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ABSTRACT

A moored array at the equator in the western basin of the Atlantic provides a 604-day time series of abyssal
currents and temperatures spanning the full breadth of the Antarctic Bottom Water (AABW) flowing from the
Brazil Basin to the Guiana Basin. Mean AABW transport is estimated to be 2.0 Sv (Sv = 10° m® s~%), comprising
organized westward flow of 2.24 Sv and return flow of 0.24 Sv. The low-frequency variability is dominated by
aquasi-annual transport cycle of amplitude 0.9 Sv and a 120-day period of amplitude 0.6 Sv. Maximum transports
occur in September—October, while minimum transports occur in February—March. Allowing for this quasi-
annua cycle and extrapolating the 604-day record to a full two years adds about 7% to the estimated mean
AABW transport. The array also provides limited sampling in the overlying lower North Atlantic Deep Water
(LNADW), where a southern boundary intensified flow of LNADW gives the strongest recorded mean speed
through the array, 9.9 cm s into the Brazil Basin. The LNADW records also have a quasi-annual cycle with
strong LNADW flow episodes occurring in April-May. Time series of temperature indicate that the LNADW/
AABW transition layer rises and falls in synchrony with the quasi-annual AABW transport cycle (uplifted
transition layer during strong AABW transport periods). An observed overall warming trend appears to be
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accompanied by a decline in AABW transport.

1. Introduction

The World Ocean Circulation Experiment (WOCE)
Deep Basin Experiment (DBE) was conceived as a process
study to investigate important aspects of deep and bottom
water flow (Hogg et a. 1996). This large internationally
coordinated project was designed to observe and quantify
the deep and bottom water circulation within an abyssal
ocean basin, including making the measurements neces-
sary to provide a bottom water mass balance, distinguish-
ing between boundary and interior mixing processes, un-
derstanding how passages affect the flow of water through
them, and studying the means by which deep water crosses
the equator. The Brazil Basin, Fig. 1a, was chosen as the
site for the DBE because the basin geometry and bathym-
etry are simple, because transport estimates indicate sub-
stantial net northward flow of bottom water and net south-
ward flow of deep water through the basin, and because
the bathymetry particularly constrains the inflows and out-
flows of bottom water to smdl fractions of the basin's
boundary thereby making direct measurement practical .

The shoals of the Rio Grande Rise define the sepa-
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ration of the Brazil Basin from the immediate source of
Antarctic Bottom Water (AABW) in the Argentine Ba-
sin to the south. That rise confines the northward flow
of AABW to two pathways: to the west, AABW flow
is concentrated at the Vema Channel (Hogg et al. 1982)
but also extends over the deeper part of the continental
slope (Speer and Zenk 1993); to the east, northward
transport through the Hunter Channel has been detected
(Speer et a. 1992). The combination of these inflows
is estimated as 6.7 Sv (Sv = 10° m® s*) (Speer and
Zenk 1993). In the north AABW leaves the basin by
two routes: eastward through the Romanche Fracture
Zone into the eastern Atlantic (Metcalf et al. 1964; Pol-
zin et al. 1996; and Mercier et al. 1994) and northward
across the equator into the western North Atlantic
(Whitehead and Worthington 1982; McCartney and Cur-
ry 1993). Estimates of these combined outflows range
from 3 to 6 Sv. In the DBE each of these inflow/outflow
sites has been the focus of concentrated measurements,
directed to both specific local issues and to the overall
goal of constraining the mass balance for AABW within
the Brazil Basin during the DBE.

Our involvement in the DBE centers on a current meter
array and supportive hydrographic measurements in the
flow of AABW from the Brazil Basin into the western
North Atlantic. At first glance (Fig. 1a), a direct mea
surement of AABW flow at the equator seems a tough
design problem, for though the Mid-Atlantic Ridge is rel-
atively close to the western boundary at the equator, the
exit siteis by no means anarrow channel. But the AABW
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FiG. 1la. Setting for northward flow of Antarctic Bottom Water through the western basin. The principal
basins and channel connecting them, some blocking rises, and two fracture zones that allow eastward
abyssal flow through the Mid-Atlantic Ridge all are delineated by the shading for depths |ess than 4000
m (bathymetry from the ** Etopo5" database, National Geophysical Data Center 1988). The oval indicates
the confined passage for cross-equatorial flow from the Brazil Basin to the Guiana Basin, with the
meridional bar denoting the moored array across that passage; details are shown in Fig. 1c.

isafairly thin layer at the equator (Fig. 1b), and artifacts
of the regional bathymetry confine it to a zonaly oriented
channel-like passage of only about 300-km width. Spe-
cifically, the Parnaiba Ridge projects eastward from the
western boundary near 1°S, with its crest between 3500
and 4000 m, defining the southern channel wall, and the
westward extension from the Mid-Atlantic Ridge of the
St. Paul Fracture Zone defines the north wall, also cresting
above 4000 m (Fig. 1c). The abyssal channd (with depth
~4500 m) is adigned along the equator, and AABW from
the Brazil Basin to the south enters the eastern end of the
channel from eastward of the terminus of the Parnaiba
Ridge. The AABW is constrained by the channel to flow
westward along the equator and exits northward from the
channel westward of 38°-40°W, the terminus of the St.

Paul Fracture Zone. Theregfter, it flows over the Ceara
Abyssal Plain and begins its northward descent into the
Guiana Basin at about 4°N.

In addition to providing an estimate of the outflow
from the Brazil Basin, the equatorial moored array pro-
vides an estimate of the inflow to the Guiana Basin.
Earlier estimates ranged from 1-4 Sv: More accurate
quantification of the AABW transport is important for
quantifying the meridional overturning cell of the North
Atlantic, as AABW is a mgjor contributor to the lower
North Atlantic Deep Water (LNADW), which dominates
the cold water export from the North Atlantic by this
cell (Luyten et al. 1993).

The moored array design was based on the property
fields associated with the 1983 and 1987 sections near
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Fic. 1b. Potential temperature sections across the abyssal equatorial passage that channels the cross-equatorial flow of
Antarctic Bottom Water into a westward flow along the equator. From McCartney and Curry (1993), data taken in 1983 (left)
and 1989 (right), locations about 50-100 km west of the moored current meter array, Fig. 1c.

37°W (Fig. 1b). We took advantage of the narrowness
of the equatorial channel and the thinness of the AABW
layer to rather densely instrument the AABW, but ve-
locity was also measured in the overlying LNADW to
explore its transport distribution and to measure the
shear between LNADW and AABW for comparison to
geostrophic shear estimates near and at the equator.
Mooring positions are included on Fig. 1c, and Table 1
summarizes deployment and recovery statistics and data
returns; the instruments worked well and together pro-
vide a roughly 20-month-long sampling of the AABW
and adjacent flow elements. In section 2 the moored
measurements of velocity and temperature are de-
scribed, as well as the hydrographic sections collected
at three times. during deployment, about one month

before recovery, and during recovery. Section 3 presents
the methodology for calculating time series of AABW
transport through the array and describes the results of
these calculations. Section 4 discusses the resultsin the
context of western basin deep circulation, and al so notes
some evidence for long-term evolution of the AABW
distribution at the equator. Section 5 summarizes the
main results.

2. The experiment: Hydrography and moored
array results

a. Experimental design and data return

In October 1992, six moorings were deployed from
the R/V Iselin near 36°W on a meridional line from
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Fic. 1c. Detailed setting of the equatorial passage (bathymetry from the “Etopo5” database; National Geophysical Data Center 1988),
showing the placement of the six moorings of this experiment (Table 1) and locations of other data and earlier experiments. We refer to the
moorings with numbers 1 (southern most) through 6 (northernmost).

TaBLE 1. Current meter mooring durations and locations. For clarity, the moorings are referred to with numbers 1-6, 1 being the
southernmost and 6 the northernmost.

WHOI Bottom
Mooring mooring depth
number number Date set Date received Latitude Longitude (m)
6 936 28 Sep 1992 2 Jun 1994 00°50.16'N 35°54.02'W 4486
5 937 28 Sep 1992 1 Jun 1994 00°30.10'N 35°54.17'W 4539
4 938 29 Sep 1992 1 Jun 1994 00°00.28'S 35°59.46'W 4536
3 939 30 Sep 1992 31 May 1994 00°30.05'S 35°54.06'W 4485
2 940 1 Oct 1992 31 May 1994 00°58.80'S 35°55.95'W 4396
1 941 2 Oct 1992 3 Jun 1994 01°19.90'S 36°04.94'W 4450
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1.0°N to 1.5°S, which was a location about 1° east of
the sections shown on Fig. 1b. Figure 2 shows the
moored instrument placements (Table 1) superimposed
on sections of potential temperature acquired during de-
ployment and recovery cruises. In the hydrographic data
available during the design phase (Fig. 1b), the coldest
observed AABW was twice found right on the equator,
and one realization of the temperature distribution ex-
hibited an abyssal concavity suggestive of the equatorial
geostrophic expression of a westward flow along the
channel centered on the equator. But rather than tuning
the array design to an equatorially aligned flow, we
opted for even sampling across the breadth of the chan-
nel, resulting in amooring spacing of 30 n mi. Thiswas
thought to be an array closely spaced enough to ensure
sampling the AABW flow wherever in the channel it
might be found—provided the flow filaments were not
too narrow. Spanning the full channel turned out to be
prudent, for the observed AABW flow was concentrated
south of the equator: that is, it retains its character as
a western boundary current even at these low latitudes.
The spacing of 30 n mi turns out to be marginal for
resolving the horizontal distribution of AABW flow.

On all the moorings we placed instruments at three
common nominal levels, 3900, 4100, and 4300 m (po-
tential temperature 6 = 1.94°, 1.43°, and 0.79°C, re-
spectively), to obtain measurements in the AABW, the
overlying LNADW, and the transition layer in-between.
Because mean flow at the middle level isprimarily west-
ward (and 6 =< 1.5°C), we also refer to water at this
level as the warmer AABW. At the time of the array
design, ongoing work suggested that while the AABW
flow would be westward in the channel, flow in the
LNADW would reverse to eastward, at least in the
southern part of the channel (McCartney 1993; Fried-
richs et al. 1994). The selection of these three levels
was to measure the absolute velocity field of thislayered
and vertically sheared flow. Additional instrumentswere
placed on the equatorial mooring: near the bottom (4485
m, 6 = 0.6°C), to measure the AABW flow more com-
pletely should the velocity maximum be there; and at
three additional levelsin the LNADW, 3600, 3300, and
3000 m (0 = 2.1°, 2.2°, and 2.4°C), to explore the ve-
locity associated with thin layered LNADW structure
(McCartney 1993). For additional guidance regarding
the LNADW circulation and geostrophic referencelevel
issues, the 1°N and 1°S moorings were instrumented at
3300 m (6 = 2.2°C). All of these 24 instruments were
vector averaging current meters (VACMSs) provided by
the subsurface mooring operations group at the Woods
Hole Oceanographic Institution. F Schott of IFM Kiel
added to the array four Aanderaa current meters at nom-
inal depths 1900, 1700, 1500, and 1300 m (6 =~ 3.5°,
3.9°, 4.1°, and 4.3°C) on the equatorial mooring for
exploration of the deep equatorial jets of this region
(Ponte et al. 1990); these shallow data are described by
Fischer and Schott (1997).

The moorings were launched from the R/V Iselin in
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September—October 1992, accompanied by a conduc-
tivity—temperature—depth (CTD) section. Three changes
occurred to planned mooring positions at the time of
deployment. The equatorial mooring ended up 5 miles
west of the planned site due to a swift surface current
affecting the deployment. The mooring at 1°S was
moved slightly due to a bump in the sea floor, with the
location chosen such that the instruments would be at
the same depths as those on the other moorings. Finally,
the southernmost mooring was repositioned to be out-
side Brazilian waters, as the government of Brazil did
not grant clearance to deploy within their waters. After
approximately 20 months, in June 1994, the moorings
were recovered on a cruise aboard the R/V Knorr and
another CTD section was made. For both sections, sta-
tions were made at and between mooring locations, for
atotal of 11 stations each time. In addition, an extensive
DBE hydrographic cruise was made from the R/V Knorr
preceding our recovery cruise, and Bill Smethie in-
cluded in that work athird CTD section along the moor-
ing line, this one with a full suite of tracer measure-
ments, completed about 30 days before our recovery
work. The details of the deployment and recovery sec-
tions are summarized in Table 2.

The data return from the VACMs (Table 3) was re-
markable: with two exceptions each instrument col-
lected over 600 days of continuous time series of u(t),
U(t), and T(t). On the 3300-m instrument at 1°S the vane
stuck after 262 days but, since that is well above the
top of the bottom water, it does not hamper the transport
calculations. The other data loss was a 10-day gap in
the middle of the 4300-m velocities and temperature at
the southernmost mooring. For the purposes of this in-
vestigation, we have linearly interpolated the threetime
seriesthrough the gap, starting with the low-passed daily
subsampled time series that have been used in al the
calculations. Additional details regarding the data may
be found in Tarbell et a. (1997). Time series plots of
vector velocity and temperature for the three primary
sampling levels are shown in Fig. 3. In the vector plots,
east is up.

The velocity time series recorded at the 1°S mooring
at 4300 m differs in character from time series to the
north and south (Fig. 3c). The mean speed is low com-
pared to means at the 4300-m level at 0.5°S and 1.5°S
(Rhein et al. 1995; Rhein et al. 1996) and seemingly
inconsistent with the strong deep shear implied by the
thermal wind balance at this longitude during Smethie's
hydrographic section, Fig. 2b (at 1°S). But the only
anomaly found in the instrument records is a note that
the instrument had an overheated electronics odor on
opening after recovery. The peculiar character of the
speed record was not noted until after the instrument
was redeployed for another experiment, so it has not
been reexamined. Recall, however, that this instrument
was in the wake of an abyssal shoal: as sited, this moor-
ing still was on the edge of this feature, and the bottom
current meter is closer to the sea floor than the bottom
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FiG. 2. Deep potential temperature for three hydrographic sections near the location line of the moored array. Dots show the moored
instruments, and triangles along the abscissa show the station locations for the contoured temperature field.

instruments at the adjacent moorings. We have retained
thisrecord in our analysis and will comment briefly |ater
on how this record might affect our overall AABW
transport estimate.

b. Mean currents in the abyssal equatorial channel

As afirst look at the data, Fig. 4a shows the record-
mean current vectors superimposed on a map of the
bathymetry around the equatorial array. Moorings will
be referred to by numbers 1-6 with 1 being the south-
ernmost and 6 the northernmost. Maps are shown for
each of the three primary sampling levels. The strong
flows are confined to the south of the equator, as antic-
ipated for the LNADW, but not as anticipated for the
AABW. However, the southern intensification pattern
observed at the 3900-m and 4300-m levelsis similar to
the three Pegasus current profile snapshots 1° east of
our array by Rhein et al. (1995), one taken in late Oc-
tober 1992 while our array was in the water. As ex-
pected, Fig. 4a shows net westward flow of AABW at
the deepest level and net eastward flow of LNADW at
the shallowest level. At the level in between, which can
be considered the transition layer from AABW to
LNADW, there is also a net westward flow, with east-
ward mean flow only at the southernmost instrument.

This vertical shear (eastward speed decreasing down-
ward or equivalently westward speed increasing down-
ward) is consistent with thermal wind and a southward
rise of thetransition layer between LNADW and AABW
south of the equator, as shown in Figs. 2b and 2c. At
0.5° and 1.0°S, speeds in the 4100-m layer are slightly
larger than at the deepest level, indicative of a slight
shear reversal near the bottom of the transition layer.
At the 3900-m LNADW level (Fig. 4a, top panel),
the impression is that of a southern boundary layer with
maximum eastward speeds at the southern mooring,
which decrease by 45% 30 n mi to the north, then change
to northwestward flow between there and 60 n mi, and
to northward flow on the equator at mooring 4. With
the 3900-m contour of the Parnaiba Ridge falling about
24 n mi south of mooring 1, this eastward flowing
boundary layer of LNADW appears to be about 80—
90 n mi wide. The net transport at 3900 m across the
4 northern moorings is westward and about 15% the
size of the eastward transport in the southern boundary
layer. This may reflect a degree of recirculation of
LNADW, whichis a partial retroflection of the eastward
flow in the southern boundary layer. This has been in-
ferred from hydrographic measurements (McCartney
1993, Friedrichs et al. 1994) but was not conclusively
evident from a few Pegasus measurements (Rhein et al.
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1995). At the 4100-m level (Fig. 4a, middle panel), there
is much weaker eastward flow in the south that gives
way to a westward flowing jet centered south of the
equator. At the two northern moorings, mean flow is
weak. At the AABW level (4300 m; Fig. 4a, lower
panel) westward flow is found at al three of the moor-
ings south of the equator as well as at the mooring on
the equator. Because of the low mean speed at mooring
2, the westward flow amplitude varies across the south-
ern part of the array. North of the equator, amplitude is
very small.

In summary, the mean fields show the southward in-
tensified eastward flow of LNADW in a southern bound-
ary layer, with afootprint extending down into the tran-
sition layer at the southernmost mooring. There is a
transition to distinct westward flow north of the southern
boundary layer in both the LNADW and the transition
layers. The westward AABW flow appears to be broad,
but mostly south of the equator. At all three depths,
mean flows at the two northern moorings are weak.

c. Time variability of the currents in the abyssal
equatorial channel

Next we consider aspects of the time variability in
the moored records. How well defined are the mean
velocity vectors and the temperatures? Figure 5 shows
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TABLE 2. CTD stations occupied during the deployment and
recovery Cruises.

Station
Sta- Date Moor-  depth
tion Latitude Longitude 1992 ing (m)
4 0°51.14'N  35°53.86'W 28 Sep 6 4463
5 0°30.72'N  35°54.39'W 28 Sep 5 4525
6 0°41.04'N  35°52.79'W 29 Sep 4523
7 0°0.34'N 35°54.24'W 29 Sep 4 4525
8 0°15.84'N  35°54.58'W 30 Sep 4527
9 0°15.03'S 35°53.79'W 30 Sep 4515
10 0°30.08'S  35°55.13'W 30 Sep 3 4490
11 0°44.74'S  35°54.59'W 30 Sep 4463
12 0°59.82'S  35°53.51'W 1 Oct 2 4281
13 1°14.77'S  35°54.42'W 1 Oct 4424
14 1°19.14'S  36°4.32'W 1 Oct 1 4441
1994
1 1°37.28'S  36°02.33'W 30 May 4205
2 1°19.57'S  36°55.29'W 31 May 1 4439
3  0°58.81'S 35°55.96'W 31 May 2 4381
4  0°2991'S 35°53.95'W 31 May 3 4470
5 0°14.86'S  35°59.70'W 1 Jdun 4494
6 0°0.02’W  35°55.17'W 1 Jun 4 4517
7 0°15.29'N  35°59.75'W 1 Jun 4519
8 0°29.94'N  35°54.17'W 1 Jun 5 4525
9 0°45.17'N  35°59.54'W 2 Jun 4519
10 0°50.26'N  35°50.62'W 2 Jun 6 4468
11 0°44.93'S  35°54.06'W 2 Jun 4451

progressive vector diagrams for each of the three pri-
mary sampling levels, plotted to maximize the displace-
ment scale. At locations where the magnitude of the
mean velocity exceeds 4 cm s, mean kinetic energy
(K,,) exceeds eddy kinetic energy (Kp) (Table 3), and
the corresponding progressive vector diagrams show a
guasi-steady situation where displacement accumulates
rather steadily in one general direction with small veer-
ing. In fact, this is the case for roughly half the instru-
ments, even where K. > K,,. In the northern half of the
array, however, mean flows are weak and are dominated
by eddies (moorings 5 and 6 in Fig. 5).

Like most moored records around the world, our data
have considerable variability over a broad range of pe-
riods (Figs. 3a—). When low-pass filtered (40 days) to
suppress the higher frequencies, a quasi-annual signal
is the strongest signal, with strong AABW speeds in
September—October and weak AABW speeds in Feb-
ruary—March. The LNADW flow in the south tends to-
ward the reverse cycle, but with its strongest eastward
flow peaking somewhat later than the minimum west-
ward AABW flow. Figures 4b,c,d show the mean vec-
tors at these times during strong westward AABW flow
(at the beginning of the experiment and a year later);
during weak westward AABW flow (about six months
into the experiment and a year later), and during strong
eastward LNADW flow (about seven months into the
experiment and a year later). Here we describe the field
of current vectors during these three distinct flow re-
gimes. The implications of the quasi-annual signals for
AABW transport are discussed in section 3.
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TABLE 3. Statistics of the current meter records. The southernmost mooring is number 1 and the northernmost is 6. Overbars denote a
record-length mean. K, is mean kinetic energy, (> + 1%)/2; K¢ is eddy kinetic energy, (u'? + v'?)/2.

Mooring Depth u v

NE

v? (T2)v2 uv K K

T M E
number (m) (cm s (cms™?) (°C) (cm?2s?) (cm?s?) (°C) (cm s (cm?2s?) (cn?s7?)
6 3297 -1.14 —0.86 2.547 10.60 11.69 0.0186 2.86 1.01 11.14
3896 0.75 0.46 2.278 8.84 3.77 0.0282 2.75 0.39 6.30
4096 -0.12 —0.05 1.812 4.14 1.39 0.1266 -0.73 0.01 2.77
4297 0.35 0.07 1.135 2.65 0.71 0.0446 —-0.04 0.06 1.68
5 3900 —0.40 0.89 2.280 12.56 7.96 0.0232 6.01 0.48 10.26
4100 -0.13 -0.11 1.769 8.92 4.03 0.1344 2.16 0.01 6.48
4300 0.02 0.14 1.116 6.65 3.23 0.0390 2.70 0.01 4.94
4 2993 —-0.93 -0.31 2.724 12.26 9.65 0.0275 0.60 0.48 10.96
3293 —2.02 0.15 2.557 9.40 6.42 0.0223 —0.68 2.05 7.91
3593 —-2.12 0.27 2.432 9.34 2.74 0.0245 -0.11 2.27 6.04
3892 -0.22 241 2.292 4.69 5.89 0.0257 1.96 2.93 5.29
4093 —-1.78 0.46 1.800 6.05 3.37 0.1356 —-1.74 1.68 4.71
4292 -0.64 0.04 1.126 5.49 253 0.0363 —-1.50 0.21 4.01
4485 —-1.31 0.46 0.929 3.16 1.99 0.0128 —-0.29 0.96 2.57
3 3885 -154 1.56 2.303 9.28 7.30 0.0187 1.40 2.39 8.29
4085 —-5.53 0.72 1.851 24.86 4.54 0.1268 0.17 15.55 14.69
4285 —4.22 0.32 1.147 10.97 2.73 0.0409 —1.16 8.96 6.84
2 3307 1.33 0.28 2.535 4.02 2.48 0.0186 0.81 0.92 3.25
3907 5.39 0.89 2.278 25.49 7.76 0.0235 6.30 14.92 16.63
4107 —-1.91 0.98 1.669 13.74 12.14 0.1029 4.83 2.30 12.94
4307 -1.35 0.02 1.124 6.92 8.50 0.0353 441 0.91 7.71
1 3899 9.90 —0.65 2.247 19.75 6.68 0.0455 1.97 49.17 13.22
4099 1.48 0.86 1.685 8.43 6.84 0.1115 2.73 1.46 7.63
4300 —4.88 —-0.42 1.192 12.70 2.50 0.0367 2.38 12.00 7.60

During the two periods of strong westward AABW
transport, the vectors at moorings 1, 2, and 3 that dom-
inate the flow at 4300 m are 20% to 50% greater than
the record means (Figs. 3c and 4b, bottom panel). At
the transitional level of 4100 m, the flow is more di-
vergent during the strong westward AABW transport
periods than on average (Fig. 4b, middle panel). In par-
ticular, westward velocities at moorings 2 and 3 have
accelerated by about 70%, but at mooring 4, on the
equator, the velocity is nearly northward, rather than its
record-average direction of nearly duewestward, though
with little change of speed. This northward flow appears
to turn east at mooring 5, north of the equator, where
a modest eastward flow develops. At mooring 1, south
of the westward jet, the eastward flow observed in the
mean is intensified during the two periods of strong
westward AABW transport (Fig. 4b, middle panel). In
contrast, the eastward flow of the southern boundary
layer in the overlying LNADW at 3900 m is substan-
tially reduced at moorings 1 and 2 (Fig. 4b, top panel),
while net westward transport across moorings 3-6 in-
creases and is 45% as large as the southern eastward
flow. In summary, during the two periods of strong west-
ward AABW transport, the westward flow of both colder
AABW (4300 m) and warmer AABW in the transition
layer (4100 m) is greater; but at 4100 m, the eastward
recirculation in the south has actually strengthened, and
weak eastward flow has also developed north of the
equator. The eastward flow of LNADW in the southern
boundary layer (moorings 1 and 2) is slower when the

westward transport of AABW is strong, but north of the
boundary layer the northwestward and northward flows
of LNADW are little changed.

The two periods of weak westward AABW flow show
agreatly diminished flow amplitude at 4300 m (Fig. 4c,
bottom panel), in the colder part of the AABW. At 4100
m, in the warmer part of the AABW (Fig. 4c, middle
panel), the westward jet present at moorings 2, 3, and
4 in the mean field has diminished greatly. At the same
time, the eastward flow in the southern boundary layer
has broadened to mooring 2 and has strengthened rel-
ative to the mean situation. This southern recirculation
of warmer AABW is twice as large the weakened west-
ward flow at moorings 3 and 4. At 3900 m during this
period of weaker AABW flow at depth, the eastward
flow of LNADW in the southern boundary layer has
accelerated (Fig. 4c, top panel), and the net flow of
LNADW offshore reverses to weakly eastward, with
distinct northward LNADW flow at moorings 3, 4, and 5.

Shortly after the two periods of weakest westward
AABW flow are two periods of strongest eastward flow
of LNADW (Figs. 3ab,c). Accompanying the pro-
nounced accel eration of eastward speedsat 3900 m (Fig.
4d, top panel) at the southern two moorings, there is an
enhancement at the next two moorings to the northward
flow that exists to some degree in all these 3900-m
vector plots. However, net transport is again very weak-
ly eastward. The two periods of strong LNADW trans-
port in the southern boundary layer at 3900 m exhibit
pattern shifts in the flows at the other two levels. At
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4100 m (Fig. 4d, middle panel), the warmer AABW in
the transition layer still shows a jetlike structure, but
the jet’s center is displaced northward, from mooring 3
to mooring 4 on the equator. Curiously, the eastward
recirculation of warmer AABW (4100 m) at the south-
ernmost mooring isweaker in the strong LNADW trans-
port periods than in the record mean and the other pe-
riods illustrated in Fig. 4. At 4300 m (Fig. 4d, lower
panel), the westward flow of AABW slows down some-
what at moorings 1, 2, and 3, and expands northward
to include moorings 4 and 5 at and north of the equator.
Thus, the two periods of strong eastward flow of
LNADW in the southern boundary layer are character-
ized by an enhanced northward LNADW flow outside
that boundary layer, a northward displacement of the
centroid of westward flow of AABW at 4100 and 4300
m, and a near disappearance of warmer AABW recir-
culation southward of the displaced AABW jet at 4100 m.

d. The deep temperature field

On both the deployment and recovery cruises, CTD
sections were occupied across the array, with stations
nominally at and between mooring locations, for a total
of 11 stationsin each section. An additional sectionwas
made a few weeks before recovery. Twenty-four water
samples were collected at each station and analyzed for
salinity to calibrate the conductivity sensor. The esti-
mated accuracy of the datais =.001°C for temperature
and *.003 psu for salinity.

Figure 2 shows 6 below 3000 m for all three sections.
The 1.8°C potential isotherm is at the top of the strongly
stratified transition layer between cold AABW and
somewhat warmer LNADW, both of which are more
weakly stratified. This layer of stronger vertical density
gradient is extensive in the tropical and subtropical
North and South Atlantic. At extra-equatorial locations,
it is the tilt of this transition layer that dominates the
geostrophic shear between the two water masses and,
with suitable reference level inference, was used by
Wright (1970) to produce the first comprehensive treat-
ment of the western basin AABW transport distribution.
While direct usage of geostrophy within 1.5° |atitude of
the equator is a delicate matter, which will not be ex-
plored here, note that the current vector plots of Figs.
3 and 4 do show considerable shear across this layer,
especialy at the southern mooring between the pro-
nounced eastward LNADW flow at 3900 m and the
pronounced westward AABW flow at 4300 m. In the
604-day mean there is nearly a 15 cm st difference
across 400 m. Vertical movement of thistransition layer
leads to stronger temperature variability at 4100 m,
where vertical temperature gradients are relatively high,
compared to the variability at 3900 and 4300 m (Table
3). Thisisillustrated in Fig. 6, which shows time series
of T at the seven depths on the equatorial mooring.
(From deep pressure measurements, we estimate that
the effect of mooring motion on temperature measure-
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ments is more than an order of magnitude smaller than
the natural variability.) This figure also suggests that
there is a long-term warming at 4100 m over the
20-month deployment as well as the same quasi-annual
cycle observed in the velocities. In fact, though not
discernible by eye in Fig. 6, similar (but weaker) fea-
tures also occur at 4300 m. Both trends occur at these
levels throughout the array. Thermistors at and below
the 4100-m level have a 10-yr calibration history, with
average drifts of 0.1 to 0.7 millidegrees per year. In
contrast, least squares linear fits to the warming trends,
after removing the seasonal signal, yield warming rates
on the order of 0.098°C/yr at 4100 m, and 0.016°C/yr
at 4300 m, about two orders of magnitude greater than
the sensor drift rates. The difference in magnitude of
the trends at the two depths (about 6 to 1) is the same
order as the difference in strength of the vertical tem-
perature gradient at the two levels (about 4 to 1); hence,
the warming may also be interpreted as a deepening of
the interface between LNADW and AABW. From the
beginning to the end of the experiment, this deepening
would be about 40 m at 4100 m and 25 m at 4300 m.

Differences in the deployment and recovery hydro-
graphic sections are consistent with the observed tem-
perature variability measured by the VACMs. The re-
covery section (Fig. 2c) was made during the warm
phase of the seasonal cycle: notice that the pool of water
colder than 0.6°C issmaller in May 1994 than in October
1992. Long-term variability isdiscussed in greater detail
in section 4. The coldest measured potential temperature
also warmed from 0.582°C at 0°15’'Sin 1992 to 0.595°C
on the equator in 1994. Figure 7 shows the average
vertical 0 profiles for 1992 and 1994. In 1994, the ver-
tical potential temperature profile below 2°C has de-
scended about 80 m and also flattened out from the
somewhat curved nature of the 1992 profile (Fig. 7).
The descent is larger than that estimated for the long-
term trend alone because the peak-to-peak amplitude of
the seasonal cycle isroughly the same size as the trend.
In order to facilitate the transport calculations for
AABW in section 3, the average temperature gradients
d6/dz have been calculated from least squares linear fits
to the high gradient portions of the 6(z) curvesin Fig.
7. These slopes are —4.03 X 10~*C m~*in 1992 (eval-
uated over a depth range of 3950 to 4200 m) and —3.56
X 10-*°C m~tin 1994 (over 3950 to 4275 m). We have
converted the temperature time series to potential tem-
perature using the mean pressure of each instrument and
the CTD data as a guide to the departure of the likely
actual salinity from a mean value. The method is de-
scribed in appendix A.

3. Transport calculation

As noted in the introduction, a primary purpose of
the current meter deployment was to obtain an accurate
measurement of AABW flow leaving the Brazil Basin
through this passage. First we had to choose a definition
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FiG. 5. Progressive vector diagrams for currents at (a) 3900 m; (b) 4100 m; (c) 4300 m and
4485 m (circles), from mooring 4. Asterisks mark the mooring locations; crosses are placed at

100-day increments.

for this water mass. One could simply use a depth such
as 4000 m, which is roughly in the transition layer be-
tween AABW and NADW, but most investigators have
used a potential isotherm to identify the top of the bot-
tom water. For this transport calculation, the potential
isotherm 6 = 1.8°C has been used to define the top of
the AABW layer. This isotherm is near the top of the
strong vertical temperature gradient where water prop-
erties change from NADW properties to AABW prop-
erties. This choice is also consistent with recent choices
by others (Molinari et al. 1992; Friedrichs and Hall
1993), although it does differ from the choice of 1.9°C
by Whitehead and Worthington (1982). Hence, alter-
native definitions are also presented. It will be shown
that transport is not overly sensitive to the definition
used. Without a continuous representation of either the
flow field or the temperature field, the use of the 1.8°C
isotherms involves, in essence, a double interpolation
amongst the moored instruments. Details of the trans-
port calculation are presented in appendix B.

Table 4 lists mean transports and standard deviations

for four definitions of AABW: 6 = 1.8°C; z = 4000 m;
0= 1.7°C; and 6 = 1.9°C. Those caseslabeled A utilize
the full array dataset. Cases labeled B use only the four
southernmost moorings, as they have the preponderance
of flow in the array. Summing all transport below 1.8°C
through the channel yields an estimate for mean AABW
transport of —2.0 Sv (Table 4, 1A). This is the sum of
an organized westward flow of 2.24 Sv and a recircu-
lating (eastward) flow of 0.24 Sv, which occurs at the
4100-m level at the southernmost mooring. Case 2 rec-
ognizes that the interpolation for 1.8°C is a bit more
sophisticated than that possible for velocity and usesthe
alternative simpler AABW definition as water below
4000 m. This results in a mean westward transport of
2.18 Sv, the sum of organized westward flow of 2.31
Sv, and a weaker eastward recirculation of 0.13 Sv.
Mean transport below 6 = 1.7°Cis —2.06 Sv (westward
flow of 2.18 Sv and eastward flow of 0.12 Sv); for 6
= 1.9°C, the westward flow is similar (2.22 Sv), but
the recirculation is much stronger (0.39 Sv), so the net
isonly 1.83 Sv westward. The 1.8°C isotherm liesabove
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Temperature Time Series at the Equator
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Fic. 6. Time series of in situ temperature at seven levels from the equatorial mooring. For depths of
measurements see Table 3.

4000 m for most of the experiment at the southern two
moorings (where the eastward flow of the southern
boundary layer is found at 3900 m and intermittently
at 4100 m). Thus, relatively more of this eastward flow
is mapped onto the AABW layer for cases 1 and 4 (6
= 1.8°C, 1.9°C) than for cases 2 and 3 (z = 4000 m;
0 = 1.7°C). Transports for the four cases are all within
10%—15% of each other because two-thirds of the trans-
port occurs below 4200 m where 6 < 1°C.

As noted in section 2, the strong eastward flows ob-
served at the southern end of the array are associated
with the flow of LNADW from the Guiana Basin to the
Brazil Basin, the crossing of the equator by the deep
western boundary current. This eastward flow includes
water colder than 1.8°C from entrainment of AABW
into the overlying jet. An estimated 1.24 Sv flows be-
tween 3800 and 4000 m, based on the record mean
speeds at the southern two moorings, with correspond-
ing temperature range of 1.8°-2.0°C. Rhein et al. (1995)
use several Pegasus velocity sections along 35°W to
estimate a transport of ‘‘old” NADW (~1.8°-2.3°C) as
4.6 = 2.6 Sv. Friedrichs et al. (1994) estimate about 7
Sv transequatorial LNADW transport between 1.8° and
2.4°C with 3 Sv of that colder than 2.0°C. Our array
data represent only a small piece of this LNADW flow,
which for the most part passes above the array, as well

as partly south of it, according to the Rhein et al. (1995)
velocity and CFC-11 sections at 35°W.

Both the marginal spatial resolution of the array and
the strong time variability of the records introduce a
level of uncertainty in our transport estimates. To assess
the effect of horizontal resolution, consider first the rel-
atively low velocity measured at 4300 m near 1°S, moor-
ing 2. Suppose that low speed isin error: using instead
a zonal speed of —4.5 cm s (the rough average of the
—4.88 and —4.22 cm s * recorded at moorings 1 and
3, respectively) would increase the case 1 estimate in
Table 4 by 15% from 2.0 to 2.3 Sv. One could go a step
further and suppose that instead the 4300-m velocity
distribution might be jetlike, with a maximum at this
location. The three realizations of Pegasus sections by
Rhein et al. (1995) and a fourth reported in Rhein et al.
(1996) suggest such an AABW jet and show its west-
ward speed maximum comparabl e to the eastward speed
maximum of the overlying LNADW boundary layer
eastward flow. The eastward LNADW maximum speed
in the array is about 9.9 cm s %, and imagining an
AABW jet with this speed westward at the problematic
instrument would increase the case 1 transports by 40%
from 2 to 2.8 Sv. While these uncertainty estimates fo-
cus on the problematic 4300-m instrument on mooring
2, they also provide some general indication of the ef-
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Fig. 7. Comparison of section-averaged vertical profiles 6(2) at de-
ployment (solid) and at recovery (dashed).

fects of inadequate sampling resolution for flows of
small horizontal scale. However, since smaller horizon-
tal scales tend to be associated with higher frequencies,
such errors should tend to average out over along time.
Thus, we expect that the most significant error due to
horizontal resolution is that associated with the anom-
alous instrument record described above.

It is similarly difficult to estimate uncertainties of
vertical resolution—harder than for an extra-equatorial
array where geostrophy provides a natural shear esti-
mate for comparison with the current meter shears. In
our array, only mooring 1 in the south shows a simple
mean vertical shear of the zonal currents: the others
show varying shears and/or meridional components of
flow between the three levels. It is thus possible that
sampling at the three primary levels of our array is
inadequate for characterizing the depth-integrated
AABW zonal speed. In addition, the equatorial mooring
provides our only measurement of flow below 4300 m
(Fig. 2; Table 3). Its average westward velocity of 1.3
cm st at 4485 m is actually stronger than the average
at 4285 m (0.6 cm s~ westward) on the same mooring.
However, the 4300-m measurements of the primary ar-
ray dominate the AABW transport estimate at the other
moorings, where we have no deeper speed measure-
ments. Thus, the array may have failed to sample the
AABW flow nearer the bottom, and the AABW trans-
port may be underestimated by not allowing for shear
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TABLE 4. AABW transport (10° m® s7%), calculated as described in
text (westward transport is negative). Cases 1A, B integrate transport
below the 1.8°C isotherm. Cases 2A, B integrate below nominally
4000 m (actually below midpoint of current meters at nominal 3900-
and 4100-m depths). For both 1 and 2, A refers to through channel
transport; B integrates only over the southern four moorings (i.e.,
south of ~0°15’'N). Cases 3 and 4 integrate transport below the 1.7°
and 1.9°C isotherms, respectively.

Top of
Case  Mean Std dev  Max Min AABW
1A -1.99 1.58 2.33 —8.68 0 = 18C
1B —-2.01 1.39 2.01 -7.26 0 = 1.8C
2A -2.18 161 2.30 —8.58 4000 m
2B —-2.19 142 1.82 -7.19 4000 m
3 —2.06 154 2.19 -8.34 0= 17°C
4 -1.83 1.63 2.55 —-8.94 0 = 1.9°C

between 4300 m and the sea floor. Fortunately, unde-
tected near-bottom shear is not likely to greatly enhance
the AABW transport since an extra 0.7 cm s~ speed in
the bottom 150 m across the entire width of the array
would boost the transport by only 0.4 Sv. The presence
of significant northward flow components at some
depths should not introduce additional uncertainty:
through channel transport depends only on the velocity
component normal to the channel cross section, that is,
zonal velocity.

The time series of daily average through channel
transport of water colder than 1.8°C is shown in Fig. 8,
along with the 40-day running mean; time series for all
other cases except case 3 would be nearly indistinguish-
able from this. In an event near the start of the daily
averages, maximum westward transport exceeds 8 Sy,
and at times the flow reverses to eastward with total
transport as high as 2 Sv. Although standard deviations
for the different transport time series are 65%—80% of
the record means, the integral timescale for transport is
about 10 days, suggesting about 60 degrees of freedom
for the 604-day-long record. Using N = 60 yields stan-
dard errors on the order of 10% of the means. In addition
to the obvious high-frequency content of the time series,
there is a seasonal cycle visible in the 40-day filtered
curve: this results from the above-described periods of
strong and weak AABW velocity vectors. The record
is not long enough to constrain a seasonal cycle, nor to
isolate it as a spectral peak, but the appearance of a
quasi-annual cycle is striking none the less: the record
begins with strong AABW transport and has a second
strong period about a year into the record. In addition,
there are weak AABW transport periods about one-half
year into the record and again about one and a half years
into the record. Notable peaks in the power spectrum
for the transport time series occur at 120 days and at
periods of 50—-60 days, as well as in the band from 25
to 30 days. Whitehead and Worthington (1982, near
4°N) and Johns et al. (1993, 8°N) found a prominent
60-day periodicity in the bottom water velocities, but
the 120-day period has not been observed before, asfar
as we know. The AABW transport minimain Fig. 8 are
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Antarctic Bottom Water Transport
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FiG. 8. For the 604-day experiment the daily average transport of AABW defined as water with 6 < 1.8°C,
estimated as described in the text from the daily average westward flow speeds and potential temperatures.
Superimposed is the running 40-day (boxcar) filtered AABW transport.

rather sharply peaked in time due to the interaction of
the 120-day and seasonal cycles. As noted in the dis-
cussion of Fig. 4, the LNADW also has a seasonal cycle
with a strong eastward flow phase in the south that lags

Annual Running Mean AABW Transport
-1 T T T
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. . L
300 350 400
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L
250

Fic. 9. The running yearly (365-day boxcar) averaged transport of
AABW defined as the water with 6 < 1.8°C. The filtered time series
begins at day 183 of the daily average transport time series of Fig.
8, and the last day is day 422 of the daily series.

the weak AABW phase by about a month. This delay
is particularly visible in the time series of vector ve-
locity, Figs. 3a—c.

To assess the effect of the lower-frequency variability
on the calculations of mean transport, the time series
was fitted with a model that included a seasonal har-
monic and a 122-day cycle (one-third of ayear). It was
also necessary to include a term that could describe the
long-term trend observed in the transport: in particular,
the 365-day running mean persistently declined from
2.2 to 1.9 Sv westward (Fig. 9). Details of the fits are
given in appendix C. In summary, using a linear term
in the model leads to a mean transport of exactly 2 Sv
if we extrapolate to afull two years. On the other hand,
the transport is not expected to decrease indefinitely.
Modeling the *‘trend” instead as part of atwo-year-long
cycle leads to a mean transport of 2.14 Sv westward
over a full two years, an increase of about 7%.

Naturaly it is impossible to determine variability of
the current for times longer than or equal to the 604-
day sampling period, but we can assess the stability of
our transport estimate by computing the mean over sub-
sets of the time series. Table 5 shows the mean transport
over 604 days, and means over sequentia intervals of
302, 151, and alternating 75 and 76 days. The 302-day
values differ from the 604-day value by just 3%, but
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TABLE 5. AABW volume fluxes averaged over assorted time in-
tervals, from top to bottom: 604 days; 302 days, 151 days; 75/76
days. Flux is westward and units are Sverdrups.

1.99
2.06 1.93
2.32 1.79 2.49 1.37
1590 | 1.99 3.04 | 194 121 [ 152

151 302 453 604

Day Average

the similarity of these numbersisdeceptivefor it reflects
that the array deployment coincided with the maximum
transport phase. A running 302-day mean yields values
ranging from —1.86 to —2.34 Sv, which differs from
the 604-day value by up to 15%. Figure 10 shows the
running 40-day mean volume flux from Fig. 8 as well
as the values from Table 5. In addition to the seasonal
cycle with annual minimain late February/early March,
the intermediate minima near 280 days and 400 days
are evidence of the 120-day signal noted above. This
appears to reinforce the seasonal minima at 160 days
and 520 days and may account for the sharpness of the
annual minima, and the flatness of the annual maxima.
The 151-day mean values (triangles in Fig. 10) begin
to define the annual signal and the 75/76 day averages
(X’sin Fig. 10) show it even more clearly. The variation
of these transport estimates over subsets of the data
show that shorter current meter records could have been
misleading.

4, Discussion

For the 604 days of the current meter array velocity
data we estimate that between 2.0 and 2.2 Sv of AABW
flowed through the array (Table 4), and thus from the
Brazil Basin of the South Atlantic into the GuianaBasin
of the North Atlantic. This measured AABW flow was
southern intensified within the equatorial channel, and
recorded almost completely by the four moorings that
were placed between 1.3°S and the equator, with neg-
ligible flow recorded at two moorings north of the equa-
tor. Therefore, even though the array is in the extreme
northwestern *‘ corner’”” of the Brazil Basin, the crossing
of the equator by the AABW is achieved west of the
array. Given the restriction of the AABW to depths
greater than 4000 m, the bathymetry of Fig. 1c shows
this crossing must occur between the longitude of our
array, 35.9°W, and 39°—40°W, a zonal width of 350 to
450 km, about twice the meridional width of the west-
ward flow through our array. The space available, and
the shape of the bathymetry, are such that this crossing
can occur at about a 30° angle from westward without
requiring a narrowing of the current as it crosses. At
the colder sampled level of 4300 m, Fig. 4, the distance
to the western boundary from the array is only about
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Fic. 10. The 40-day filtered AABW transport estimate for AABW
defined as water with 6 < 1.8°C, from Fig. 8, compared with several
bulk averages: the record mean, and means for successive record
halves, quarters, and eighths.

320 km, requiring a larger turning angle for the cold
AABW unlessit rises asit turns across the equator. The
mean velocity vectors at this level of the array show
only about a 5° veering of the flow to the north of
westward, Fig. 4a, and thus the veering of the 4300-m
flow from westward to flow northward across the equa-
tor must be quite abrupt as it has barely begun at our
array.

Did we measure the total AABW flow that passes
from the Brazil Basin to the Guiana Basin with our
array? There are two sorts of uncertainties. The first set
comprisesissues of the horizontal and vertical sampling,
as discussed aready. The second is the possibility of
other pathways for cross-equatorial flow outside the do-
main sampled by the array. The latter issue depends on
the accuracy of a variety of bathymetric datasets, in-
cluding the contoured one in Fig. 4, which portray the
Parnaiba Ridge as a continuous southern wall to the
equatorial channel westward of our array; these data
were also used as a guide in selecting a longitude suf-
ficiently far east that the north channel wall is a con-
tinuous barrier to northward AABW flow east of our
array. Overall, bathymetric data densities are much
greater for the Parnaiba Ridge than for the north wall,
and thus the possibility of aleak somewhere east of the
array is of greater concern than for leaks through the
Parnaiba Ridge west of the array. We know of no par-
ticular evidence of such aleak, but simply do not have
enough bathymetric data to rule out the possibility al-
together.

The three temperature sections (Fig. 2) present a bit
of a paradox, for they show the coldest AABW, 6 =
0.6°C, north of 0.4°S, in spite of the bulk of the esti-
mated transport of AABW being south of there. North
of the equator the 4300-m instruments indicated neg-
ligible flow. Perhaps the coldest water there migrated
northward beneath the relatively motionless 4300-m
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TABLE 6. Estimates of AABW transport in the South Atlantic (Brazil Basin), North Atlantic (Guiana Basin), and near the equator. ““RL"
means reference level (level of no motion).

Transport
Reference Location (sv) Comments
Brazil Basin

Wright (1970) 8°S 2.8 RL = top of LNADW to AABW transition

McCartney and Curry (1993) 11°S 55 RL = 1.9°C; water below 1.9°C

Speer and Zenk (1993) 11°S 3.0 RL = 2.1°C; same data as McCartney and Curry; different
bottom triangle treatment

DeMadron and Weatherly (1994) 15°S 44 RL = 1.9-2.0°C (0, = 45.87 kg m~3)

Guiana Basin

Wright (1970) 8°N 2.7 RL = top of LNADW to AABW transition; inappropriate
RL for GB.

Whitehead and Worthington 4°N 1 Current meters; flow over Ceara Rise only

(1982; “*WWwW82")

Wwa2 4°N 2(2.3) RL = 1.9°C; tota flow, Ceara Rise to Mid-Atlantic Ridge;
computational error raises estimate to 2.3 (Luyten et al.
1993).

McCartney and Curry (1993) 4°N 4.0 Used WW82 data; RL = 1.9°C; different bottom triangle
treatment

Luyten et al. (1993) 4°N 3.2-4.0 Water below 6 = 1.9°C; varying RL

McCartney et al. (1991) 11°N 2.2 Water colder than 2°C; flow is through Vema Fracture
Zone into eastern basin

Friedrichs and Hall (1993) 11°N 2 Net for entire transect; negligible net flow in Guiana Basin

Equator

McCartney and Curry (1993) 37°W 4.3 RL = 4000 dbar (0 = 1.93°C); equatorial geostrophy

Rhein et al. (1995) 35°W 0.6, 2.6, 4.6 Pegasus sections

Rhein et al. (1996) 35°W 18 Pegasus section

level north of the equator. Such flow is hinted at by the
mean current measured at the deepest instrument on the
equatorial mooring, which is oriented 20° north of west.
Again, however, these considerations presumably in-
volve relatively small transports of a few tenths of a
Sverdrup.

How does our AABW transport compare with pre-
vious estimates of Atlantic AABW circulation? The ear-
liest attempt to estimate AABW transport through the
western basin used the Meteor data from the 1920s
(Wust 1957) but was not successful due to coarse res-
olution. Since then many estimates have been made in
both the Guiana Basin of the North Atlantic and the
Brazil Basin of the South Atlantic. Some of these appear
in Table 6. Note that AABW transport from the Brazil
Basin supplies not only the northward flow into the
Guiana Basin that we attempted to measure, but also
the eastward flow through the Romanche and Chain
Fracture Zone into the eastern basin. From Table 6,
roughly 3to 5 Sv of AABW is approaching the equator
from midlatitudes of the Brazil Basin (no estimates of
the effect of time variability were made). The amount
is smaller than the 7 Sv estimated entering the Brazil
Basin from the south (Speer and Zenk 1993) presumably
because of upwelling within the basin. Our array esti-
mate of somewhat more than 2 Sv continuing into the
Guiana Basin implies that between 1 and 3 Sv is avail-
able for the combination of the eastward flow through
the Romanche Fracture Zone and the upwelling from
AABW into the LNADW in the Brazil Basin.

In the Guiana Basin, there is a strong recirculating
gyre in the deep-water and AABW circulation (Fried-
richs and Hall 1993), and a deep level of no motion is
inappropriate. At a minimum, a level of no motion is
required above the deep water. Thus, Wright's calcu-
lations in the Guiana Basin, though fortuitously close
to ours, are flawed; indeed, they simultaneously give a
net deep-water flow that is northward rather than south-
ward. Four estimates are presented for flow of AABW
near 4°N, all based on the current meter and/or hydro-
graphic data presented in Whitehead and Worthington
(1982). These al use areference level of 1.9°C, but the
estimates range from 2 to 4 Sv for the total flow between
the Ceara Rise and the Mid-Atlantic Ridge. The very
rough topography at the 4°N section makesthe estimates
of near-bottom shear and transport speculative since
there is no clear evidence that the gaps connect to the
north. Moreover, the time variability of the current is
known to be significant, and no single geostrophic cal-
culation can estimate the mean flow.

Another recalculation of this 4°N transport is given
in Luyten et al. (1993) showing the dependence of the
transport colder than 1.9°C on an assumed level of no
motion that ignores the current meter measurements
supporting 1.9°C. In such a case, there is a gyre aspect
to the shear and flow east of the Ceara Rise, and raising
the level of no motion primarily increases the gyre in-
tensity while the net northward transport of AABW
stays in the range 3.2—4.0 Sv. In particular, using a
reference level of 3.2°C, deduced as optimal by Fried-
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richsand Hall (1993) for alocation farther north, Luyten
et al. (1993) show a transport of 3.6 Sv. Thisis larger
than our transequatorial estimate, which could reflect
the inclusion of some northward recirculating LNADW
in the 4°N estimate, through the use of 1.9°C as the top
of the AABW, and the exclusion of the southward flow-
ing waters between 1.7° and 1.9°C over and west of the
Ceara Rise. In addition, there could be entrainment of
LNADW into the AABW as the mechanism of pro-
gressively warming the AABW as it flows northward.
Thus, although the use of 1.9° as a reference level as
tested by current meters by Whitehead and Worthington
(1982) may be correct, the northward modification of
AABW through mixing complicates comparisons of
transport.

Farther north in the Guiana Basin, McCartney et al.
(1991) estimated a flow of about 2.2 Sv colder than 2°C
debouching from the Vema Fracture Zone into the east-
ern North Atlantic. The immediate source of that water
is the northward flow of AABW in the Guiana Basin,
part of which is diverted to the eastern basin by the flow
through the Vema. At the point where this transport
estimate applies, well eastward along the Vema, the
coldest water is 1.58°C, considerably warmer than the
water entering the Vema from the northward flowing
AABW in the Guiana basin, where bottom temperatures
are about 1.27°C. How much the entrainment of over-
lying deep water has increased the transport in the pro-
cess of raising the temperature as the water passes
through the Vema is of course unknown, so it is not
possible to estimate what fraction of the AABW (and
entrained LNADW) flowing northward near 10°N in the
Guiana Basin is diverted eastward into the Vema, other
than an expectation that it is less than 2 Sv.

Friedrichs and Hall (1993) examined a full North At-
lantic transect that falls near 11°N. The use of a full
ocean section has the advantage of allowing rigorous
application of overall mass balance. The section iscom-
pletely north of the Vema Fracture Zone through the
Mid-Atlantic Ridge. East of the ridge they found a net
northward transport of AABW amounting to 2 Sv, but
negligible net northward transport of AABW west of
the ridge. This most likely reflects inadequate sampling
along the western flank of the Mid-Atlantic Ridge,
where the colder classes (and strong flow) are not re-
solved due to a large bottom triangle at the critical sta-
tion pair where the northward flow is concentrated. With
the northward flow underestimated because of this dif-
ficulty, the recirculating southward flow of AABW in
the deep western boundary current essentially cancels
the northward flow.

Some estimates of AABW transport right at the equa-
tor also exist (Table 6). McCartney and Curry’s rather
high estimate of 4.3 Sv falls within the rms of the daily
transport estimates, but is outside the range of the
40-day filtered transport estimates (Fig. 8). But the 1983
section (Fig. 1c) was in the area where there must be a
significant northward flow (see above). Rhein et al.
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(1995) estimated AABW transports just east of our
moored array site using three Pegasus sections (Table
6). Their reported AABW transport of 2.6 Sv = 2 Sv
is the average and standard deviation of these three es-
timates, one of which they describe as ‘“not well re-
solved” due to station spacing. The third section was
made about 50 days into our moored experiment, when
the 40-day filtered time series shows 2.4-2.6 Sv of
AABW flow, agreeing well with the 2.6 Sv they mea-
sured. On the other hand, the daily average transport
time series, Fig. 8, shows much larger fluctuations, from
greater than 5 Sv westward to essentially zero westward
transport. Indeed, the plot of daily average array trans-
port isnot particularly encouraging for the use of asmall
number of velocity snapshots to define the mean flow.
A fourth Pegasus section (Rhein et a. 1996) was made
from a cruise in February—March 1994, about 75 days
before the end of our moored experiment. Its estimated
westward transport lies in the range of daily transports
(2 Sv westward to 2 Sv eastward), while the 40-day
filtered transports, Fig. 8, show this period as the second
transport minimum of the record.

As mentioned in section 2d, the moored array data
and the supporting hydrography both indicateawarming
trend over the duration of the experiment. The cold
AABW at 4300 m warmed at a rate of 0.016°C/yr; this
can be compared to a rate of warming found by Zenk
and Hogg (1996) for the coldest AABW entering the
Brazil Basin through the Vema Channel of 0.015°C/yr
over atwo year stretch (1991-92). They noted that spo-
radic data at this site back through 1973 indicates that
coldest temperatures were stationary in the range
—0.17° to —0.19°C, with the warming from that range
to —0.13°C during the experiment therefore looking
highly anomalous. Coles et a. (1996) have documented
a shift in the distribution of coldest levels of AABW in
the Argentine Basin in the late 1980s, whose subsequent
advection (with mixing) into the Vema Channel might
be related to this warming signal. At our site on the
equator, the overall history is somewhat different. Data
within 10—-100 km of the array in the equatorial channel
in 1972, 1983, and 1989 all show coldest AABW tem-
peratures quite close to each other (0.611°, 0.617°, and
0.612°C), and all warmer than our observations (0.582°—
0.595°C) by about 0.03°C. Thus, the warming trend dur-
ing the experiment may be arecovery phase from some
cooler period between the earlier warmer period and the
experiment. At the Vema Channel the warming period
described by Zenk and Hogg (1996) may be a response
to an earlier warming event of the upstream source for
the Vema waters. At the equator we can speculate on a
somewhat different scenario.

As the AABW flows from the Brazil Basin to the
Guiana Basin it warms considerably. Basically this re-
flectsvertical exchange between the AABW flowing one
direction beneath the LNADW flowing in the other di-
rection (although by no means do the cores of current
lie over each other). The near-bottom temperature has
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a large gradient northward from the site of our exper-
iment into the Guiana basin. For example, Whitehead
and Worthington found the coldest AABW at 4°N in
1977-78 to be 0.99°C, and based on the historical data
just described, at that time the coldest AABW at our
array location was 0.61°-0.62°C. The likely connecting
pathway between the two locations is about 780 km, so
the bottom temperature gradient is about .05°C/100 km.
Thus, the 604-day warming trend can be interpreted as
a shift of between 20 and 30 km of the bottom isotherms
toward the Brazil Basin during the experiment. The oth-
er change during the experiment is the descent by order
25-40 m (after removing the seasonal effect) of the
transition layer between the LNADW and the AABW,
giving a distinct warming trend at the 4100-m level of
our array and a weaker warming trend at the 4300-m
level. Thereis little indication of change at the 3900-m
level. The temperature sections, Figs. 2 and 7, confirm
the warming trend at depth, but also show the trend
passing from warming through zero to a slight cooling
trend above 3900 m that fades away near 3000 m. Thus,
by the end of the experiment, the LNADW has thick-
ened, the transition layer has moved downward, accom-
modating the thickened LNADW, and the AABW layer
has thinned with the coldest AABW getting warmer;
the latter warming may be interpreted, as just men-
tioned, as a shift toward the Brazil Basin of the bottom
temperature gradient that delineates the erosion and
warming of the AABW asit flowsinto the GuianaBasin.

The counterflow arrangement of the LNADW and
AABW, and the quasi-stationary mixing between them,
are the fundamental basis for interpreting the distribu-
tion and variation of these water masses. In particular,
the LNADW in the deep western boundary current in
the southern Guiana Basin has a much thicker character,
with its low vertical stratification extending to colder
than 1.75°C, while in Fig. 2 the higher gradients of the
transition layer reach warmer than 1.85°C, and at 11°S
in the Brazil Basin the higher gradients reach warmer
than 2.0°C (see, e.g., McCartney 1993). This progres-
sion, as well as the opposing progression of warming
of the AABW layer toward the north, reflects the ad-
vective diffusive balance between these opposing flows.
Wethus are led to interpret the above summarized trends
of thickening LNADW, thinning AABW, deepening of
the transition layer, and warming of the coldest AABW
asindicative of a shift in this balance toward a stronger
LNADW influence and a weaker AABW influence. A
natural candidate for such a shift is that the period of
our experiment corresponds to one where the LNADW
transport is stronger than the preceding period and/or
the AABW transport is weaker; a geographical shift of
the thermal structure gives al of those trends. Indeed,
as discussed in section 3 and appendix C, there is ev-
idence that AABW transport weakens over the 604-day
observation period. However, while the fits are useful
for eliminating the seasonal signal to estimate mean
AABW transport, the transport record is too short to
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unambiguously resolve and quantify the overall trend.
It is interesting that Zenk and Hogg (1996) found that
the two-year warming of the coldest AABW intheVema
Channel in 1991-92 was accompanied by decreased
geostrophic shear and a decline in net AABW transport
between the Rio Grande Rise and South America from
about 6 to 4-5 Sv.

The 4100-m temperature records acrossthe array, Fig.
3e, lend credence to the idea that the movement up and
down of the transition layer does, in general, track on
the waxing and waning of AABW transport. Recalling
that the AABW transport, Fig. 8, is greatest in Septem-
ber—October and smallest in February—March, followed
by greatest LNADW transport in April-May, we see
that superimposed on the overall warming trend at 4100
m are relatively cold events (uplifted transition layer)
during the strong AABW periods (a shift of the
LNADW/AABW balance toward the Guiana Basin re-
flecting stronger AABW influence all across our array)
and relatively warm events (depressed transition layer)
during the weak AABW and strong LNADW periods
(ashift of the LNADW/AABW balance toward the Bra-
zil basin reflecting enhanced LNADW and diminished
AABW influence all across the array). Since the sea-
sonality of AABW transport is tracked by the vertical
excursion of the transition layer, it seems plausible that
the overall descent of the transition layer during our
604-day experiment may indicate declining AABW
transport.

5. Summary

As part of the Deep Basin Experiment of the inter-
national efforts of the World Ocean Circulation Exper-
iment, an array of six moorings was deployed for 604
days at abyssal levels in the western Atlantic Ocean.
The goal was to measure the net flow of AABW from
the Brazil Basin of the western South Atlantic into the
Guianabasin of the western North Atlantic. Thisoverall
northward flow locally becomes westward along the
equator because of an abyssal channel: northward flow
of AABW entersthe eastern end of the channel eastward
of 32°W, is constrained to flow westward along the equa-
tor to 38°W, and debouches northward onto the Ceara
Abyssal Plain of the Guiana Basin westward of 38°W.
The moored array at 36°W spanned this channel and
thus sampled the total AABW flow.

Several estimates are made of the average AABW
transport for the 604-day record. The first uses an es-
timate of the depth of the # = 1.8°C isotherm at each
mooring and yields 2.0 Sv below that temperature. The
second uses 4000 m as the bounding surface for the
AABW and yields 2.2 Sv below that surface. Transport
is also estimated for bounding isotherms of 6 = 1.7°C
and 6 = 1.9°C. In al four transport estimates, organized
westward flow of 2.2-2.3 Sv is partialy compensated
by eastward recirculation of 0.1-0.4 Sv, which occurs
at 4100 m at the southern end of the array. Above this,
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the strongest average speed of the whole array was re-
corded: an eastward flow of nearly 10 cm s, repre-
senting the northern edge of a southern boundary current
that conveys LNADW into this northwestern corner of
the Brazil Basin.

The directions of the significant currents sampled by
the array are persistent, but there is considerable low-
frequency variability of the individual speeds at fre-
quencies from daily through seasonal, and these fluc-
tuations carry over into the AABW transport estimates.
Using the integral timescale of 10 days, we estimate
standard errors of about 10% for the means. Sparse sam-
pling in the horizontal and vertical most likely leads to
underestimating the transport. The largest such error is
probably that associated with the 4300-m instrument on
mooring 2 at 1°S, where flow was relatively weak as
the mooring was in the wake of a topographic feature.
This error is estimated to be 0.3-0.8 Sv (15%—-40%)
depending on the details of the flow structure. An annual
cycleistantalizing, though indeterminate given the 604-
day duration of the experiment. The AABW transport,
low-passfiltered at 40 daysto suppress higher-frequency
fluctuations, begins the record (September—October
1992) with strong westward transport greater than 3 Sv,
but declines to a minimum of only about 0.3 Sv by
February—March 1993. The transport then recovers to
the same high value above 3 Sv in September—October
1993, then repeats the decline to a minimum of 0.1 Sv
in February—March 1994. The recovery toward high
transports after this second minimum is cut short by the
array recovery sincetherecord is shorter than two years.
If the transports are indeed annual, then extrapolation
for the additional 126 daysto complete afull two cycles
would elevate the above transport estimates by order
7%. The simplest description of the interhemispheric
AABW flow is that it is southern intensified within the
equatorial channel at an amplitude of 2.0-2.2 Sv, with
an annual cycle about that mean that waxes to a max-
imum transport of 3.1 Sv in September—October and
wanes to a nearly vanishing transport of 0.2 Sv in Feb-
ruary—March.

The field of abyssal temperatures across the channel,
as sampled by the moored instruments and by hydro-
graphic section measurements near the times of array
deployment and recovery, show a progressive warming
corresponding to a descent of the isotherms that define
the transition between the AABW and the overlying
LNADW amounting to 50-80 m. About half is due to
the seasonal cycle and half to a longer term trend. At
4100 and 4300 m the warming rates were 0.098°Clyr
and 0.016°C/yr. The coldest observed AABW temper-
atures in the hydrographic measurements warmed from
0.582°C at deployment to 0.595°C at recovery, but it is
impossible to say how much of this warming is due to
atrend and how much to the seasonal cycle. In fact, the
604-day warming may actually be arecovery from some
cooler phase before the experiment, as measurements
within 10-100 km of this longitude in the channel in
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1972, 1983, and 1989 were warmer by 0.02—0.03°C. In
general, during the experiment the quasi-annual waxing
and waning of AABW transport is reflected by the
AABW transition layer rising and falling, the AABW
thickening and thinning, and the LNADW thinning and
thickening. We thus speculate that the overall trend in
the experiment of a deepening transition layer means
that the experiment overall is in a period of waning
AABW transport.
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APPENDIX A
Calculating @ from T Time Series

First we calculate section-averaged profiles of 6 and
S for both 1992 and 1994, which we denote 6,,, S,,
044, So,. FOr each T(t) measurement we use the Fofonoff
and Millard (1983) formulas to compute 6(t) = 6(T(t),
Py, &), Where P, is the (fixed) pressure at the mooring
depth and S, is a time-weighted average of the salinity
values from the CTD data at pressure P,. Using this
value of 6, wethen *‘look up’” more exact salinity values
from each of the two tables of 6,, S, (n = 1992, 1994),
which we will denote S, and S,. Next, two new values
of 6 are evaluated from 6,(t) = 6(T(t), P, §),1 = 1, 2
(corresponding to 1992 and 1994). The process is re-
peated until it converges, which is usually after the first
iteration. Finally, we linearly interpolate in time be-
tween the two 0 values corresponding to 1992 and 1994,
to obtain the final value 6(t) for that time and location.

APPENDIX B
Transport Calculation from T, u Time Series

The first step in the calculation was to estimate the
depth z, of the 1.8° isotherm at each of the mooring
locations. As noted at the end of the last section, po-
tential temperature time series have been calculated for
all moorings, so these were used in conjunction with
the known instrument depths to create a time series of
Z, for each location. Although 6 = 1.8°C nearly always
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fell between the instruments at 4100 and 3900 m, it is
inappropriate to obtain z, by linear interpolation be-
tween their daily measured temperatures. Because 0,4,
usually lay above the strong gradient region, linear in-
terpolation would predict a z, that is too shallow.

Recognizing the inappropriateness of a linear tem-
perature interpolation we instead used the linear fits for
0(2) calculated from the CTD data (see section 2€) as
follows: Note that the calculated slopes are a good rep-
resentation of the strong gradient region over the range
6 =~ 1.0°-1.85°C in both 1992 and 1994. At 4100 m
potential temperature 6 always lay within this range,
while at 3900 m temperatures 6 < 1.85°C occurred only
twice at mooring 6, four times at mooring 2, and less
than 5% of the time at mooring 1 (mostly at the begin-
ning). Thus, we allowed for two cases when evaluating
Z,- 1) When 6,4y, > 1.85°C, which was most of the time,
we extrapolated upward from the 4100-m measurement
to obtain z, (1.8°C):

Zy = Zygo + Slope X (1.8 — 04100),

where “slope” is the time-interpolated value of dz/d6
using the average 1992 and 1994 slopes at that 6 from
the CTD data. Here z,4, and z,,,, are the actual rather
than nominal depths of the current meters. 2) In the few
cases when 0,4, = 1.85°C, both temperatures were in
the strong linear gradient region, and it was more sen-
sible to interpolate between them:
18 - 6,
Zy = Zye T P — —
3900
Applying this method to all six locations, we obtained
time series z, (t; 1.8°C) at each one. Jumps in z, from
case 1 to 2 occurred almost exclusively at mooring 1.
Though they caused high-frequency transport changes
as large as 1 Sv, the effect on the mean and low-fre-
guency total transport was negligible.
It was then relatively straightforward to integrate in
y and z to obtain transport time series. Integration was
trapezoidal in both the horizontal and vertical. Thus,
areas associated with the velocities at each of the six
instruments extend halfway to the next instrument (or
the channel edges) horizontally, and halfway to the next
instrument (or al the way to the bottom) vertically,
except at 3900 m where the upward extension was taken
to be 100 m. (Since all the AABW lies below 3900 m,
this choice has no effect whatsoever on the bottom water
transports.) Eastward velocities are multiplied by these
areas to obtain transports associated with each instru-
ment, and then percentages of the transports at 3900 or
4100 m lying above and below the 1.8°C isotherm were
calculated using z,(t) from above.

(23900 - 24100)-

04100

APPENDIX C
Trend Fitting of the Transport Time Series

Visual inspection of the 40-day |ow-passed time se-
ries of transport suggests fitting it with both a seasonal
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TABLE C1. Parameter values for least squares fits to transport
time series. Phase shifts are relative to a start date of 3 Oct 1992.

Functional
a b c d
Fit

n ¢ ¥
C.l —2.54 1.47 X 103 —0.826 0.666
0.294 4.46
C2,n=2 —2.14 0.338 —0.969 0.642
2.69 0.271 4.45
C2,n=3 —2.28 0.449 —-0.907 0.655
3.75 0.311 4.46
C2,n=4 —2.48 0.638 -0.889 0.659
4.33 0.325 4.47

component and one that has a 122-day period. (Attempts
to include a 60-day period as well were unsatisfactory.)
The longer-term trend revealed by the annual running
mean transport (Fig. 10) is accommodated by either a
linear trend, or a periodic component of low frequency.
The fits are of the form

a + bt + c cos(wt + ¢) + d cos(3wt + ) (C1)
or

a+ bcos(%) + ”fl> + c cos(wt + ¢)

+ d cos(3wt + ), (C2

where w = 27/l yrand n = 2, 3, 4. Variables a, b, c,
d, ¢, ¢, and 7 are free parameters. Least squares fits to
the daily time series give the results in Table C1. The
four fits and the 40-day running mean are shown in Fig.
C1: for the first 604 days, the fits are nearly indistin-
guishable. They then diverge rapidly with increasing

AABW Transport

Transport (Sv)
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Fic. C1. Forty-day low-passed AABW transport (heavy solid
curve), and four fits discussed in text: C.1 (heavy dashed curve); C.2,
n = 2 (light solid curve); C.2, n = 3 (light dashed curve); and C.2,
n = 4 (dotted curve).
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Fig. C2. Annual running means calculated for the periodic fitsin
C.2: n = 2 (solid), n = 3 (dashed), n = 4 (dotted), and the data
(heavy solid curve).

time. As w/n decreases, the total range of the functional
fit (C2) increases, leading to ever larger (westward)
long-term means for the transport (term *‘a” in Table
C1). Figure C2 illustrates this effect by showing annual
running means for the periodic fits: they track the run-
ning mean transport from the datainitially, then diverge
over their longer timescales. The *“ goodness of fit,” as
measured by the rms difference between the measured
and fitted transports, is the same within 1.5% for all
four fits.
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