basin-scale analyses of the Southern Ocean heat bud-
get suggest that this southward meridional heat transport is
concentrated in the Indian Ocean [Georgi and Toole, 1982;
Macdonald and Wunsch, 1996; Sloyan, 1997]. Georgi and
Toole [1982] estimated the meridional heat exchange be-
tween the three oceans and the ACC by examining hydro-
graphic sections across each of the three choke points of the
Circumpolar Current. They observed that the mean tem-
perature of water transported across each of the three sec-
tions was coldest south of Africa and warmest south of New
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Zealand, implying that the ACC warmed in the Indian sector
and cooled in the Pacific and Atlantic sectors of the South-
ern Ocean. Macdonald and Wunsch [1996] obtained similar
results in a global inverse model as did Sloyan [1997] for a
Southern Ocean inverse model: heat transport across merid-
ional lines transecting the Southern Ocean was lowest south
of Africa and highest south of Australia. Correspondingly,
meridional heat transport estimates implied southward heat
flow in the Indian Ocean and northward heat transport in the
Pacific and Atlantic Oceans.

Past studies were not designed to look at how the heat
transported by the ACC varied over distances smaller than
the basin scale, and they did not analyze the advective
and diffusive processes that account for meridional heat
exchange. Since the Southern Ocean is a region of high
eddy kinetic energy, as indicated in altimeter measurements
[e.g., Sandwell and Zhang, 1989], we might hypothesize
that mesoscale eddies are responsible for mixing heat be-
tween the subtropics and the Circumpolar Current. This
view is supported by earlier work based on hydrographic
data: deSzoeke and Levine [1981] considered a coordinate
system in which there was no time-mean advective heat flux
across the ACC. Therefore they conjectured that eddy pro-
cesses must balance both the heat lost to the atmosphere
south of the ACC (~ 0.3 PW) and the heat advected north-
ward by the surface Ekman transport (~ 0.15 PW).

Keffer and Holloway [1988] suggested that eddy diffusiv-
ity should be proportional to root-mean-squared (rms) sea
surface height (SSH), while Stammer [1998] explored the
possibility that diffusivity is proportional to surface eddy ki-
netic energy (EKE). Along the path of the ACC, rms SSH
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and EKE both vary by a factor of 10 on 1000-km length
scales. These variations imply geographical differences in
the diffusion coefficients and, correspondingly, suggest that
the eddy-induced heat transfer southward across the ACC
might be localized in the regions of highest EKE.

While eddy mixing offers a plausible explanation for the
meridional heat transport into the Southern Ocean, the ACC
itself may act as a barrier to heat exchange. The current is
made up of narrow frontal jets [Orsi et al., 1995] that are dis-
tinguished by outcropping isopycnals. Since mixing in the
ocean is often presumed to occur more rapidly along isopyc-
nals than across isopycnals, these outcropping surfaces may
prevent high meridional heat transport, even when there is
high eddy activity.

This paper examines the mass, heat, and salt transport of
the ACC through five meridional sections in the southeast-
ern Pacific carried out as part of the World Ocean Circula-
tion Experiment (WOCE). The hydrographic data delineate
four boxes (Figure 1) and include regions with large topogra-
phy and with high eddy activity downstream of topography
as well as relatively quiescent midbasin conditions (see Fig-
ure 2), allowing us not only to assess the ACC volume, heat,
and salt transport but also to consider whether moderately
varying levels of eddy activity influence the heat budget.

To determine reference velocities for the hydrographic
data, a box inverse model is developed much like the ones
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described by Rintoul [1991] for the South Atlantic and by
Macdonald and Wunsch [1996] for the global ocean. The
inverse model is constrained not only by hydrographic mea-
surements but also by ancillary measurements carried out as
part of the WOCE program, including shipboard acoustic
Doppler current profiler (ADCP), Autonomous Lagrangian
Circulation Explorer (ALACE) floats, TOPEX satellite al-
timeter measurements, and ERS-1 satellite scatterometer
wind estimates. The results will show that the two primary
jets of the ACC carry about 100 x 10° m® s~ and 1.2 to
1.3 PW. Within the error bars of the inversion, the enormous
changes in eddy kinetic energy in the southeastern Pacific
appear to have only minimal impact on the heat content of
the ACC. The results also indicate that the vertical struc-
ture of the current changes little as it progresses through this
region, with most of the heat transport concentrated in up-
per ocean layers, and that the model supports a small merid-
ional overturning circulation consistent with northward sur-
face flow, deep southward return flow, and upwelling within
the ACC.

Section 2 discusses the measurements and error estimates
that enter the inverse model while the full details of the
inverse model are presented in the appendix. Section 3
presents the results of the inverse model. Section 4 discusses
the resulting heat budget as well as the vertical structure of
the current, meridional overturning, and the diapycnal fluxes
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Figure 1. Station locations used in this study from WOCE P16-P17 (solid circles), P17-P19 (solid
diamonds), S04 (open circles), and P18 (open diamonds). Stations from P17-P19 that are used in the
three-box model F but not in the standard model are shown as shaded diamonds. Bathymetry is contoured
at 1000-m intervals, starting at 500 m depth, and regions shallower than 3500 m are shaded.
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Figure 2. Station midpoints at which hydrographic veloci-
ties are computed, shown as open dots. Solid lines delineate
the boxes used in the inverse model, and the boxes are num-
bered from west to east. The shaded background indicates
the rms eddy velocity (or square root of eddy kinetic energy)
from the TOPEX altimeter in m s~!. The dotted line delin-
eates the southern boundary of the boxes for the three-box
model F, in which boxes 3 and 4 are merged.

obtained from the inverse model. Section 5 summarizes the
findings.

2. Methodology

This study makes use of an eclectic inverse model, com-
bining all available measurements from the southeastern Pa-
cific WOCE cruises to provide a best estimate of ACC trans-
port through this region. The basic techniques of inverse
modeling are discussed in detail by Wunsch [1996], and the
specifics of the method adopted in this study are presented
in the appendix.

2.1. Hydrography

The core of the study is based on hydrographic data
from four WOCE cruises, as shown in Figure 1: P16-
P17 (October—November 1992), P17-P19 (December 1992
to January 1993), S04 (February—March 1992), and P18
(February—March 1994). The nominal station spacing is
about 55 km along WOCE sections. Together these cruises
provide a total of 285 station pairs for the standard inverse
model, defining four boxes, as shown in Figure 2. In order to
minimize the unknown influence of interannual variability, a
reduced three-box inverse model is also considered, using
only data from the P16-P17 and P17-P19 cruises carried out
over a 4-month period in 1992-1993.

Flow is assumed to be in thermal wind balance, with a
wind-driven surface Ekman transport in the shallowest ocean
layer. In each of the four boxes, mass, temperature, and salt
are conserved within error limits, both in the vertically inte-
grated budget and within 18 separate layers.

Layers are defined based on neutral density [Jackett and
McDougall, 1997; Sloyan, 1997] rather than potential den-
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sity, because isopycnals tilt steeply throughout the Southern
Ocean, so that the depth of a layer may vary by 2000 m or
more between the northern and southern ends of the domain.
Thus there is no single appropriate depth to reference poten-
tial density calculations throughout the water column. One
resolution to this problem would be to vary the reference
depth, so that as an isopycnal rises across the ACC, its po-
tential density is computed with respect to a rising series of
reference depths [Reid, 1986; Rintoul, 1991]. Neutral sur-
faces provide a consistent and repeatable way of achieving
the same effect. Neutral density interfaces are spaced from
26.7 to 28.3 kg m~3 at 0.1 kg m~ intervals, as summarized
in Table 1. Based on standard watermass definitions, layer
1 represents subtropical surface waters, layers 210 corre-
spond to intermediate waters such as Antarctic Intermediate
Water and Subantarctic Mode Water, and layers 11-16 typify
deep waters including Circumpolar Deep Water, North At-
lantic Deep Water, and Pacific Deep Water [Sloyan, 1997].
Layers 17 and 18 correspond to bottom water; the mean
salinity of 34.70 and relatively warm mean potential temper-
atures in these southeastern Pacific data are typical of Ross
Sea Bottom Water [Carmack, 1990]. Figures 3 and 4 show
how steeply potential temperature and neutral-density layer
depths rise across the ACC in the westernmost and eastern-
most sections considered in this study.

In the reduced inverse model the boxes do not close tightly
in the south, where the ship tracks extended to the ice edge
and in both models the northern end of the westernmost box
was not extensively sampled. The sparse sampling across the
Pacific—Antarctic Ridge, between 147°W, 58°S and 135°W,
56°S, is also potentially troublesome because the ACC trans-
port is large in this area. The large body of ancillary mea-
surements carried out as part of the WOCE research program
provide supplemental information to help constrain the in-
verse calculations.

2.2. Wind Measurements

Surface Ekman transports were determined from gridded
weekly wind stresses produced by the French satellite data
archiving facility (Centre ERS d’ Archivage et de Traitement,
CERSAT) [Bentamy et al., 1996]. In these fields, ERS scat-
terometer winds have been used to improve European Cen-
tre for Medium Range Weather Forecasts (ECMWF) opera-
tional winds. Shaded vectors in Figure 5 show average wind
stress for the 6 months from September 1992 to February
1993, spanning the period when most of the hydrographic
measurements were taken. These winds are taken to rep-
resent the seasonal mean corresponding to all of the in situ
measurements.

Time-averaged wind data, within £0.6° latitude and within
+1.1° longitude of each hydrographic station midpoint, are
averaged to determine mean cross-track wind stresses. Ek-
man transports are estimated according to

T

fvehg = - H
p

o
where v is the cross-track Ekman-induced ageostrophic ve-
locity, hg is the depth of the Ekman layer, 7% is the along-
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Table 1. Properties on Each of the 18 Neutral Density Levels Used in the Inverse Model.

Layer Neutral Density Mean Depth o, 0, S,
Depth, m Range, m kg m™2 -1000 °C PSU

1 surface to 26.7 178 0-462 o0 =25.6 15.89 35.13
2 26.7 —26.8 253 0-488 oo =26.6 9.26 3449
3 26.8 —26.9 187 0-522 oo =26.7 8.22 34.40
4 26.9 —27.0 254 0-572 oo =26.8 7.70 3442
5 27.0—27.1 384 0-3802 00 =26.8 6.85 34.38
6 27.1—27.2 559 0-972 o1 =31.6 5.83 34.29
7 27.2—273 684 0-1078 oy =31.7 4.79 34.24
8 273—274 781 0-1202 o1 =318 4.09 34.26
9 274 —215 846 0-1346 o1 =319 3.22 34.26
10 27.5—21.6 946 0-1492 o1 =320 2.77 34.32
11 27.6 —27.7 1111 0-1680 o1 =321 2.61 34.41
12 27.7—21.8 1272 0- 1904 01=322 243 34.50
13 27.8—27.9 1529 120 - 2258 o2 =36.8 2.23 34.59
14 27.9 —28.0 1978 132 - 2950 o2 =36.9 1.91 34.67
15 28.0 —28.1 2520 160 — 4630 o3 =413 1.47 34.71
16 28.1 —28.2 3268 354 - 6186 o3 =414 0.93 34.72
17 28.2 —28.3 3489 1310 - 5764 o3 =41.6 0.31 34.70
18 28.3 — bottom 4012 2762 - 5158 o4 =46.1 -0.04 34.70

Mean depth indicates the average depth of water in the neutral density layer. Because isopycnals tilt strongly across
the ACC, the depth range for any given neutral surface can be several thousand meters. Values of 7, 6, and S indicate
mean values of potential density, potential temperature, and salinity, respectively, for water in a given neutral density

category.

track wind stress, and p, is the ocean density. For the pur-
poses of the inverse model, Ekman transport is always as-
sumed to be contained within the uppermost neutral surface
layer at each hydrographic data pair. Solid vectors in Fig-
ure 5 indicate the implied upper ocean velocities due to Ek-
man transport, under the assumption that the Ekman layer is
100 m deep. Since the wind is strongly zonal, the Ekman
transport is primarily northward across zonal lines, and the
Ekman transport contributes little to the mean ACC transport
across the meridional lines.

2.3. ADCP Measurements

As part of the WOCE program, a hull-mounted 153-kHz
ADCEP system provided estimates of near-surface velocities.
Velocity measurements were made in 60 depth bins, centered
at 8-m intervals starting 21 m below the surface. Only ADCP
measurements from the P16-17 and P17-P19 were consid-
ered in this study. For each once-per-second ping, velocities
relative to the transducer were rotated to geographical co-
ordinates using the gyro-compass heading and then vector-
averaged over 5-min ensembles. Compass errors were esti-
mated from simultaneous heading measurements made by an
Ashtech 3DF Global Positioning System (GPS) attitude sen-
sor [King and Cooper, 1993], and velocities were corrected
for these errors during post processing. Gaps in GPS atti-
tude coverage were filled with a gyro-compass model based
on equations 10.36 to 10.39 of Wrigley et al. [1969] (P16—
P17) or linear interpolation (P17-P19). Additional post-
processing used the University of Hawaii CODAS software
package [Firing, 1991] and regridded the data at 10-m inter-
vals. Standard water track calibration methods [Joyce, 1989;

Pollard and Read, 1989] provided a velocity scale factor and
a constant angular offset between transducer and GPS an-
tenna array.

The ADCP measurements were integrated vertically for
depth bins centered between 21 m and 311 m and aver-
aged horizontally between stations. This ADCP upper ocean
transport was then compared with the geostrophic trans-
port from the same depth range derived from conductivity-
temperature-depth (CTD) data and Ekman transport based
on winds. The difference between the ADCP transport and
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Figure 3. Meridional section of potential temperature (solid
lines) and neutral-density layer interfaces (dashed lines) at
150.5°W. Contour intervals are 1°C and 1 kg m~3, respec-
tively. Temperature contour labels are in boxes. Note the
significant change in depth of the neutral-density surfaces
with latitude.
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Figure 4. Meridional section of potential temperature (solid
lines) and neutral-density layer interfaces (dashed lines) at
88°W, as in Figure 3.

55

the geostrophic plus Ekman transport is the transport due to
the unknown reference velocity, and this difference serves as
a constraint in the inverse model. The ADCP velocities show
good agreement with the upper ocean hydrographic veloci-
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ties as indicated in Figure 6, which compares geostrophic
velocities (solid line) with ADCP velocities (shaded region)
along the cruise tracks.

2.4. ALACE Floats

Also included in the WOCE program were Autonomous
Lagrangian Circulation Experiment (ALACE) floats which
were launched roughly every 3° latitude from the hydro-
graphic cruises used in this study and from other WOCE
cruises. ALACE floats are designed to follow the current
at a fixed depth (in this case about 900 m) for a predeter-
mined period of time (here 25 days) before returning to the
ocean surface and communicating their position with an Ar-
gos transmitter. They thus provide a time series of middepth
velocities, averaged over a time period comparable to the
eddy decorrelation scale [Davis, 1998].

Differences between absolute velocities from ALACE and
geostrophic velocities relative to the bottom from hydrogra-
phy serve as additional constraints to the inverse model. This
analysis includes 504 ALACE measurements, as shown in
Figure 7. A total of 4954 pairs of ALACE measurements
and hydrographic stations fell within 400 km of each other.

2.5. Altimetry

The TOPEX/Poseidon satellite began returning data in
mid-September 1992. Measurements of sea surface height
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Figure 5. (Solid vectors) Cross-track Ekman velocities, assuming a 100-m-deep Ekman layer based on
CERSAT wind stress estimates. Each vector represents an average for the 6-month period from September
1992 through February 1993, corresponding to the time period of the P16-P17 and P17-P19 cruises.
(Shaded vectors) Mean wind stress throughout the entire region averaged over the same 6-month period.
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Figure 6. Near-surface velocities, perpendicular to the
cruise track, averaged between 10 and 310 m depth from
hydrography (solid line), and ADCP measurements (shaded
region). The bottom velocities implied by the difference be-
tween ADCP and hydrographic measurements (dotted line)
have a root-mean-squared value of 0.03 m s~1.

variability are available every 10 days along ground tracks
shown in Figure 8. For this study, only measurements from
the TOPEX altimeter are used. High-frequency 10-Hz data
were processed and then filtered in order to retain high
wavenumber features that correspond to eddies in the South-
ern Ocean. All of the standard data corrections were ap-
plied, including the ocean tide, wet and dry tropospheric cor-
rections, ionospheric correction (filtered over 50-km length
scales), solid Earth tides, pole tide, an EM bias correction
at high sea state, and inverse barometer correction. The
time mean was removed from measured sea surface heights
to produce measurements of sea surface height variability.
The rms sea surface slopes were used to generate the surface
eddy kinetic energy map in Figure 2.

On the basis of measured sea surface height variability,
the mean sea surface height across the two primary fronts
of the ACC was reconstructed using the technique outlined
by Gille [1994]. The resulting mean sea surface height in
Figure 8 indicates a total height difference of 1.2 m, roughly
matching the dynamic height relative to 2500 m estimated
from hydrography. Corresponding geostrophic surface ve-
locities provide an inverse model constraint analogous to the
ALACE velocities.

3. Inverse Model Results

The inverse model contained 228 constraints from the hy-
drography, 4954 constraints from ALACE floats, 152 con-
straints from ADCP measurements, and 190 constraints from
altimetric sea surface height estimates, each weighted appro-
priately to account for the predicted measurement errors and
the expected decorrelation between measurements that were
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not collocated in time or space. The model was set up as a
matrix equation and solved using a singular value decompo-
sition [Wunsch, 1996] to provide best estimates for unknown
bottom velocities of 285 hydrographic station pairs as well
as cross-neutral-surface velocities at the 17 interfaces in each
of the four boxes. The results allow estimates of mass, heat,
and salt transports through the sides of the four boxes in Fig-
ure 2.

This section will first present the results from inverse
model A, which includes all the available data, as discussed
in section 2. The sensitivity of these results to variations in
the inverse model will be explored using models B-G.

3.1. Inverse Model A

Best estimates of the mean transport through each side of
the four boxes are depicted in Figure 9, and numerical val-
ues with errors are shown in Table 2. The solution is com-
posed of a linear combination of orthogonal vectors deter-
mined through the singular value decomposition. The chal-
lenge for the user of such a method is to decide how many
singular values are dominated by physically meaningful sig-
nal rather than noise. Here the number of singular values
was adjusted based on the chi-squared criterion discussed in
the appendix. The calculation of formal errors shown in Ta-
bles 2, 4, and 5 is also discussed in the appendix. These error
estimates represent statistical errors associated with the sin-
gular vectors included in the solution reasonably well and
roughly approximate the error associated with the omitted
singular vectors but may underestimate the “true” error in
these solutions.

The resulting bottom velocities, shown in Figure 10, have
an rms value of 8 x 10™* m s~!. Without the addition of
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Figure 7. ALACE float velocity vectors superimposed over
the cruise sampling. ALACE float vectors (in cm s™*, as
indicated by the scale vector) represent time averages of ve-
locities over the 25-day interval that the floats are below the
surface. The vectors are centered at the midpoint of the 25-
day trajectory.
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Figure 8. Mean sea surface height reconstructed from
TOPEX altimeter measurements. Contour interval is 0.2
m, and negative contours (roughly corresponding to the PF)
are dashed. Shaded lines indicate TOPEX ground tracks.
Streamlines are closer together near 140°W, most likely be-
cause the Southern ACC Front (SF) and the subtropical gyre
are near the Subantarctic Front (SAF) and the Polar Front
(PF) over the East Pacific Rise.

these bottom velocities the mass transport in the four boxes
would fail to balance by 41x10°, 58x10°, 11x10°, and
2x10° kg s™1, respectively. The bottom velocities reduce
these imbalances to approach the a priori error of 2x10° kg
s~1. Bottom velocities tend to be largest over ridges, where
the bottom is shallowest, but these high bottom velocities
do not indicate high transport over topography. As the open
vectors in Figure 10 indicate, the largest velocities at 2000 m
depth are in deep ocean regions.

Of the 187 x 10° kg s~ ! and 2.5+ 0.1 PW that enter box 1
from the west, only about 105 x 10° kg s~! and 1.24+0.1 PW
flow directly into box 2. North of box 2, 62 x10° kg s—! and
1.3 PW exit the east side of box 1, apparently as part of the
subtropical gyre circulation centered in the western half of
the South Pacific, as depicted by Reid [1986]. On the eastern
side of the domain, 114 x 10° kg s~! and 1.2 4+ 0.1 PW flow
zonally out of box 4. In contrast, Macdonald and Wunsch
[1996] found slightly larger heat transports: in their inverse
model, 1.7 PW entered the Pacific Ocean south of Australia
and 1.440.1 PW left through Drake Passage. Their elevated
heat transport probably results from their constraint that the
ACC carry 142 + 5 x 108 m® s~1, which is larger than the
zonal transport found in this model. Increasing mass trans-
port automatically increases heat transport.

In addition to examining the total mass, salt, and heat bud-
gets in each box, consider the transport carried by the ACC
itself. For this study the northern and southern limits of the
ACC are defined using a combination of criteria summarized
in Table 3 in order to capture the Subantarctic Front (SAF)
and the Polar Front (PF). This excludes the subtropical wa-
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ters to the north and the circumpolar southern ACC front
(SF) [Orsi et al., 1995], which is not sampled by all of the
sections. The SAF and PF are constrained to have a surface
dynamic height relative to 2500 m between 1.1 and 1.95 m.
On the basis of Orsi et al.’s analysis these fronts and the flow
between them are expected to represent 70-80% of the total
ACC transport.

Figure 11 indicates the locations of the SAF, PF, and SF
based on the criteria developed by Orsi et al. [1995]. Range
1 of Table 4 shows the latitude range and transport of the
SAF and PF selected based on these criteria. Here the lati-
tude limits have been tuned slightly to yield a roughly con-
stant transport through all five sections of about 100x 10° kg
s~1. Range 2 of Table 4 indicates the total transport of the
ACC when the three fronts are included; here, the transport
is lower in sections d and e, where the SF is not fully cap-
tured by the hydrographic sections. The transport-weighted
potential temperatures of the full ACC including the SF,
range from 2.7 to 2.9 £ 0.1°C. These values are consistent
with those of Georgi and Toole [1982], who found that trans-
port weighted 6 dropped from 3.1 & 0.6 to 2.5 & 0.3°C be-
tween New Zealand and Drake Passage and salinity constant
at 34.4 + 0.1 PSU.

Close examination of ranges 1 and 2 in Table 4 suggests
that mass and heat transport vary measurably along the ACC
path through the southeast Pacific. However, the transports
are sensitive to small adjustments in the latitude range of the
current. To evaluate whether mass and heat transport varia-
tions are real, consider the null hypothesis that SAF and PF
mass, heat, and salt transport are constant in all five sections.
The null hypothesis will be violated if eddy activity causes
measurable changes in the ACC. Initial guesses of the lati-
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Figure 9. Best estimates of total transport, heat flux, and
mean salinity transported across the sides of the four boxes
used in the standard model. Mass transport estimates (in 10°
kg s1) are enclosed in arrows to indicate the direction of
flow. Heat flux (in petawatts) is in plain type, and salinities
(in PSU) are in italics.
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Table 2. Inverse Model Results for Each Side of the Four Boxes Identified in Figure 2.

Side n Mass Heat Flux [} S
10° kg s™* PW °C PSU
Box 1
West 52 187 &+ 8 2.53 £0.11 3.5+0.1 34.52 +0.03
South 3 202 -0.07 £ 0.02 09+0.2 34.63 £ 0.06
East (into box 2) 24 -105 + 4 -1.24 & 0.05 3.1+0.1 34.43 £+ 0.02
East (north of box 2) 41 -62+8 -1.27 £ 0.11 534+0.2 34.59 £+ 0.07
North 7 343 0.07 £ 0.04 7.0+£3.0 32.83+0.70
Box2
South 7 8+3 0.01 £0.04 0.54+0.8 34.60 £ 0.22
East 26 -142 + 4 -1.68 + 0.05 3.1+0.1 34.43 +£0.02
North 11 23+ 4 0.37 £0.05 41+£03 34.46 £ 0.10
Box 3
South 13 -131+4 -0.07 £ 0.05 14+£0.6 34.49 £0.18
East 25 1114 -1.23 £ 0.05 29+0.1 34.41 £ 0.02
North 28 2347 -0.42 + 0.09 47+£05 34.39 £ 0.16
Box 4
South 10 1+3 0.01+£0.04 1.8+7.7 3436 £2.39
East 24 -114+ 6 -1.24 £ 0.07 2.8 £0.1 34.42 +0.03
North 13 444 0.02 £ 0.06 1.0+ 1.7 34.65 + 0.57

The value n indicates the number of station pairs defining each side of the boxes. Mass transport, heat flux, and
the effective mean potential temperature and mean salinity of the transported water are indicated along with error
estimates. Positive transports and heat fluxes correspond to mass and heat entering the box. Formal errors provide a
rough estimate of one standard deviation uncertainties in these estimates but cannot account for all of the null space
in the SVD [Wunsch, 1996].
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Figure 10. (Solid arrows) Best estimates of bottom velocities across the sides of the four boxes and
(open arrows) corresponding velocities at 2000 m depth. Shaded regions delineate depths shallower than

3500 m.
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Table 3. Potential Temperature and Salinity Indicators for
the Major ACC Fronts Used in This Study.

Front Indicators
SAF S < 34.20 at Z < 300 m to the south
6 > 4-5°C at 400 m to the north
PF 0 < 2°C along #-min at Z <200 m to the south

# > 2.2°C along §-max at Z >400 m to the north
SF 0 < 0°C along #-min at Z <150 m to the south
S > 34.73 along S-max at Z > 800 m to the north

From Orsi et al. [1995].

tude limits defining the SAF and PF in the five sections are
tuned by minimizing the objective function:

S 25: l(Mi —M)2 N (hi - h) N (si —gﬂ
i1 oM Oh Os
@

where M is mass transport, h is heat transport, s is salt trans-
port, overbars represent means over the five sections, and o
is the mean statistical error for each of these quantities. The
sizes of M;, h;, and s; are adjusted by varying the latitudes
of the northern and southern limits of the SAF plus PF.

Figure 12 depicts the transport carried by the SAF and PF,
defined by minimizing J, and range 3 of Table 4 provides
detailed transport information with errors. The large-scale
trend through the study region shows little change in the heat
or salt transport of the ACC through the five sections. Thus,
despite the intense eddy activity associated with the Eltanin—
Udintsev Fracture Zone, the ACC’s properties do not change
sufficiently to distinguish the current from the null hypothe-
sis which presumes that the ACC is a barrier to mixing that
does not interact with its surroundings in the southeastern
Pacific Ocean.

2

3.2. Variations to the Inverse Model

The errors in Table 4 indicate the formal statistical error of
the results, but they do not account for possible problems in
the assumptions underlying the inverse model. This section
explores the sensitivity of the results to the inverse model de-
sign. In each case, results shown represent the SAF and PF
transports once the objective function J defined in (2) has
been minimized. Since the objective function J was min-
imized separately for each of these variant inverse models,
the latitude range and mean transport differ slightly in each
case, and each can be considered an independent estimate of
transport variations in the ACC.

In their earlier study, Georgi and Toole [1982] assumed
that the bottom velocities in the Southern Ocean were zero,
instead of running an inverse model. In Table 5, model B
has bottom velocities and interfacial velocities defined to be
zero, with the bottom velocity error assumed to be 0.02 m
s~1. The model B results, indicated in Table 5, are not sta-
tistically different from the inverse model A. Thus the initial
guess that the bottom velocities are zero differs little from
the mass-balanced inverse solution.
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Many inverse models are limited to hydrographic data.
To test whether the direct-velocity measurements from the
ADCP, ALACE floats, and altimetry influenced the model
output, the inversion was rerun using only the hydrographic
data. Model C in Table 5 indicates the best results for ACC
transport. Although the latitude ranges selected are slightly
different, the transports and fluxes are nearly identical to
model A. This suggests that the ancillary measurements
have done little to alter the inverse solution or the appar-
ent large-scale circulation. This finding is consistent with
those of other inverse models that have incorporated direct-
velocity measurements [Joyce et al., 1986; Bingham and Tal-
ley, 1991; Mercier et al., 1993]. In the Kuroshio, Bingham
and Talley [1991] found that using direct velocity measure-
ments to determine the initial reference velocity guesses re-
duced the a priori mass imbalance. However, for the South-
ern Ocean example, this was not the case, and only solutions
with an initial guess of zero bottom velocity were consid-
ered.

Although direct-velocity measurements do not signifi-
cantly alter the solution, they do change the structure of the
singular values. Singular values based on hydrography alone
(solid line in Figure 13) drop off rapidly with increasing sin-
gular mode number. Since the hydrography provides redun-
dant information for the large-scale budgets in the inverse
model boxes, higher-order modes provide progressively less
new information. In contrast, the inverse model treats direct-
velocity measurements as spatially uncorrelated informa-
tion, and the corresponding singular values are nearly con-
stant with increasing singular mode (dashed line in Fig-
ure 13). For the cases examined here, the a priori errors
of the direct-velocity measurements are so large that the di-
rect velocities do not have a significant impact on the fi-
nal solution. These solutions depend primarily on the hy-
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Figure 11. Dynamic height (in m) at the surface relative to
2500 m depth, from the Olbers et al. [1992] gridded atlas
data, which covers the region south of 30°S. Hydrographic
stations with dynamic height values between 0.9 and 2.0
(solid dots) define the ACC, and the locations of the SAF,
PF, and SF are indicated, based on the criteria of Orsi et al.

[1995].
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Table 4. Inverse Model A Results for the Transports Carried by the ACC Through the Five Meridional

Sections Identified in Figure 12.

Section n Range Mass, Heat Flux, 0, S,
10° kg s~* PW °C PSU
Range 1: SAF and PF From Water Mass Signatures
a 12 51.0°-57.0° 98 +4 1.20 £ 0.05 31+0.1 34.41 £0.02
b 9 52.0°-57.0° 110+3 1.50 £ 0.03 35+0.1 34.42 +£0.01
c 16 54.5°-63.0° 102 £3 1.30 £ 0.04 33+£0.1 34.41 £0.02
d 19 53.8°-64.5° 106 £+ 3 1.26 £+ 0.04 3.1£0.1 34.40 £ 0.02
e 15 56.0°-64.3° 107 +£ 4 1.24 £ 0.06 3.0+0.1 34.42 £ 0.02
Range 2: SAF, PF and SF From Water Mass Signatures
a 17 51.0°-59.5° 126 £ 5 1.33 £0.06 27+0.1 34.44 £+ 0.02
b 11 52.5°-58.2° 113£3 1.28 +£0.03 29+0.1 34.44 £ 0.01
c 21 54.5°-66.3° 125+ 4 1.42 £0.05 29401 34.43 £0.02
d 26 52.8°-67.0° 111 +4 1.23 £0.05 29+0.1 34.41 £ 0.02
e 20 55.5°-67.0° 118 £5 1.28 £+ 0.06 28+0.1 34.42 +0.03
Range 3: SAF and PF After Minimizing Transport, Salt, and Heat Variations
a 12 51.5°-57.5° 101 £4 1.21 +£0.05 3.1+£0.1 34.41 £ 0.02
b 9 52.5°-58.2° 104 +£2 1.25 £0.03 31+0.1 34.42 +0.01
c 17 54.0°-63.0° 100 £3 1.26 + 0.04 32+01 34.41 £ 0.02
d 19 52.8°-63.5° 102 + 4 1.17 £ 0.04 3.0+0.1 34.41 +£0.02
e 19 54.5°-65.0° 10245 1.17 £ 0.06 30+0.1 34.41 £0.03

Three separate ACC ranges are considered. The first is based on Orsi et al.’s [1995] potential temperature and
salinity constraints, slightly adjusted so that the PF and SAF roughly conserve transport. The second uses potential
temperature and salinity signatures that encompass the SF, PF, and SAF. The third tests the null hypothesis that the
total transport of the PF and SAF does not vary, by minimizing an objective function that forces conservation of heat
and transport. The value n indicates the number of station pairs assumed to be within the ACC. Mass transport, heat
flux, and the effective mean potential temperature and mean salinity of the transported water are indicated along with
error estimates. Positive transports and heat fluxes are eastward.

drographic measurements that dominate the first 59 singular

values. Tests based on varying row weightings indicate that

that the direct-velocity measurements would more strongly
influence the solutions if they were at least 5 times more nu-
merous or (roughly equivalently) if the direct-velocity errors
were a factor of v/5 smaller.

This sensitivity to direct-velocity errors might seem to in-
dicate that merely by decreasing the size of the a priori er-
ror bars, one could force the direct velocities to control the
inverse solution. This is not the case, since solutions with
smaller a priori errors would violated the chi-square cri-
terium discussed in the appendix. The results of model A
were achieved by perturbing initial error estimates by only
a small amount in order to insure that the chi-square condi-
tion was met. Further exploration of parameter space did not
yield any consistent balance in which direct-velocity mea-
surements more strongly influenced the solution, apparently

-because direct velocities are highly variable and not gener-
ally consistent with hydrography.

The wind stresses over the Southern Ocean are among the
largest in the world, but the actual Ekman transports induced
by the winds are estimated to be small compared with the
geostrophic transports. Since the wind measurements from
the scatterometer are noisy and imperfect, and the Ekman
transports appear small, model D omitted wind forcing. The
results listed in Table S were not significantly different from
the results found with wind forcing.

This model allowed for some advection of mass, heat,

and salt across neutral surfaces. If properties were exactly
conserved on neutral surfaces, cross-neutral surface transfer
would be zero. Thus model E suppressed interlayer trans-
fer. As shown in Table 5, ACC properties were again nearly
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Figure 12. Best estimates of mass, heat, and salinity trans-
ported by the SAF and PF of the ACC across the five merid-
jonal sections. Transport estimates (in 10° kg s~1) are en-
closed in arrows to indicate the direction of flow. Heat trans-
port (in PW) is in plain type, and salinities (in PSU) are in
italics.



GILLE: MASS, HEAT, AND SALT TRANSPORT IN THE SOUTHEASTERN PACIFIC

5201

Table 5. Model Results for the Variations Described in the Text, Indicating Transports Carried by the
ACC Through the Five Meridional Sections Identified in Figure 9.

Section n Range Mass, Heat Flux, 9, S,
10° kg s~! PW °C PSU
Model B (Zero Reference)
a 13 51.5°-58.0° 107 £ 8 1.24 £ 0.11 30£0.1 34.41 £0.05
b 9 52.5°-58.2° 96 + 25 1.22 +£0.33 32405 34.41 £0.17
c 19 53.0°-63.0° 105 + 12 1.22 +0.16 30402 34.44 +0.07
d 21 52.8°-64.5° 103 + 14 1.18 £ 0.19 29402 34.41 £ 0.08
e 18 55.0°-65.0° 105 + 14 1.19 £ 0.19 29+02 34.42 +0.08
Model C (Hydrography Only)
a 13 51.0°-57.5° 102+ 4 1.22 +0.05 3.1+0.1 3441 +£0.02
b 9 52.5°-58.2° 106 + 2 1.26 + 0.03 3.1+0.1 34.43 £ 0.01
c 16 54.5°-63.0° 102+ 3 1.29 + 0.04 334+0.1 3441 +£0.02
d 21 53.2°-65.0° 104 + 4 1.19 £ 0.05 3.0+0.1 34.41 £ 0.02
e 16 55.5°-64.3° 104 £+ 4 1.20 + 0.06 3.0+0.1 34.41 +£0.03
Model D (No Wind)
a 13 51.5°-58.0° 106 £ 4 1.23 £ 0.05 3.0+0.1 3441 +0.02
b 9 52.5°-58.2° 106 £ 2 1.27 £ 0.03 3.1+0.1 34.42 +0.01
c 15 54.5°-62.3° 108 £4 1.33 £ 0.04 32+0.1 34.42 +0.02
d 23 53.8°-64.5° 105+ 4 1.25 £ 0.05 3.1£0.1 34.40 + 0.02
e 15 56.0°-64.3° 106 + 4 1.23 £ 0.06 30+0.1 34.41 £ 0.03
Model E (No Vertical Velocities)
a 12 51.5°-57.5° 103+ 4 1.22 +0.05 3.1+0.1 34.41 £ 0.02
b 8 52.5°-57.0° 96 + 2 1.20 £ 0.03 32+0.1 34.42 +£0.01
c 16 54.0°-62.3° 100 £ 4 1.26 +0.04 32+0.1 3441 +£0.02
d 21 52.8°-64.5° 100 + 4 1.16 + 0.05 30+0.1 34.41 £ 0.02
e 18 54.5°-64.3° 102+5 1.17 £ 0.06 30+0.1 34.41 £ 0.03
Model F (Three Boxes)
a 12 51.5°-57.5° 97 + 4 1.19 £ 0.05 3.1+0.1 34.41 +£0.02
b 9 52.5°-58.2° 100 £2 1.23 £+ 0.03 31%0.1 34.45 £ 0.01
c 17 54.0 °—63.0° 9+3 1.33 £ 0.05 33+0.1 34.37 £ 0.02
e 16 55.0°-64.3° 9+£5 1.22 +0.06 3.1+0.1 34.37 £ 0.03
Model G (No Heat Constraints)
a 12 52.0°-58.0° 103+ 4 1.19 £ 0.05 30£0.1 34.41 +0.02
b 9 52.5°-58.2° 104 + 2 1.27 +£0.03 3.1+0.1 34.42 +0.01
c 16 54.0°-62.3° 105+ 3 1.28 4+ 0.04 32+0.1 34.42 +0.02
d 22 52.8°-65.0° 105+ 4 1.19 £ 0.05 29+0.1 34.41 +£0.02
e 17 55.5°-65.0° 104+ 5 1.20 = 0.06 30+0.1 3442 +0.03

Values shown are as in Table 3, and the model cases are discussed in the text.

constant through all sections and scarcely differed from the
previous estimates. (However, based on tests with numerical
model output, McIntosh and Rintoul [1997] noted that better
results are expected when diapycnal fluxes are incorporated
into the inversion model, and they suggested using separate
fluxes for mass, heat, and salt.)

Since the ACC may vary substantially from one year to
the next, model F considers a reduced three-box model for
which all of the hydrographic data is drawn from a 4-month
period in 1992. In this model, boxes 3 and 4 are merged into
a single box, and the southern sides of the middle and eastern
boxes are closed by computing the large-scale geostrophic
transport between the southernmost stations on the merid-
ional sections as indicated with a dotted line in Figure 2.
The model uses 234 hydrographic station pairs, compared
with 285 in the full inverse model, and includes the same
ancillary measurements from ALACE floats, ADCP mea-
surements, and altimetry. Within errors, the resulting SAF
and PF mass and heat transports in Table 5 are nearly the

same for model F as they are for model A. Section ¢ appears
slightly warmer, and sections ¢ and e are slightly fresher
than in model A. Given the uncertainties associated with
the sparse station sampling, these differences are not signifi-
cant enough to demonstrate a substantial difference between
the full inverse model and the reduced single-season inverse
model.

Finally, since heat transport processes are a prime inter-
est, model G suppresses the heat budget constraints imposed
by the hydrographic data. The results are indistinguishable
from model A results, suggesting that the interpretation of
the heat budget is not biased by imposing heat constraints in
the analysis. Since model G does not force the oceanic heat
budgets in each box to close, box 1 loses 0.05 £ 0.17 PW
to the atmosphere, box 2 loses 0.07 & 0.10 PW, box 3 loses
0.01+0.13 PW, and box 4 gains 0.02+0.12 PW. These heat
imbalances are not significantly different from zero, suggest-
ing that regional air-sea heat exchanges are not large enough
to be detectable in this inverse model budget.
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Figure 13. Magnitude of singular values as a function of
singular mode number for model C corresponding to the in-
version of hydrography only (solid line) and for model A
corresponding to the full inversion (dashed line). The dashed
and solid lines coincide up to about singular mode 75.

Trends in heat transport, 9 and S for models B to G all
agree with those from model A within errors in Table 5. In
addition, the model transports through all sides of the boxes
are nearly the same in each of the inverse models considered.
Therefore model A results will be treated as a robust solution
in the discussion that follows.

4. Discussion
4.1. Heat Transfer

The variations in SAF and PF heat transport summarized
in range 3 of Table 4 imply that in each box, the ACC’s heat
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flux divergence is at most 0.11 PW. As noted earlier, these
results are indistinguishable from the null hypothesis that the
ACC does not exchange heat or salt with surrounding sub-
tropical and subpolar waters. How do the ACC heat trans-
port estimates generated by this inverse model then compare
with other heat flux estimates? Table 6 summarizes merid-
ional heat transfer estimates from a suite of previous studies
of the south Pacific and of the global ocean. Most of these
studies indicate relatively small total heat fluxes. For exam-
ple, Macdonald and Wunsch [1996] found an northward heat
transfer of 0.3 £ 0.3 PW in the Pacific sector of the Southern
Ocean. If a meridional heat transport of this magnitude were
distributed evenly across the Pacific Ocean, the heat trans-
port out of any given 20° wide segment would be difficult to
detect. In contrast, if meridional heat transfer were concen-
trated in a few narrow segments of ocean, some boxes might
show measurable heat flux.

The eddy-induced diffusivity parameterization suggested
by Keffer and Holloway [1988] implies highly inhomoge-
neous southward heat fluxes that are correlated both with
eddy activity and local mean temperature gradients, both of
which vary across the southeastern Pacific. The large-scale
mean circulations depicted by Reid [1986] and the dynamic
height map (Figure 11) both indicate that as the ACC crosses
over the East Pacific Rise, contours of geopotential anomaly
pinch together bringing recirculating subtropical waters in
close contact with the circumpolar SAF and PF, just about at
the location where EKE is greatest. The formulation of Kef-
fer and Holloway [1988], though sensitive to choice of scal-
ing factors, predicts southward flux across 53°S of 0.19 PW
into box 1, 0.07 PW into box 2, 0.05 PW into box 3, and
0.02 PW into box 4. Southward heat fluxes across 64°S are
expected to be smaller, at 0.00 PW, 0.01 PW, 0.03 PW,~and

Table 6. Selected Northward Meridional Heat Fluxes Estimated in Previous Studies of the South Pacific and Complete

Southern Ocean.

Latitude Pacific* Global® Reference Method
30°S 0.09+0.26 -0.51 Sloyan [1997] ocean inverse model
40°S -0.09 to 0.04 -0.66 Georgi and Toole [1982] analysis of meridional sections
(with air-sea exchange)
2.2 -2.2 Talley [1984] surface heat budgets
0.09 -0.90 Hsiung [1985] mean surface energy fluxes
integrated from north south
27°-43°S -0.54+0.30  Macdonald and Wunsch [1996] ocean inverse model
43°S -0.15t00.42 Bennett [1978] analysis of zonal hydrographic sections
43°S -0.10t0 0.13 +0.11 Wunsch et al. [1983] inverse model of zonal hydrographic
sections
0.3+£0.3 Macdonald and Wunsch [1996] ocean inverse model
53°S -0.70 Keffer and Holloway [1988] altimeter data plus turbulence closure
South of ACC -0.31 Gordon and Owens [1987] global ocean heat balance
60°S -1.19 -0.19 Hastenrath [1980] mean surface energy fluxes
integrated from north to south
60°S -0.54 Gordon [1981] air-sea heat exchange integrated
between 60°and 70°S
60°S -0.65 Hastenrath [1982] mean surface energy fluxes

integrated from north to south

aHeat fluxes in 10'° W (= PW).
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0.02 PW. The large southward heat flux into box 1 is due to
the eddy peak at 53°S, while heat flux out the southside of
box 1 may be blocked by the East Pacific Rise. The result-
ing 0.2 PW net flux into box 1 is sufficient to suggest that the
heat transport of the ACC should rise measurably in box 1.
No such large variation in heat transport is observed in this
inverse model, in box 1 or elsewhere, nor does the heat trans-
port of the ACC monotonically increase as it flows west-
ward, as this schematic eddy-induced heat transport would
require. ACC heat transport is effectively constant. Heat
that enters the model domain in box 2 flows northward out
of box 3, and there is no evidence that sections d and e are
measurably warmer than section a. Therefore heat transport
into the ACC does not appear intensified by high EKE, pos-
sibly because much eddy mixing transfers water primarily
along neutral-density surfaces without influencing the net
heat budget. If heat enters the ACC through strong south-
ward eddy mixing, it must leave as quickly through vertical
exchanges with the atmosphere and meridional exchanges
with the surrounding ocean. ,

A simpler view of subtropical to Southern Ocean heat
exchange assumes that heat fluxes are relatively constant

along the length of the ACC. On the basis of Southern

Ocean hydrographic data, deSzoeke and Levine [1981] es-
timated the mean eddy heat transport across the ACC to
be 5.6x10> W m~2. From current meter measurements
in Drake Passage, Johnson and Bryden [1989] estimated
slightly larger eddy-induced meridional heat fluxes, rang-
ing from 8x10® W m~2 below about 2500 m depth up to
16x10° W m~2 at the upper most instruments at 580 m
depth. For a 4000-m-deep ocean these values would allow
a southward meridional heat transport of about 0.05 PW in
box 1, about 0.03 PW in box 2, 0.07 PW in box 3, and
0.05 PW in box 4. These values are about the same mag-
nitude as the negligibly small changes in ACC heat transport
implied by the inverse model. Taken together, however, they
would imply a net heat transport increase between sections a
and e of 0.2 PW, which is not justified by this inverse model.

Heat transfer within the ocean must also balance ex-
changes with the atmosphere. Air-sea heat flux rates in the
Southern Ocean are not well known: Hsiung [1985] indi-
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cated that the Southern Ocean loses heat to the atmosphere
but identified no data in the southeastern Pacific. On the ba-
sis of ECMWF analyses, Barnier et al. [1995] estimated the
heat loss from the ocean to the atmosphere in the southeast-
ern Pacific to vary from 20 to 110 W m~2. Assuming that
the ACC is roughly 5° wide, then the maximum Barnier heat
loss of 110 W m~2 would suggest that the ACC should lose
roughly 0.04 PW between sections a and b, 0.06 PW be-
tween sections b and c, and 0.10 PW between sections ¢ and
d, and 0.06 PW between sections d and e. These fluxes are
of the right sign and magnitude to balance the small merid-
ional heat transport into this region and are consistent with
the small variations in ACC heat transport found by the in-
verse model.

Although the ACC passes through highly variable envi-
ronments as it traverses the southeastern Pacific, it appears
to gain and lose heat only in small quantities that might be
predicted from basin-scale averages. Therefore most of the
heat exchange in the ACC probably occurs elsewhere in the
ocean, most likely in the Indian Ocean as global investiga-
tions have suggested [Georgi and Toole, 1982; Macdonald
and Wunsch, 1996; Sloyan, 1997]. The small changes in
ACC heat content in each of this inverse model’s four boxes
in the southeastern Pacific appear well within the ranges sug-
gested either by basin-scale eddy heat flux estimates or by
air-sea exchange rates.

4.2. Layer-by-Layer Transport

Figure 14 shows the SAF and PF transport as a function of
neutral-density layer through each of the five sections. The
vertical structure of mass transport varies little as the ACC
flows eastward, although sections d and e show some trans-
port in the upper four layers, implying a slight change in
the upper ocean properties of the SAF. Overall, transport is
concentrated between layers 5 and 16 with maxima between
layers 6 and 7 and between layers 14 and 15. The shallower
maximum is concentrated in intermediate water and is pre-
dominantly contained in the upper 1000 meters within the
SAF. The transport maximum in layers 14 and 15 represents
a thick layer of deep water that is concentrated between 2000
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Figure 14. Best estimates of SAF and PF eastward transport (in 10° kg s™!) as a function of neutral-
density layer for each of the five sections identified in figure 12. The latitude range used to define the SAF
and PF is the same as range 3 of Table 4. Shaded bars indicate magnitude of estimated transport error.

Within the model domain, layers 1 to 12 outcrop.
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and 3000 m depth in the SAF and between 1000 and 2000
m depth in the PF. This deep layer maximum is stronger in
the PF, because its water masses are shallower and therefore
faster moving.

Layer-by-layer heat transport, shown in Figure 15 is con-
centrated in the same layers as mass transport. Unlike mass
transport, heat transport does not have a strong secondary
maximum at layers 14 and 15 but is concentrated between
layers 5 and 7. These upper ocean layers outcrop and do not
include water south of the SAF. Therefore these results in-
dicate that most of the ACC heat transport is concentrated
in intermediate water layers in the upper 1000 meters of the
SAF.

Schematics of the Southern Ocean suggest that the merid-
ional circulation should be dominated by northward Ekman
transport which returns via a southward geostrophic flow at
depths below the sill depth where topographic features are
able to establish a net pressure gradient [e.g., Johnson and
Bryden, 1989; Warren, 1990; Déds and Webb, 1994]. Up-
welling is imagined to happen along isopycnals, in the core
of the ACC where the wind stress is strongest and where
most of the layers outcrop. Figure 16 shows the mass and
heat transports through the northern and southern sides of
the boxes by water mass category. On the north side, mass
and heat that flow into box 2 flow out of box 3, and total
transports are not always distinguishable from noise. The
net transport through the northern sides of boxes 2, 3, and
4 is nonetheless consistent with the schematic overturning,
with small northward mass and heat flow in the intermedi-
ate water mass layers and southward flow in the deep water
mass layers. Extrapolating these results to the global ocean
implies a lower limit on the meridional overturning cell of
20to 55 x 10° kg s! and 0.3 to 0.5 PW at 52°S. The north-
ern side of box 1 is far north of the ACC and should have
little relation to Southern Ocean processes.

On the south side of the ACC, little intermediate water is
present (see Figure 16), and the inverse model indicates only
weak overturning circulation with southward flow of surface
intermediate waters and some northward flow of deep and
bottom waters particularly in boxes 2 and 4. Since the over-
turning appears weaker in the south than in the north, most of
the upwelling associated with the overturning cell should be
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contained in the latitude range of the ACC. In box 3, signifi-
cant southward flow of deep water is probably due to the SF
flowing out of the model domain. In box 1, southward flow
of deep water may be part of a deep western boundary cur-
rent along the eastern flank of the East Pacific Rise. As part
of the WOCE chemical sampling program, chlorofluorocar-
bon (CFC) measurements were also collected on these re-
search cruises. Because CFCs are anthropogenic, only water
that has recently been in contact with the atmosphere should
have measurable amounts of CFC. Along the southern side
of box 1, high CFC concentrations suggest that recently ven-
tilated water flows northward along the eastern flank of the
East Pacific Rise as bottom water, as the bottom velocities in
Figure 10 indicate. Close examination of the layer-by-layer
inverse model results suggests the presence of two separate
deep western boundary currents in box 1 (not illustrated). In
layer 18, 0.2 x 10° kg s~! of bottom water flows northward
through the southside of box 1, but southward flow in layer
17 overwhelms the net bottom water budget.

4.3. Water mass Conversion

Diapycnal fluxes of mass, heat, and salt in the inverse
model provide a diagnostic to indicate where water mass
formation processes occur. Regions in which diapycnal
mass, heat, and salt transfer are large are places where wa-
ter masses are not completely conserved on neutral surfaces.
Figure 17 indicates diapycnal mass, heat, and salt diver-
gences as a function of model layer for the four boxes. Er-
ror bars are not shown but are generally of the same order of
magnitude as the flux divergences themselves, as is expected
since the flux divergences are by definition constrained to
be small deviations about zero that should lie within pre-
dicted error bars. (Although these diapycnal fluxes are com-
puted using the same vertical velocities for each of the three
properties, they are similar in magnitude and sign to flux
divergences obtained by allowing the inverse model to es-
tablish separate diapycnal advection rates for mass, heat,
and salt, as Sloyan [1997] did. The matrices that must be
inverted in order to compute separate diapycnal fluxes are
much larger than the matrices required for simple diapycnal
fluxes that use the same advection rates for all three quanti-
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heat transport (petawatts)

Figure 15. Solid bars indicate best estimates of ACC heat transport (in petawatts = 105> W) as a func-
tion of neutral-density layer for each of the five sections identified in Figure 12. Shaded bars indicate

magnitude of estimated errors.
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Figure 16. Circulation through the northern and southern
boundaries of the inverse model as a function of layer depth.
Italicized numbers indicate mass transport in 10° kg s~* and

plain text indicates heat transport in petawatts. Stacks of

numbers show intermediate water (layers 1 to 10) on top,
deep water (layers 11 to 16) in the middle, and bottom water
(layers 17 and 18) on the bottom. On both the southern and
northern boundaries, positive values indicate transport into
the model domain.

ties. These large matrix inversions were judged too compu-
tationally burdensome for this study.)

The flux divergences vary substantially in sign, indicating
that some layers gain mass, heat, or salt, while adjacent lay-
ers lose the same properties. Similarly, the diapycnal veloc-
ities (not shown) change sign rapidly in the vertical, indicat-
ing that properties are not systematically transported in one
direction, either upward or downward, as would be expected
if there were constant mid-ocean diffusion.

Flux divergences are largest in the outcropping layers near
the surface and in the deepest layers of the model with low
flux divergences in the deep water layers of the model. The
large magnitude of upper ocean heat flux divergences sug-
gests that the processes associated with air-sea heat and
freshwater exchange and the associated meridional overturn-
ing cell play a much larger role in diapycnal water mass
transfer than do any processes that occur in the deep ocean.
In the ocean these layers outcrop just to the north of and
within the SAF. Air-sea heat and freshwater exchanges in
these locations particularly play a role in Subantarctic mode
water formation [McCartney, 1977].

High diapycnal fluxes within deep layers of the ocean in
Figure 17 may result from insufficient sampling of dense
water input along the southern boundary of the model, but
these high bottom water fluxes may also indicate that diapy-
cnal mixing rates increase near the bottom of the ocean, as
microstructure measurements clearly indicate [Polzin et al.,
1997]. Bottom mixing appears largest in box 2, which is
a small box dominated by large bathymetric features, sug-
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gesting that greater diapycnal mixing may occur when flow
passes over bathymetry.

S. Summary

This study has used an inverse model to combine hy-
drographic measurements taken in the southeastern Pacific
between January 1992 and March 1994 with ADCP ve-
locities, ALACE float velocities, TOPEX altimeter surface
geostrophic velocities, and ERS scatterometer wind forcing.
As in previous inverse modeling studies, the constraints im-
posed by direct measurements did not significantly alter the
results of the inverse model based on hydrography alone.

The inverse model was used to examine mass, heat, and
salt transfer through the southeastern Pacific. The results
were examined to see whether eddy activity in the south-
eastern Pacific Ocean carries heat southward from the sub-
tropical gyre to warm up the main fronts of the ACC: the
SAF and the PF. This study found that the ACC is little
changed as it passes through the region of high eddy activ-
ity located on top of and downstream from the East Pacific
Rise. Although warm subtropical water is in close prox-
imity to the ACC fronts as they cross over the mid-Pacific
Ridge and high eddy activity could mix these water masses
together, the actual exchange of water appears to be negli-
gibly small. The jets associated with the SAF and PF are
estimated to transport about 102x10° kg s™!, and 1.2 PW,
with a mean salinity of 34.41 PSU. Individual sections devi-
ate only slightly from these mean values.

Mass transfer as a function of neutral density has maxima
in two separate density classes, one in intermediate water as-
sociated with the SAF and the second in denser deep water
more closely associated with the PF. Heat transport is asso-
ciated with the mass transport peak in the SAF, in the north-
ern half of the ACC. On the northern edge of the inverse
model domain, meridional circulation is consistent with an
overturning stream function that carries intermediate water
northward and returns deep water southward. On the south-
ern boundary of the domain, deep and bottom waters flow
both northward and southward but are generally consistent
with a weaker overturning circulation. Finally, the Southern
Ocean is a region of large air-sea interaction, and diapycnal

layer
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Fi§ure 17. Diapycnal flux divergences of mass (10'° kg
s~1), heat (PW), and salt (PSU x10% m3 s™1). As in the
other inverse model results, positive flux divergences indi-
cate net input to a layer.
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fluxes in the inverse model indicate that water mass trans-
formation occurs predominantly in outcropping upper layers
of the ocean. Specific details of heat exchanges between
the ACC and the subtropics and between the ocean and at-
mosphere are too small to detect within model error bars.
Together the model results suggest that despite variations in
topography and eddy activity, the large-scale structure of the
ACC is relatively constant in the southeastern Pacific.

Appendix: Inverse Model and Weights
Al. Inverse Model Equations

The inverse model is designed to find reference velocities
in order to adjust thermal wind velocities from hydrographic
data to conserve mass, heat, and salt within each of the boxes
and on each of the layers of the model. The basic equations
have been discussed extensively [Rintoul, 1991; Macdonald,
1993; Macdonald and Wunsch, 1996; Wunsch, 1996] and are
presented briefly here. For each layer and in each box the
equations representing the conservation of mass, heat, or salt
can be written

N

>~ Oilihi(vi + b;) — wibrar + wibpap = —E(0:) (AD

i=1
where i is the station pair number, and there are a total of
N = 285 station pairs. The variable 6 can be density, po-
tential temperature anomaly, or salinity anomaly, ! is the dis-
tance between the two stations, h is the height of the neutral
density layer, v is the geostrophic velocity into the box rela-
tive to the reference level depth, b; is the unknown velocity
at the reference level (here defined to be the deepest common
depth for each station pair), w; is the vertical velocity out of
the top of the box, wy is the vertical velocity into the bottom
of the box, a; and a; represent the horizontal areas enclosed
by the box at its top and bottom, and E(6;) is the surface
Ekman transport for layers that outcrop and zero otherwise.
Potential temperature and salinity budgets are dominated by
the mass budget. In order to force the mass, temperature,
and salt constraints to contribute independent information,
mean values of § and S are removed and the anomaly fields
are used. Geostrophic velocities below the deepest common
depth are estimated by extrapolating dynamic height anoma-
lies below the bottom of the shallower CTD cast using a
second-order polynomial fit.

The constraints represented in (A1) may be written as a
matrix equation of the form

Ab =T, (A2)

where the matrix A in this case has 216 rows corresponding
to the conservation constraints on each of three quantities in
each of the four boxes within 18 layers. In each box, three
additional constraints require that volume, heat, and salt be
conserved, so A has a total of 228 rows. The term b is the
vector representing bottom velocities b; at all station pairs
and interfacial velocities w between the layers, while T is a
vector representing the total geostrophic and surface Ekman
transports in each layer.
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This standard inverse model is supplemented with ad-
ditional constraints based on direct velocity measurements
from ADCP measurements, ALACE floats, and altimeter-
derived surface geostrophic velocities. For each available
directly measured velocity d matched to station pair i, the
model requires

b;=d—-wv; (A3)

where b; and v; as above represent the unknown bottom ve-
locity and the geostrophic velocity relative to the deepest
common depth. For the ADCP measurements, d—v; and b,
are vertically integrated over 300 m to provide a less noisy
comparison. The resulting inverse model is an augmented
version of (A2):

(g>b:(g)=A%:ﬂ

where B contains ones and zeros and D represents the right
side of (A3), and A’ and T’ are augmented forms of A and
T, which include all of the direct velocity constraints. Thus
in addition to conserving mass, heat, and salt the final solu-
tion will seek bottom velocities that minimize the differences
between geostrophic velocities and the direct measurements.
(Note that this approach is different from the one adopted by
Mercier et al. [1993], who first bin-averaged their extensive
North Atlantic float data set and then used the binned float
measurements to constrain their nonlinear inverse model.)

(A4)

A2. Estabiishing the Relative Weights of Measurements

The challenge in combining a suite of different direct ve-
locities with hydrography is assigning relative weights to
different measurements. To account for the differing accura-
cies of the data, each of the rows in (A4) is weighted by its
expected rms error. This subsection summarizes how these
row weights are selected.

A2.1. Hydrography. Hydrographic data are subject to
errors due to instrument noise and ship drift during the
course of the station casts. Together these could account for
errors in geostrophic velocity relative to the bottom of the or-
der of 0.005 m s™1, but errors at adjacent stations will cancel
each other out. A more serious source of error comes from
the assumption that mass is conserved exactly within each
of the boxes. Even for the short 4-month time interval of the
reduced inverse model, mesoscale eddy processes can con-
tinually alter the volume of water in each box. This model
resolves this inconsistency in the same way that previous in-
verse models have, by allowing a misfit of 2x10° kg s*
in each layer and 1x10° kg s~ for the vertically integrated
budget [Macdonald, 1993]. These misfits correspond to rms
vertical velocities of O(10~%) m s~} and rms bottom veloc-
ities of O(10™%) m s~ for the vertically integrated water
column. For outcropping layers, hydrographic row weights
are adjusted to include the estimated wind stress errors from
CERSAT.

A2.2. Estimating ADCP errors. Uncertainties in
ADCP constraints come from instrument error and from
ageostrophic motion. The largest source of instrument
error arises from the erroneous cross-track velocity due to
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heading error, hence the importance of heading corrections
and calibration. Except for a long segment of (P17-P19)
when GPS attitude data were unavailable due to an antenna;
connection problem, gaps were typically < 1 hour. ADCP
data were used in the inversion only for the 152 station
pairs with better than 30% GPS attitude coverage (or 155
station pairs in the three-box model F which extended
farther south on its westernmost section). Because ADCP
data with serious navigational problems were eliminated,
the cross-track error due to heading error for these pairs
is expected to be < 0.01 m s™! (K. Donohue, personal
communication, 1998).

More serious sources of error in the ADCP-measured cur-
rents are caused primarily by near-inertial waves, internal
tides, and barotropic tides. On the basis of the tide model
of Egbert et al. [1994] and Egbert [1997] (version 3.0) the
cross-track tide averaged between station pairs is typically
about 0.02 m s~!. Baroclinically varying errors were esti-
mated by examining the variance of the on-station ADCP
measurements (S. Chen, personal communication, 1998).
On the basis of this analysis, total ADCP errors varied be-
tween 0.01 and 0.02 ms~1.

A2.3. Temporal and spatial decorrelation of ALACE

floats. Row weights for ALACE floats are influenced not

only by instrumental errors but also by the fact that floats

and CTD measurements are not collocated in time and space.
While the long timescales of the ALACE measurements fil-
ter out transient velocities not seen by the CTD, over time
the ALACE velocities decorrelate with geostrophic veloci-
ties inferred from a CTD. The expected squared difference
between hydrographic (v,) and ALACE (vq) velocity esti-
mates is

< ('Uh - Ud)z >=2< 1),21 > —2 < Vpvg > (AS)
where angle brackets denote the expected or mean value and
vp, and vy are assumed to have the same variance. The co-
variance < vpvg > is

< wpvg >=< vp >< vg > + < vpUy >
= R(Az) + R'(Az,At) (A6)

where primes represent temporal variability. The terms R
and R’ correspond to the time mean and time variable com-
ponents of the autocovariance functions, respectively. These
autocovariance functions are determined using the spatial
and temporal autocovariance functions estimated by Gille
and Kelly [1996] based on Geosat altimeter measurements
in the Southern Ocean. Thus

R(Az) + R'(Az, At) = M exp [' (ég)z B <_Aﬂ)2}

L, L,
2 2
+ Mjexp [—(—Az—)# - (%)] + M36(3,5).
(AT)

Here the first term on the right represents the spatial co-
variance of the time-invariant components of velocity. Its
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zonal and meridional decorrelation length scales L, and L,
are estimated to be 200 and 100 km, respectively. The sec-
ond term on the right is the spatial and temporal covariance
of the time-varying part of the velocities. Its decorrelation
length scale [ is set to 85 km, and the timescale T is 34
days. The final term on the right represents the fraction of
velocity covariance due to measurement errors assumed to
be uncorrelated in space or time. The function ¢ is zero ex-
cept where the measurement indices, 7 and j, are identical,
in which case the velocity variance is calculated. A more
refined estimate of autocovariance that accounted for the du-
ration of the ALACE float submergence was not attempted
in this study.

The sum of the coefficients My + My + M3 is the mean
observed zero-lag velocity variance, (< ”121 >+ < vf, >
)/2, in this case, 4x1073 m? s~2. A broad range of M,
and M3 were sampled to find the values for which < (v, —
vg)? > best matched its predicted covariance. Here My is
4.2 x10~*m? s~2, and Mj is 3 x 10~* m? s~2. Combining
(AS) and (A7),

< (Uh - 'Ud)2 >= 2(M1 + M, + M3)
Az\?  [Ay\®
_2M1 exp I:— (L_m) - <_L—:,;) :|

—2M; exp [_(A_xfl-i;_(A_yz - (%)] . (A8)

To test this, data were sorted and binned based on the
predicted covariance estimates. Figure Al shows reason-
able agreement between the mean-squared-velocity differ-
ence from the left-hand side of (A8) and the predicted co-
variance from the right-hand side of (A8). To the extent that
the points in Figure A1 fall along a straight line, the decor-
relation function represented by (A8) provides a measure of
the expected difference between hydrographic and ALACE-
velocity estimates. This function is therefore used to estab-
lish row weightings for each of the ALACE/hydrographic
pairs included in the inverse model.

A2.4. Altimeter errors. Reconstructed mean sea sur-
face heights from altimetery are estimated to have rms er-
rors of 0.10 m s~! based on error analysis carried out using
Monte Carlo simulations [Gille, 1994]. These large values
mean that the altimeter measurements only slightly influence
the inverse model solution. )

A2.5. Checking the weights. Once the row weights
were established, the inverse model matrix A was column
weighted by the norm of its columns. This weighting was
chosen rather than the area norm to avoid letting station pairs
with many direct velocity measurements overly influence the
solution.

For the inverse model as a whole and for each data type,
after the inverse solution was computed, the choice of er-
ror magnitudes was verified with a chi-square test [Wunsch,
1996]. The number of singular values used is determined by
requiring that the misfit in (A4) match the anticipated errors,
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added to the hydrographic measurements, but it is assumed
to be small compared with the other factors (such as spa-
tial and temporal decorrelation) that account for differences
between the two velocity estimates.

so that

Aub)

~N-m (A9)

N
where o; is the row weight, N is the number of rows, and
m is the number of singular values employed in determining
the solution b. In addition, for each category of data, the
mean row-weighted misfit should be ~ 1. In cases where
error estimates and final misfits could not be made to match
to within about 10%, predicted error bars were adjusted and
the inverse solution was recomputed.

Once the number of singular values m has been selected,
formal error estimates are defined as

P= ZVM_*_ Z a?v;v;

i=m+1

(A10)

where v; are the singular vectors from the “right-hand” side
of the singular value decomposition, \; are the singular val-
ues, M is the total number of singular values, and « is a
constant used to scale the error estimates for the solution
nullspace [Wunsch, 1996]. The constant « is necessarily un-
known and is arbitrarily set to be roughly 1/)2,. Because the
magnitude of the nullspace error is unknown, formal errors
are an approximation.
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