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We use Sverdrup dynamics to estimate geostrophic transports between 20°N and 20°S in the tropical
Pacific Ocean averaged over the period 1979-1981. Three wind stress products are used to force the
model. Results are compared to geostrophic transports computed along expendable bathythermograph
transects in the western, central, and eastern Pacific for the same period. Depending on the choice of
wind stress, modeled transports may differ from the observations by a factor of 2 and, in some cases,
flow is opposite to that observed. Possible limitations of the Sverdrup theory are discussed; however,
we conclude that detailed and accurate simulation of the general circulation in the tropical Pacific is
limited more by the uncertainties in presently available estimates of the surface wind stresses than by

deviations from Sverdrup balance.

1. INTRODUCTION

Occurrences of El Nifio (EN) and swings in the Southern
Oscillation - (SO) have been related to instabilities of the
coupled ocean-atmosphere system [Zebiak and Cane, 1987,
Schopf and Suarez, 1988]. Since ENSO events may be
predictable [e.g., Cane et al., 1986], efforts are underway to
develop an operational ocean-atmosphere model for climate
prediction as part of the Tropical Ocean—-Global Atmosphere
(TOGA) program. In the tropics, coupling on climatic time
and space scales is through sea surface temperature (SST)
variations (which drive the atmosphere) and wind stress
variations (which drive the ocean). Wind-driven ocean cir-
culation is a crucial determinant in SST variability, so an
intermediate step in the development of an operational
coupled model has been to test the sensitivity of ocean
model simulations to prescribed wind stress forcing.

Recent tropical Pacific Ocean model simulations have
been useful in quantifying the errors that can be expected in
modeled variability due to imprecisely known surface wind
stresses. McPhaden et al. [1988] found in a series of linear,
multi-vertical mode model simulations, using three different
wind stress products, that typically only 25-50% of the
variance in the observed sea level and surface dynamic
height could be modeled at the annual period. Moreover, the
coherence between simulations themselves was only 0.6-
0.8, suggesting that 1/3 to 2/3 of the modeled variance
depends on the particular choice of wind stress product. In a
series of simulations using a general circulation model driven
by five different wind stress products, Harrison et al. [1989]
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found that dynamic height and subsurface temperature
anomalies associated with the 1982-1983 El Niiio were
reasonably well hindcast within several degrees of the equa-
tor. However, at higher latitudes in the tropics the differ-
ences between simulated and observed variations were often
comparable to, or larger than, observed variations. Further-
more, SST anomalies were not well modeled at any latitude.

In this study, we address a simpler question than that of
McPhaden et al. [1988] or Harrison et al. {1989], namely,
how sensitive are simulations of the mean circulation in the
tropical Pacific to the specification of surface wind stress?
We use Sverdrup’s [1947] model for linear, steady state,
depth-integrated flow away from western boundaries. It is
assumed that this model is relevant to the tropical Pacific as
was found for the North Atlantic Ocean [Leetmaa et al.,
1977], where possible limitations to Sverdrup theory will be
discussed in a later section. Although error characteristics of
the wind fields used in this study are not well defined, the
effects of random errors on the simulations should be mini-
mized because of the time and zonal averaging inherent in
Sverdrup dynamics. Thus it is possible that simulations of
the long-term mean may be less sensitive to the specification
of wind stress than the simulations of annual and interannual
variations.

Previous calculations of basin-wide Sverdrup circulation
in the tropical Pacific include those of Welander [1959],
Evenson and Veronis [1975], Meyers [1980], Kessler and
Taft [1987], McPhaden and Fine [1988], and Godfiey [1989].
Our study is distinguished from these in that we obtain
solutions for three different wind products for the period
1979-1981; the longest coincident non—El Nifio period for
these products at the time of this work. These wind products
are the same as used by McPhaden et al. [1988], namely, the
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Florida State University (FSU) winds [Goldenberg and
O’Brien, 1981], the University of Hawaii (UH) winds [Sadler
et al., 1987], and the U. S. Navy Fleet Numerical Oceanog-
raphy Center (FNOC) winds [Halpern and Harrison, 1982].
Furthermore, we compare model results to the augmented
ship of opportunity (SOP) expendable bathythermograph
(XBT) data [McPhaden et al., 1988] collected in the western,
central, and eastern Pacific during the same 3-year period.
Using the same time period helps to minimize ambiguities in
the comparison of model results with observations that
might arise on account of nonstationarity in the wind field

and ocean on multiyear time scales. However, the XBT data’

are limited to 400 m depth and require use of a mean
temperature-salinity (7-S) relation to calculate dynamic
height and geostrophic transport. Hence additional compar-
isons are made with the historical hydrographic data of
Levitus [1982].

The remainder of this paper is outlined as follows. In
section 2 we present a brief discussion of the wind, XBT,
and Levitus data sets. Section 3 reviews Sverdrup dynamics
relevant to this study. In section 4, maps of Sverdrup stream
function and geostrophic transport per unit width are pre-
sented. In section 5 we compare both XBT and Levitus data
calculations and XBT and model results along SOP XBT
transects. Finally, in section 6 we conclude with a brief
summary and discussion.

2. DATA

2.1.  Wind Products

The wind data were reduced to cover the oceanic area of
21°N to 21°S by 124°E to 70°W on a 2° by 2° grid. For all the
wind products, the stresses exerted on the ocean surface are
calculated using the square drag law with a constant drag
coefficient (C; = 1.5 X 1073y and air density (p, = 12kg
m ). The uncertainty in the drag coefficient is about 10—
20% [Large and Pond, 1981], which in our linear model
yields uncertainties proportional to the magnitude of the
model response.

The FSU wind product is a subjective analysis derived
from ship wind reports. Horizontal components of pseudo-
stress (i.e., lvlv, where v is wind velocity) are calculated for
each individual wind measurement. The pseudostresses are
collected in bins of 2° latitude by 10° longitude by 1-month
and analyzed using methods described by Goldenberg and
O’Brien [1981]. They are then contoured and interpolated to
a 2° by 2° grid. Ship wind observations are generally more
numerous in the northern hemisphere than in the southern
and tend to be concentrated along a few major shipping
lanes.

The UH analysis is a subjectively analyzed composite of
GOES satellite-observed, low-level cloud motion vectors
and ship, buoy, and island winds. The cloud motion vectors
are calibrated to near-surface wind vectors using a climato-
logical shear between historical cloud motion vectors and
ship winds as described in Sadler and Kilonsky [1985].
Because of a lack of satellite coverage west of the date line
during 1979-1981, data from ships, buoys, and islands were
exclusively used in that region. Data are initially grouped in
2.5° latitude by 5° longitude bins for reduction [Sadler et al.,
1987] and then contoured, interpolated, and reported as
monthly averages on a 2.5° by 2.5° grid. We interpolated the
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Fig. 1.
wind stress magnitude (in dynes per square centimeter) for (@) FSU,
(b) UH, and (¢) FNOC analyses. The unit vector in the meridional
direction is stretched to preserve direction relative to geographical
coordinates. The contour interval is 0.3 dyn cm 2.

data to the 2° by 2° FSU grid to standardize further compu-
tations. In general, UH winds have a better spatial and
temporal coverage than FSU winds. However, this is not
true in areas generally free of clouds (such as eastern basin
coastlines) or in areas of high clouds where low-level clouds
are obscured. The latter effect is common in convergence
zones where deep convection occurs. Biases in wind speeds
of O(1 m s~!) may result from data gaps in cloud winds
during periods of weakening or reversal of easterlies or
strengthening of northerlies [Mitchum, 1987].

The FNOC operational wind product, generated every 6
hours, is based on a purely objective analysis technique, as
described by Halpern and Harrison [1982]. This method
incorporates measurements from all available sources: is-
land and land stations, ship and buoy winds, low-level cloud
vector winds, and winds (and their gradients) inferred from
pressure (away from the equator). If no data are available for
a given period, previous analysis and climatology are used.
Data were initially analyzed on a 2.5° by 2.5° grid, then
contoured and interpolated onto a 2° by 2° grid and reported
as monthly means.

Monthly values for each wind product were averaged over
the period 1979-1981. Vector plots of the 3-year time aver-
age mean wingd stress, superimposed on contours of the wind
stress magnitude, are presented in Figure 1. Plots of the
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Fig. 2.
FSU, () UH, and (¢) FNOC analyses. The contour interval is 4 X
1078 dyn cm 3.

Mean wind stress curl (in units of 103 dyn cm ™) for (a)

individual zonal and meridional mean stress components for
the same period and their standard deviations have been
presented by McPhaden et al. [1988]. All three wind prod-
ucts depict the general equatorial trade wind system, with
UH tending to be smoother and stronger and FNOC having
more small-scale variability, especially along coastlines.
Additionally, the FNOC product has a few anomalous large-
scale features in contrast to the FSU or UH products. In
particular, the Intertropical Convergence Zone (ITCZ) in the
FNOC product is closer to the equator in the eastern basin,
resulting in strong northerlies just north of the equator. Also,
in the FNOC product, the southeast trades in the eastern
basin are weaker than in both the FSU and UH products,

. with the core magnitude oriented zonally rather than ori-

ented northwest-southeast.

Plots of the mean curl fields are shown in Figure 2 and can
also be found along with plots of their standard deviations in
McPhaden et al. [1988]. Curls were calculated using a
centered, second-order, finite difference scheme. The curl
fields are dominated by banded structure, the zeros of which
are typically coincident with minima and maxima of the
zonal stress. As with the stress fields, the UH curl field is the
smoothest and the FNOC curl field has the most small-scale
variability. In general, the same large-scale patterns appear
in all three products. The most significant qualitative differ-
ence is in the southern basin where the FNOC curl shows a

noisy but almost unbroken band of negative curl across the
basin between about 5° and 15°S, whereas both the FSU and
UH negative curl regions in the southern basin are definitely
divided by a positive curl band that parallels the South
Pacific Convergence Zone SPCZ. Also, the core of the
negative curl signal off northeast Australia is shifted further
south in the FNOC product than in either the FSU or UH
product.

2.2.  Oceanic Data

Depth-integrated pressures and geostrophic transports
were calculated along ship of opportunity transects in the
western (20°N, 150°E to 20°S, 165°E), central (20°N, 150°W
to 20°S, 180°), and eastern (7°N, 80°W to 20°S, 150°W) Pacific
using both augmented XBT data from the period 1979-1981
and Levitus’ [1982] historical salinity and temperature data.
XBT data from the SOP program [Meyers and Donguy,
1980] have been augmented with additional independent
XBT data, conductivity-temperature-depth (CTD) data, and
hydrocast data from the same period; for convenience we
will refer to this combined data set as XBT data. The
collection and processing of the data is summarized by
McPhaden et al. [1988]. Data from subjectively determined
longitudinal regions [see McPhaden et al., 1988, Figure 15]
were grouped in 1° latitudinal bins, then smoothed spatially
to eliminate all wave numbers higher than 0.33 cycles per
degree of latitude. Dynamic heights relative to 400 m (76% of
the XBT's reach this depth) were calculated using along-track
mean 7-$ relations determined from the Levitus [1982] data
set described below. As discussed by Kessler and Taft
[1987], McPhaden et al. [1988], and J. Picaut and R. Tourn-
ier (manuscript in preparation, 1989), at least a =2 dyn cm
error in calculations of monthly mean dynamic heights can
be expected due to data sampling, grouping into transects,
and use of a mean 7-§ relationship. This error will be
reduced for the 3-year averages to the extent that it is in part
random, possibly to =1 dyn cm assuming a decorrelation
time scale for upper ocean temperature of 6 months [White et
al., 1982].

The Levitus [1982] data set is on a 1° by 1° horizontal grid
at discrete depths from the surface to the ocean bottom
(maximum depth of 5500 m). It is a composite of all historical
data from the oceanographic station data (CTD and STD
(salinity-temperature-depth) casts from 1900-1978), XBTs
(1966-1977), and mechanical bathythermographs (MBTs)
(1941~1977), which has been objectively analyzed at each
depth using a successive corrections method similar to that
of Cressman [1959]. The effective resolution of the data
depends on data density, since the gridding technique fills in
data-sparse regions with large-scale information but retains
some smaller-scale information where data are plentiful.
Resolution may therefore be better in the northern hemi-
sphere than in the southern where data coverage was more
sparse. However, there is always significant smoothing due
to the analysis procedure which uses, minimally, 770 km
influence radii and five-point smoothing [see Levitus, 1982].
This is in contrast to the XBT data which are approximately
uniformly distributed in latitude along the ship transects and
have only been spatially smoothed to eliminate wave num-
bers higher than 0.33 cycles per degree of latitude.

Deep hydrocast stations in the Levitus analysis allow
consideration of various depths of no motion. Transports
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relative to 400 m and 1000 m are presented here: 400 m for a
comparison with XBT calculations and 1000 m for consider-
ation of a deeper level of no motion. Below 1000 m the data
are sparse, and our analyses are degraded by using reference
levels deeper than 1000 m. Note that the Levitus and XBT
data sets do not overlap in time and so are independent of
one another.

3. DyNAMICS

Sverdrup’s [1947] vertically integrated linearized vorticity
and continuity equations for a Boussinesq, inviscid, incom-
pressible, B plane ocean are used to describe the interior
equatorial flow. The resulting expressions for vertically
integrated meridional (V') and zonal (U) Sverdrup transports
per unit width are

V = 1/Bpg curlx (1)

0
U=1/Bpy f [y curlr] dx )

where B is the meridional gradient of the Coriolis parameter,
po is the mean water density assumed constant at 1 g cm -3
7 is the surface wind stress vector with components (7%, 77)
in the x (positive east) and y (positive north) directions, x =
0 at the eastern basin boundary, and U(0) is assumed equal
to zero. Further, the stream function can be defined for
horizontally nondivergent flow as ¥, = V and ¥, = —U,
Stream function fields were calculated by integrating V
westward from an initial condition of ¥ = 0 at the eastern
basin boundary.

Vertically integrated pressure P was also calculated ac-
cording to

P= —fo [fB curlx + 7¥] dx + P(0) 3)

The boundary conditions P(0) along the eastern coastline are
determined by requiring no flow into the boundary, and then
integrating 9;P = 7f, where i is the component parallel to the
coast. The integration constant (i.e., P(0) at 20°S) was
chosen such that the mean difference between XBT and
wind-derived integrated pressures along XBT transects was
Zero.

Geostrophic transports per unit width (U,, V,) were
calculated as the difference between Sverdrup transports (U,
V) and Ekman transports (U, = 77/fpg, V. = —7%fp):

0
U,=1/Bpy J [, curl,z] dx — 7¥fpg (€]

Vg =ﬂBPO curl (7/f) (5)

4. MODEL RESPONSE

In our study, depth-integrated pressure and geostrophic
transports determined from observations are compared with
those predicted by the Sverdrup model. As background, we
first present maps of the Sverdrup transport stream function
for each wind product (Figure 3). FSU Sverdrup transports
in Figure 3a are similar to those published by Meyers [1980]
using the Wyrtki and Meyers [1975] ship winds from 1950—
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Fig. 3. Sverdrup transport stream function (in sverdrups) for (a)
FSU, (b) UH, and (c) FNOC analyses. The contour interval is 10 Sv,
with =5 Sv also included.

1972. Likewise, they are very similar to those shown by
McPhaden and Fine [1988] using a 23-year mean (1961-1983)
of the FSU ship wind product (assuming a drag coefficient of
1.2 X 1073). Finally, Kessler and Taft [1987] published a
Sverdrup stream function map calculated using the UH
winds which is essentially the same as Figure 3b.

All three wind products exhibit the general low latitude
circulation patterns, with northern and southern subtropical
and tropical gyres (Figure 3). In the northern hemisphere the
westward North Equatorial Current (NEC) bifurcates at the
western boundary between 14° and 16°N, as inferred from
the stream function maps (i.e., where ¥ = (), for all three
wind products. The volume transports of the NEC range
from 10 to 60 Sv (1 Sv = 10° m*® s™!) and those of the
eastward North Equatorial Countercurrent (NECC) range
from 10 to 40 Sv, with higher values to the west. A weak
eastward Subtropical Countercurrent [Yoshida and Ki-
dokoro, 1967] is found near 20°N, 180° in the UH calculation;
it is stronger and more zonally extensive near 18°N in the
FNOC calculation. In the southern hemisphere the west-
ward South Equatorial Current (SEC) bifurcates between 15°
and 17°S for all three wind products, with the volume
transports ranging from 10 to 30 Sv. A weak eastward South
Equatorial Countercurrent (SECC) is found in the western
Pacific equatorward of about 12°S in the FSU and UH
calculations; in contrast, the SECC is much stronger and
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Fig. 4. Zonal geostrophic transport per unit width (in square
meters per second) for (@) FSU, (b) UH, and (¢) FNOC analyses.
Solid (dashed) contours indicate eastward (westward) flow. The
contour interval is 25 m? s~!, with 10 m? s ! also included. XBT
transect lines in the western, central, and eastern basin are indicated
in Figure 4b.

zonally extensive in the FNOC simulation because of the
more zonally oriented southeast trades.

Western boundary currents (and their maximum trans-
ports between 20°N and 20°S) can be inferred from these
maps: the northward flowing Kuroshio north of about 16°N
(20-30 Sv), the southward flowing Mindanao between about
15°N and 2°-4°N (3040 Sv), the northward flowing western
boundary current off the New Guinea coast equatorward of
about 15°S (10-20 Sv), and the southward East Australian
Current poleward of 15°S (20 Sv). The boundary current off
New Guinea in the FNOC calculation is qualitatively dif-
ferent from the FSU and UH calculations. It is twice as
strong, shifted southward, and broken by a band of poleward
flow near 5°S, and it does not cross the equator. Note that in
order to infer these volume transports, we assumed no loss
of mass through the Indonesian archipelagos although ex-
change through this region has been estimated to range
between 1 and 9 Sv [Gordon, 1986].

Figures 4 and 5 show the geostrophic transport per unit
width (against which XBT and Levitus data calculations will
be compared) in the zonal and meridional directions, respec-
tively. Our method of calculating transport has singularities
at the equator (as f— 0, U, and V, — ); therefore, the

=7
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Fig. 5. Meridional geostrophic transport per unit width (in
square meters per second) for (@) FSU, (b) UH, and (¢) FNOC
analyses. Solid (dashed) contours indicate northward (southward)
flow. The contour interval is 2 m? s~!, with *1 m? s~! also
included. XBT transect lines in the western, central, and eastern
basin are indicated in Figure 5b.

region equatorward of 3° is not included in our calculation.
We note that the zonal Sverdrup transport is primarily
geostrophic, with U, > U, ~ O(1 Sv). Also, small-scale
variability in FNOC curl forcing is less evident in the zonal
versus meridional geostrophic flow because the former in-
volves a zonal integration but the latter does not (compare
equations (1) and (2)). The zonal geostrophic flow is also
usually much stronger than the meridional flow; the latter is
more intense and convergent near the equator in the central
Pacific in response to zonal pressure gradients set up by
easterly winds.

In general, the total and geostrophic transport calculations
inferred from Figures 3 and 4 are broadly consistent with
previously published estimates based on oceanic measure-
ments of interior and boundary flows. For example, in the
central Pacific, Wyrtki and Kilonsky [1984] reported geo-
strophic transports between 150°W and 158°W, south of
18°N, of 23 Sv and 20 Sv for the NEC and NECC, respec-
tively, and 25-35 Sv of net westward flow between the
equator and 17°S. These estimates are based on data cal-
lected during the Hawaii-to-Tahiti Shuttle Expenment
(1979-1980), which overlaps in time with our study. In the
western Pacific at 140°E, about 40 Sv was reported for the




1686 LANDSTEINER ET AL.: SVERDRUP TRANSPORT ESTIMATES

20N 150E 20N 150W 20N
] - 1 ] o XBT
] L ] 1 = L400
10N L 10N S 10N — L1000
| - 155E ] - 160W ] - 8sow
' [ ] 16 -
0 Eq-{ 0 Eq— 0 Eq- -
J : | ] i
J \ L 4 L.
1 A 160 E 1 170 W 1 F
J H J L
10S i r 10S - 105 - L
b b\ Western L 1 1 Eastern [
' (a) | . 1 e}
20S — 165E 20S 180 20S U s 150W
10 © 25 40 10 10 25 40
Integrated Pressure Integrated Pressure integrated Pressure
(10° N/m) (10% N/m) (10® N/m)

Fig. 6. Depth-integrated pressure (in units of 10° N m™!

) calculated from XBT data relative to 400 m (XBT, heavy

lines), Levitus data relative to 400 m (1.400, dashed lines), and Levitus data relative to 1000 m (L1000, thin lines) in the

(a) western, (b) central, and (c) eastern Pacific.

NECC [Wyrtki and Kendall, 1967] and 55 Sv for the NEC
[Nitani, 1972]. More recently, Delcroix et al. [1987] reported
a mean value of 27 Sv for the NECC from direct current
measurements along 165°E. A comparison with data along
165°E in the southern hemisphere is not as straightforward,
but a mean of about 15-25 Sv net eastward transport was
found poleward of 5°S. Nitani [1972] estimated 30 Sv of net
northward transport in the Kuroshio at 20°N. Lukas [1988]
who summarized flow estimates in the Mindanao Current,
concluded that the mean transport is between 25-35 Sv.
Lindstrom et al. [1987] found 8 Sv of northward flow through
the Vitiaz Strait at 6°S, and Church [1987] found about 10 Sv
of southward flow in the East Australian Current at 20°S. A
more detailed comparison of interior geostrophic transports
with transports calculated using XBT data, for the period
19791981, follows in section 5.2.

5. COMPARISON ALONG XBT TRANSECTS

Depth-integrated pressure and track orthogonal geo-
strophic transport calculations were compared along XBT
transects in the western, central, and eastern basins
(transects are superimposed on Figures 4b and 5b). The
western and central transects run nearly north-south, and

track orthogonal transports are dominated by zonal geo-
strophic transports. Hence when describing positive and
negative track orthogonal transports in the central and
western Pacific, eastward and westward will be used for
convenience. In contrast, the eastern transect is more zon-

- ally oriented, and meridional transports are significant, es-

pecially near the equator, in the calculation of orthogonal
track transports. Before comparing the model results with
XBT data along these tracks, we first compare Levitus’
historical data with the XBT data to ascertain the represen-
tativeness of the XBT data’s limited 3-year coverage and
400-m maximum mean depth.

5.1.  XBT Versus Levitus Calculations

Depth-integrated pressure and track orthogonal geo-
strophic transport calculated from both the augmented XBT
ship of opportunity data and Levitus [1982] hydrographic
data are presented in Figures 6 and 7, respectively. Inte-
grated pressure calculations are very similar equatorward of
15°, especially in the northern hemisphere. The profiles
define the NEC trough at 8°-10°N, a plateau within several
degrees of the equator, and a rise in pressure toward the
subtropical gyres poleward of 10° in both hemispheres.

20N 150E 20N ; 150W 20N |
1 Ly - ] i ] ——xBT
] v i i L ] eeee- L400
10N L 10N — K i 10N - —— L1000
] \ L 155€ ] > L 160w ] - 8sow
0 Eq i 0 Eq] i 0 Eq-{ L
i \\\ L J L J r
] ~160E ] S\ ~170W i F
10S P r 105 r 10S — L
1 Western | b , Central | 1 Eastern 1
1 }. (a) | ] E' (b) | 1 (¢)
20S - 165E 20S b 180 208 e 150 W
~-80 0 80 -80 80 —80 0 80
Transport Transport Transport
(m2/s) (m2/s) (m2/s)

Fig. 7. Track orthogonal geostrophic transport per unit

width (in square meters per second) calculated from XBT

data relative to 400 m (XBT, heavy lines), Levitus data relative to 400 m (1400, dashed lines), and Levitus data relative
to 1000 m (1.1000, thin lines) in the (a) western, (b) central, and (¢) eastern Pacific.
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»
TABLE 1. Eastward Geostrophic Volume Transports
Orthogonal to XBT Transects in the Latitude Band
of the NECC
Central Transect Western Transect
Latitudinal Transport, Latitudinal Transport,
Data Source Range, deg Sv Range, deg Sv
Observations
XBT 3-8 17 3-7 19
1400 3-10 19 3-7 16
11000 3-10 23 3-7 20
Model
FSU 3-10 29 39 33
UH 3-9 34 3-8 36
FNOC 4-10 29 4-10 40

Based on XBT data relative to 400 m (XBT), Levitus data relative
to 400 m (L400), Levitus data relative to 1000 m (L.1000), and
Sverdrup model calculations driven by FSU, UH, and FNOC wind
products.

Along the western track, pressure calculated relative to 1000
m (1.1000) continues to rise poleward of 15°, whereas pres-
sure calculated relative to 400 m (1.400) using both sources
levels off. Similar tendencies are observed along the eastern
transect south of 18°S. This is due to the shallow reference
levels of the 1.400 and XBT data sets relative to the depth of
the main thermocline, which extends deeper than 400 m
outside the equatorial region (see also Wyrrki [1975]; Rebert
et al. [1985)]; and Delcroix et al. [1987]). Along the central
Pacific transect, however, the XBT, 1400, and 1.1000 calcu-
lations are comparable in the northern hemisphere all the
way to 20°N because the thermocline is sharp and confined
to depths shallower than 400 m [Kessler and Taft, 1987].
Transport calculations (Figure 7) in the northern hemi-
sphere equatorward of 15° depict similar boundaries between
the NEC and NECC, with transports increasing from east to
west. In the central Pacific, where the southern flank of the
NECC is best resolved in our calculations, total volume
transports are 17 Sv, 19 Sv, and 23 Sv for XBT, L.400, and
1.1000, respectively (Table 1). These are comparable to
historical calculations at 165°W of 18-20 Sv by Wyrtki and
Kendall [1967] and Wyrtki and Kilonsky [1984]. Eastward

transports along the western transect north of 3°N are 19 Sv,
16 Sv, and 20 Sv for XBT, L400, and L.1000, respectively.
Note that these transports along the western transect may
underestimate flow in the NECC, since its southern bound-
ary is not resolved in our calculations. Transport calcula-
tions from Levitus and XBT data in the southern hemisphere
are also similar, except in the western basin where the
Levitus data are too sparse and too heavily smoothed to
define alternating SEC and SECC flow structures.

Difference plots of Levitus less XBT data are presented in
Figure 8. Estimated standard error envelopes were calcu-
lated assuming that the mean surface dynamic heights cal-
culated from each data set are subject to a 1 dyn cm error
and that this error linearly decreases to zero at 400 m. It was
also assumed that the errors are uncorrelated over 1° of
latitude (the resolution at which the XBT and Levitus data
are available). These error estimates decrease from west to
east because the along-track distance for 1° latitudinal reso-
lution increases from west to east owing to the orientations
of the tracks. Differences between Levitus and XBT calcu-
lations equatorward of 15° are generally not larger than the
assumed sampling error of the two data sets. Furthermore,
1400 and XBT are very similar at higher latitudes. Thus
these results suggest that in general, the 3-year mean derived
from XBT data is representative of the long-term mean
based on historical data and that a 400-m mean maximum
depth is not a limiting factor equatorward of 15°

5.2.  Model Results Versus XBT Calculations

Depth-integrated pressures in the western, central, and
eastern Pacific derived from Sverdrup dynamics are com-
pared to XBT-based estimates (Figure 9). All model pressure
calculations, as with the XBT calculation, show a NECC
trough between 8° and 10°N and a relatively flat topography
within several degrees of the equator. Deviations from
observations generally increase toward the west and are
largest for the FNOC model response. The FNOC response
also shows a very well defined SECC trough centered near
14°S that is not present in the XBT data. Poleward of 15° the
NEC and SEC ridges of the wind products also appear
exaggerated compared with those of the XBT as expected
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Fig. 8.

Differences between track orthogonal geostrophic transport per unit width (in square meters per second) in

the (a) western, (b) central, and (c) eastern Pacific. Solid and dashed lines are for L1000-XBT and L400-XBT,
respectively. Smooth curves are standard error envelopes assuming a 1 dyn cm error in surface dynamic height, linearly
decreasing to zero at 400 m for both Levitus and XBT data (see text for discussion).
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Fig. 9. Depth-integrated pressure (in units of 10° N m™}) calculated from XBT data relative to 400 m (heavy lines)
and Sverdrup dynamics forced by FSU winds (thick dashed lines), UH winds (thin lines), and FNOC winds (thin dashed

lines) in the (a) western, (b) central, and (c) eastern Pacific.

from the comparison of 1.1000 with 1400 and XBT (Figure
6). However, in general, the structures of FSU and UH are
comparable to L1000 in these regions, whereas the NEC and
SEC ridges of FNOC are larger.

Track orthogonal transports calculated from the Sverdrup
model and from the XBT data are shown in Figure 10. All
three wind products describe the general structure of the
NEC and NECC. However, model transports are larger in
the NEC and NECC compared to XBT (or Levitus) trans-
ports, with deviations from the XBT calculations increasing
to the west. For example, in the central Pacific, where the
southern flank of the NECC is best resolved, volume trans-
ports in the NECC are computed to be 29 Sv (FSU), 34 Sv
(UH), and 39 Sv (FNOC), compared with 17-23 Sv calcu-
lated from XBT and Levitus data; in the western Pacific,
eastward transports north of 3°N are 33 Sv (FSU), 36 Sv
(UH), and 40 Sv (FNOC), compared with 16-19 Sv calcu-
{ated from in situ data (Table 1).

In the southern hemisphere, FSU, UH, and XBT trans-
ports are qualitatively similar in the eastern and central
basin. Along the western track between 3°S and 10°S,
however, there is no consistent correspondence in sign or
magnitude of the XBT, FSU, UH, or FNOC results, al-

though the XBT calculation defines strong westward flow
equatorward of 6°S, whereas the three wind products de-
scribe eastward or weak westward flow. Also, poleward of
15°S on all the transects, the model responses describe
stronger westward transport than observed in the XBT data
(or the 1.1000 calculation in Figure 7).

The differences between modeled and observed transports
are shown in Figure 11. Standard error envelopes compara-
ble to those in Figure 8 are also plotted assuming a 1 dyn cm
error in mean XBT dynamic heights; these envelopes are
smaller by a factor of 22 since no attempt was made to
evaluate the error in the Sverdrup model response. We note
that the differences in Figure 11 are much larger than the
differences between Levitus data and XBT data (Figure 8)
and more often than not exceed our crude estimate of
uncertainty in XBT-derived transports.

Table 2 quantifies differences between 15°N to 15°S using
an estimate of the signal-to-noise ratio given by r = oxpr/
OXBT-modei- We note that the ratios for the FSU and UH
model responses are equal along each track and r > 1, where
r < 1for the FNOC response. Also, in general r decreases to
the west consistent with the fact that the differences in
Figure 11 increase toward the west. For comparison, Table
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Fig. 10. Track orthogonal geostrophic transport per unit width (in square meters per second) calculated from XBT
data relative to 400 m (heavy lines) and Sverdrup dynamics forced by FSU winds (thick dashed lines), UH winds (thin
lines), and FNOC winds (thin dashed lines) in the (@) western, (b) central, and (c) eastern Pacific.
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Fig. 11.

Differences between track orthogonal geostrophic transport per unit width (in square meters per second)

in the (a) western, (b) central, and (c) eastern Pacific. Thick dashed lines are for FSU-XBT, solid lines are for UH-XBT,
and thin dashed lines are for FNOC-XBT. Smooth curves are error envelopes assuming a2 1 dyn cm error in surface
dynamic height, linearly decreasing to zero at 400 m for the XBT data (see text for discussion).

2 also shows the signal-to-noise ratios for XBT and Levitus
transports, r = oxprT/OXBT Levitus- LRESE are typically larger
than unity and, in contrast to the XBT-model calculations,
largest in the west. With the exception of the eastern Pacific
where signal amplitudes are small, the signal-to-noise ratio
for the XBT-model comparison is smaller than the signal-
to-noise ratio for the XBT-Levitus comparison.

6. SUMMARY AND DISCUSSION

Differences between XBT transports and Sverdrup model
transports are both quantitative (e.g., 50-100% relative
errors in NECC magnitudes) and qualitative (e.g., oppositely
directed currents in the southern hemisphere). Differences
between the XBT and Levitus transports are generally

“significantly smaller (compare Figures 8 and 11; and Tables

1 and 2). This suggests that (1) Sverdrup dynamics does not
apply and/or (2) there are inaccuracies in the mean wind
stresses that contaminate the Sverdrup solutions. We dis-
cuss each of these possibilities in turn.

Sverdrup theory assumes that the ocean is in steady
equilibrium with the winds. In support of this, we have
shown that equatorward of 15° depth-integrated geostrophic
transports calculated with the 3-year average of the 1979-
1981 XBT data relative to 400 m are comparable to trans-

TABLE 2. Estimate of the Signal-to-Noise Ratio

Western Central Eastern

Model

FSU 1.1 1.3 1.6

UH 1.1 1.3 1.6

FNOC 0.6 0.8 0.8
Observations

1.400 2.9 2.4 1.2

L1000 1.9 2.3 0.6

The signal-to-noise ratio is calculated as r = oxgr/opir, Where
oxpr is the standard deviation of track orthogonal geostrophic
transport between 15°N and 15°S (excluding 3°N to 3°S) based on
XBT data and opy is the standard deviation of the difference
between XBT-derived transports and those derived from the Sver-
drup dynamics or Levitus data.

ports calculated using the long-term Levitus mean data
relative to 400 m and 1000 m. Philander [1979] argues that
the tropical ocean equatorward of about 15° should adjust to
idealized transient forcing on a 3- to 5-year time scale based
on the group speeds of long Rossby waves. However, in
numerical general circulation model studies with observed
winds, the adjustment time for the upper few hundred meters
of the tropical Pacific was found to be closer to 2 years [e.g.,
Philander et al., 1987]. Hence differences between the
observations and the Sverdrup model due to ocean tran-
sients should be small.

Sverdrup theory neglects nonlinearity, which could be
important for ‘transports in the Equatorial Undercurrent
[Philander and Pacanowski, 1980; McPhaden and Taft,
1988]. However, latitudes equatorward of 3° have been
excluded from our transport analysis. Spillane and Niiler
[1975] suggested that nonlinearity is important in the NECC
and that it would lead to a stronger and narrower current
than predicted by Sverdrup theory. In the central Pacific
where our calculations resolve the southern boundary of the
NECC, it is arguable that the NECC is narrower relative to
the Sverdrup calculations (e.g., Figure 7); however, the
observed NECC transports are clearly not stronger (Table
1). This is also evident in the western Pacific, where the
modeled transports are stronger (or comparable) than our (or
historical) transports calculated from Levitus or XBT data.
Further, previously published transports are comparable or
less [e.g., Wyrtki and Kendall, 1967; Delcroix et al., 1987],
none appear to be stronger than the model calculations. Thus
it is not obvious to us that nonlinearity can explain the
differences between observed and modeled transports in the
NECC or elsewhere.

It is possible that lateral friction might be important in the
NECC. However, McPhaden et al. [1988] found for a linear
multi-vertical mode model (whose steady solution is gov-
erned by Sverdrup dynamics) that results were insensitive to
variations in lateral diffusion over a range of 1 X 107 cm?s™!
to 5 X 107 cm? s™!. It is unlikely that larger values of
diffusivity can be justified in the tropics. Thus we conclude
that deviations from Sverdrup dynamics, if they exist, are
not the limiting factor in our comparisons with the observa-
tions.
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Uncertainties in the magnitude of a constant drag coeffi-
cient can account for only 10-20% of the quantitative differ-
ences and none of the qualitative differences between ob-
served and modeled transports. Allowing the drag coefficient
to vary [e.g., Saunders, 1976] should not introduce signifi-
cant qualitative changes in the Sverdrup calculation. Hence
inaccuracies in the wind stress products are probably re-
sponsible for the major discrepancies between the observa-
tions and model. This would explain why the differences
between the FSU, UH, and FNOC-derived model results are
sometimes as large as differences between individual model
- results and the observations. The fact that the largest dis-
crepancies are found along the western track is consistent
with an accumulation of error towards the west from zonal
integration of the solution (e.g., equation (2)).

In conclusion, we have shown that estimates of Sverdrup
transport in the tropical Pacific are sensitive to the choice of
wind stress forcing. This implies that accurate and detailed
simulation of the general circulation will require better wind
estimates than are currently available. Errors in wind stress
forcing affect not only the interior ocean but the western
boundary as well, since systematic errors in the wind field
accumulate toward the west. This could lead to considerable
uncertainty in model studies of higher-order processes such
as meridional heat transport, which depend on accurate
simulation of both interior and western boundary currents. It
is interesting to note that the subjective analyses (FSU and
UH) compare more favorably with the observations than
does the objective FNOC analysis. All three products rely
heavily on ship wind reports; the UH and FNOC analyses
incorporate satellite cloud motion vector, island, and buoy
winds. Thus it is clear that analysis procedures are as
important as data sources and data availability in determin-
ing the quality of a wind product.
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