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Moored thermistor chains at 2°N and 2°S and current-temperature moorings at 0° are used to
examine the accuracy of geostrophically estimated zonal velocity on the equator in the eastern (110°W)
and western (165°E) Pacific. The meridionally differentiated form of the geostrophic balance is used to
eliminate large errors due to wind-balanced cross-equatorial pressure gradients. Statistical analyses
indicate that for time scales longer than 30-50 days, the observed and geostrophically estimated zonal
velocities are similar (correlation coefficients of 0.6-0.9 and comparable amplitudes). Thus low-frequency
equatorial current oscillations are reasonably well represented by the geostrophic approximation. How-
ever, the mean currents are poorly resolved with the available array. In the eastern Pacific the mean
zonal speed difference over the 10-month comparison period is 25 cm s~ ! at 25 m and increases to 60 cm
s”! at 125 m. At 165°E mean differences in the upper 250 m are typically 50 cm s~! over a 4-month
record. The principal reason for these large mean differences is that the meridional scale of the mean
currents is smaller than the spacing of the moorings. Comparison of observed and geostrophic velocity
profiles obtained from shipboard sampling indicates that meridional spacing of about 1° latitude would

be optimum for estimating the zonal velocity.

1. INTRODUCTION

Linear and nonlinear theories of the steady state equatorial
circulation indicate that' the geostrophic approximation
should be applicable to zonal flow in the Equatorial Under-
current (EUC) and South Equatorial Current (SEC) at the
equator [McCreary, 1981; McPhaden, 1981; Pedlosky, 1987].
Also, linear equatorial wave theory predicts that zonal cur-
rents associated with long Rossby and Kelvin waves will be
geostrophically balanced at the equator [Moore and Philan-
der, 1977]. For observed Viisdld frequency profiles in the
tropics, Rossby waves can exist at periods longer than about 1
month, and Kelvin waves can exist at all periods.

The geostrophic balance

efu+p,=0 (1

is of no practical use right at the equator for estimating zonal
currents, however, because it is indeterminate. Moreover, very
close to the equator, observational noise and small deviations
from geostrophy can give rise to cross-equatorial pressure
gradients, which would lead to computational singularities
using (1). Hence several authors have suggested use of the
meridionally differentiated form of the geostrophic equation

pbu=—p, @

to estimate zonal currents (u) right at the equator [Jerlov,
1953, Tsuchiya, 1955a; Hidaka, 1955]. Colin and Rotschi
[1970] obtained a reasonable estimate of the EUC using the
mean of 10 hydrographic sections in the western Pacific using
(2). Lukas and Firing [1984] demonstrated that the mean EUC
estimated from 41 sections collected in the central Pacific
during the 16-month NORPAX (North Pacific Experiment)
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Hawaii-to-Tahiti Shuttle Experiment was nearly in geostroph-
ic balance. However, Wyrtki [1983], using a Gaussian func-
tion to estimate the curvature of the meridional pressure field,
was unable to verify the geostrophic balance on each individ-
ual shuttle section. Johnson et al. [1988] continued the investi-
gation of near-equatorial geostrophy during the NORPAX
experiment by comparing geostrophic velocity estimates with
underway velocity measurements from a Doppler acoustic log.
In agreement with the earlier studies, they found that the
mean flow was roughly in geostrophic balance but that the
time dependent flow was not. This study stressed the impor-
tance of space-time smoothing in order to reduce the contri-
bution of small-scale, high-frequency ageostrophic motions.
Meridional smoothing has been studied by Hayes [1982] and
Moum et al. [1987]. Hayes (1982) found that observed EUC
speed in the eastern Pacific could be estimated to within 20%
on four densely resolved (25-km spacing) meridional sections
between 1°N and 1°S. Moum et al. [1987] investigated the
required meridional resolution more thoroughly using con-
tinuous velocity profiling and density profiles every 1 km.
They concluded that on their single section the EUC was in
geostrophic balance and that optimal sampling of the EUC
required 20-km station spacing and smoothing over 100 km.

All these studies point out the difficulty in obtaining accu-
rate current estimates in view of the sensitivity of the equa-
torial geostrophic equation to small changes in the dynamic
height. For example, a 1 dyn cm height difference between the
equator and 1° due to high-frequency internal waves and tides
[e.g., Hayes, 1982; Chereskin et al., 19867 would lead to an
erroneous estimate for zonal geostrophic current of 70 cm s~ 1.
Either spatial or temporal smoothing is required in order to
reduce the magnitude of these errors.

In the present paper, meridional arrays of thermistor chains
and current meter moorings are used to investigate the limi-
tations of the geostrophic relation for estimating the zonal
equatorial currents. These continuous records permit the de-
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TABLE 1. Vertical Array of Temperaturé Sensors for Moorings
~at 2°N, 0°, and 2°S at 110°W and 165°E
Latitude ‘ Depth, m
; 110°W (ftme 1, 1986, to April 10, 1987)
2°N/2°S 0, 20, 40, 60, 80, 100, 120, 140, 180; 300, 500

0° .0, 10,* 25,* 35,.45,* 60, 80,* 100, 120,* 160,* 200, 250*

: 165°E (December 13, 1986,-to Aprzl 18, 1987)

2°N/2°S 0, 50, 100, 125, 150, 175, 200, 225, 250, 300, 500

0 . 0, 10, 30, 50,* 75, 100,* 125 150, 175, 200*225 250*
300,* 400, 500

*Velocity méasurements were alsq taken at these depths.

termmatlon of the temporal scales on ‘which the geostrophlc
approximation is useful (given the spatlal scales set by the
mooring separations) and allow use ‘of time averaging to
reduce contamindtion .by high-frequency noise. The ternpér-
aturé and velocity data are discussed in section 2. Application
of the geostrophic balance is described in section 3 and the
results are dlscussed in section 4.

2. DATA SOURCES AND PROCESSING

The ‘moored and profiling observations used in this study
were located in.the eastern (110°W) and western (165°E) Pacif-
ic. Autonomous temperature line acqulsmon system (ATLAS)

. oored thermistor chains were located at 2°N and 2°S, and

curfent-temperature moorings were at the equator along these
longitudes. Sections of temper%.tlire and salinity obtained from
shipboard conductivity-temperature-depth (CTD) profiles
were collected as part of.the Equatorial Pacific Ocean Cliniate
Studies (EPOCS) and Surveillance Trans-Océanique-du Paci-
fique (SURTROPAC) projects. They- aré used to establish the
temperature-salinity (T-S) relations at the- moorlng sites and
to investigate spatial structures in the vicinity of the moorings.
The SURTROPAC measurements also included proﬁlmg cur-
rent mieter sectrons

2.1. ATLAS Moorzngs

The . ATLAS moored thermistor chain [Milburn and
McLain, 1986] measures ocean temperature, at 11 depths from
0 to 500 m (Table 1). Surface winds and air temperature are
also recorded. Data. are averaged over 2 hours (the mooring at
2°S, 165°E was averaged over only 1 hour) and telemetered. to
shore in near real time via the Argos satellite system

Along 110°W the time series at all depths (Table 1) ex-
tended 313 days, from June 1, 1986, to April 10, 1987 (a
2-week gap in November.1986 was filled by linear interpola-
tion). Along 165°E, 127 days of data from December 13, 1986,
to April 18, 1987, were used (Table 1). Note that thermistor
depths at the eastern and western locations differ in order to
account for differences in the mean vertical thermal structure.
In the analysis all ATLAS temperature time series were lin-
early interpolated in the vertical in order to obtain estimates
at the depths of the equatorial current measurements. The
basic time series used here are daily averages of these data.

2.2. Equatorial Current Meter Moorings

The current meter mooring data used in this study were
collected at 110°W as part of the EPOCS program [Halpern,
1987a; McPhaden and Taft, 1988] and at 165°E as part of the
U.S.—Peof)le’s Republic of China bilateral air-sea interaction
program [McPhaden et al., 1988]. Each surface mooring was
instrumented -in the upper 250-300 m with seven vector

averaging current meters (VACMs), which record 15-min
average currents and temperatures. Seven (four) additional
depths were instrumented at 165°E (110°W) with temperature
recorders (Table 1).

Data were processed to daily averages in a manner similar
to that described by Freitag et al. [1987]. A relatively short
gap in 10-m currents at 110°W from September 19 to October
2, 1986, has been filled by extrapolation of 25-m currents using
linear regression coefficients derived from overlapping time
series. Zonal currents at these two levels have a correlation
coefficient of 0.95 over a 138-day subset of the data. The 80-m
current meter at 110°W failed between July 3 and November
5; 1986, and was filled with data at 80 m from.a mooring at
108°W for the same time -period. Coherence between varia-
bility at 108°W and 110°W at this depth is above the 95%
significance level fot periods greater than 7 days [Halpern,
19874].

- VACM instrumental errors for current measurements from
a surface mooring in the Equatorial Undercurrent are ex-
pected to be less than 10 cm s~ ! [Halpern, 1987b].

2.3. Hydrogrgphic and Current I;roﬁler Data

Since 1979, se'i/eral CTD sections have been collected along
110°W as part of the EPOCS program [Hayes et al., 1983].
Acquisition and processing of these data are discussed by
Mangum et al. [1980] On the recent cruises, vertical profiles
of horizontal velocity are also collected using a hull-mounted
acoustic Doppler current proﬁler [Feely et al., 1987]. These
profiles generally extend to about 300 m. Figure 1 shows the
mean temperature section along 110°W based on 10 cruises in
1979-1981 and 1984-1986. A representative zonal velocity sec-
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Fig. 1. Temperature and velocity sections at 110°W and at 165°E.
At 110°W an average temperature section based on data from 10
cruises is shown; the velocity section is from a single transect in
November 1986. At 165°E, temperature and velocity sections are the
average of six cruises.
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Fig. 2. Time series of daily estimates of equatorial dynamic height
relative to 250 dbar at 110°W and relative to 300 dbar at 165°E.
Estimates were computed from moored temperature measurements
using T-S relations as discussed in text.

tion (November 1986) is also shown. The temperature section
is characterized by the upwelling and spreading of the thermo-
cline at the equator and the relatively warm water north of the
equator. The zonal velocity section shows an equatorial
undercurrent centered slightly south of the equator with a
maximum speed of about 100 cm s~ at 90 m depth. Surface
current was westward in the South Equatorial Current.

Since 1984, semiannual CTD and current profiler sections
have been made from 20°S to 10°N along the 165°F meridian
as part of the French Tropical Ocean and Global Atmosphere
(TOGA)-SURTROPAC program. The current profiler is dn
Aanderaa-Tareq type which freely falls along a cable under a
drifting buoy. The currents are calculated relative to the
600-m reference level. Details concerning the data acquisition
and processing and some scientific results from the first six
cruises (January 1984 to June 1986) are given by Delcroix et
al. [1987]. Figure 1 shows the mean temperature and zonal
current component for these six cruises. The thermocline is
relatively deep and is marked by the presence of an EUC with
a mean speed of 50 cm s~! at 180-m depth. The mean SEC in
the surface layer is not very well defined at the equator be-
cause of the presence of a strong eastward surface jet in Janu-
ary 1985 [Delcroix et al., 1987). From Figure 1 one can see
that the EUC at 110°W and 165°E is mostly confined to
within 2° latitude of the equator.

2.4. Dynamic Height Calculation

Continuous time series of dynamic height are deduced from
the moored temperature time series using mean T-S curves
based on the mean of 10 EPOCS and 6 SURTROPAC sec-

tions used in Figure |. Only CTD stations at the mooring sites
were used. Deviations from the mean T-S relationship, partic-
ularly in the mixed layer, could introduce some errors in the
near-surface dynamic height calculation. Kessler and Taft
[1987] propose a scheme, using sea surface salinity, which
improves such calculation above the thermocline in the cen-
tral Pacific. Delcroix et al. [1987] discuss this problem in the
western Pacific. No moored salinity time series were available
to adjust the mean T-S curve; thus T-S fluctuations are a
source of error in our dynamic height and therefore in geo-
strophic velocity. The magnitude of this error is estimated in
section 4.

Temperatures from the thermistor chain and current meter
moorings are calibrated to an accuracy of 0(0.01°C). The cor-
responding errors are random from one depth to the next, so
érrors in dynamic height based strictly on temperature sensor
calibration will be only O(0.1 dyn cm). Such an estimate is
probably of an order of magnitude less than other errors in
dynamic height introduced by the relatively poor vertical reso-
lution of the temperature sensors and by use of the mean T-S
to estimate saliriity.

Figure 2 shows daily time series of dynamic height on the
equator at 110°W and 165°E, relative to 250 dbar and 300
dbar, respectively. At 110°W, oscillations with periods of 34
months and peak-to-trough amplitudes greater than 0.15 dyn
m are apparent. Intraseasonal variations with similar periods
though smaller amplitudes are evident at other times at
110°W [McPhaden and Taft, 1988]. Enhanced amplitudes in
Figure 2 may be related to the occurrence of the 1986-1987 El
Nifio, which appears as a maximum dynamic height in Janu-
ary 1987. Higher-frequency energy is evident at 110°W as well,
most notably at periods near 10 days. The 165°E dynamic
height time series show similar high-frequenicy oscillations but
with lower amplitude,

3. CoMPARISON OF CALCULATED AND OBSERVED
CURRENTS

3.1. Use of the First Derivative
of the Pressure Field

At both the 110°W and 165°E meridians, the continuous
time series of dynamic height at 2°N, the equator, and 2°S
were first used to calculate the geostrophic currents at 1°N
and 1°S using the geostrophic equation (1). Repiesentative
near surface currents are shown in Figure 3. Along 110°W a
strong shear between the 1°N and 1°S geostrophic currents is
apparent. The 25-m mean velocity at 1°N was —100 cm s™!
compared with 50 cm s~ ! at 1°S. This geostrophic shear is the
signature of the mean meridional pressure slope in the surface
layers of the eastern equatorial Pacific [Lukas, 1981]. As
Joyce [1988] has shown, however, this slope is balanced pri-
marily by the meridiona] wind stress, so that geostrophic cur-
rent estimates using (1) will be in error. Along 165°E, mean
meridional wind and hence the mean theridional pressure
slope are weak or absent, so there is no obvious shear between
the 1°N and 1°S geostrophic currents,

3.2.  Use of the Second Derivative
of the Pressure Field

We approximate the second derivative of the pressure field
using the array measurements with second-order finite differ-
ences:

Py = [P(2°N) + p(2°S) — 2p(0°)]/Ay?
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Fig. 3. Near surface geostrophic zonal currents at 1°N and 1°S estimated using (1). At the equator, geostrophic zonal
current estimated using (2) (thin line) and observed zonal current (thick line) are shown. Currents are relative to 250 m at

110°W and 300 m at 165°E.

Note that with this particular finite difference stcheme, the
current at the equator is equivalent to the mean of geostrophic
currents at 1°N and 1°S using (1). Estimates of zonal geo-
strophic flow at the equator using the finite difference version
of (2) are shown in Figure 3. The reference levels for the dy—
namic height time series at 110°W (250 dbar) and at 165° (300
dbar) correspond to the deepest common level of temperaturé
and’ current measurements: hence the calculated current is
compared to the observed current relative to the sameé refer-
ence level. Tt is apparent from Figure 3 ‘that low-frequency
fluctuations calculated from (2) are qualitatively similar to ob-
served currents at the equator.

Figure 4 shows examples of energy, coherence, and phase
spectra for calculated and observed currents at selected depths
at 110°W and 165°E. Energy spectra of observed and calcu-
lated currénts are red at low frequency and indistinguishable
from one another at the 95% level of confidence. Conversely,
spectra of calculated . currents show significantly elevated
energy levels at periods shorter than about 10 days relative to
the observed current spectra. This high-frequency energy is
incoherent, in contrast to energy at periods longer than about
30-50 days which is typically in phase and s1gmﬁcant1y coher-
ent at the 95% level of corifidence.

Time series of calculated and observed currents at the equa-
tor were smoothed with a 21-day Hanning filter to remove

incoherent high frequencies (Figure 5). Low-frequency fluctu-
ations have a similar time history at both locations, even at
shallow levels ‘where frictional influences are important (see
section 4.4). Note that there ate medn offsets, however, and at
times the observed and calculated mean surfacé currents can
be in opposite directions. Also, at the beginning of the 165°E
record, the difference between observed and geostrophically
estimated flow exceeds 100 cm s~ 1. ’

Figure 6 summarizes the mean and standard deviation of
the filtered observed and calculated current time series as a
function of depth. Obseived mean currents are more strongly
eastward at all dépths. The EUC speed core at both locations
barely exceeds 20 cm s~ !, for example, compared with ob-
served speeds of about 80 cm s~ 1, Mean 50-m flow in the SEC
at 165°E is directed opposite to the observed flow, and the
difference between the two is close to 70 cm s~ L. At 110°W,
the sign of the observed and calculated SEC agrees, but the
calculated near-surface flow overestimates the observed flow
by about 25 cm s™*. Possible explanatxons of these discrep-
ancies will be presented in the following section.

‘Observed and geostrophically estimated standard devi-
ations at 110°W range between about 10 and 30 cm s~ 1.
Differences between the two are <10 ¢cm s~ %, and the corre-
lation between the time series is 0.6-0.9. At 165°E, estimated
standard deviations are too weak by 20 cm s~ ! at 50 m and
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Fig. 5. Time series of observed (thick line) and geostrophic (thin line) zonal speed smoothed by a 21-day Hanning filter.
Depths are indicated. Speeds are relative to 250 m (110°W) or 300 m (165°E).

100 m, but the correlation with observed currents is high
(>0.8). Conversely, below 100 m at 165°E, the differences in
standard deviations are smaller, but the correlations are also
smaller. The significance of this less consistent performance of
the geostrophic approximation at 165°E compared with
110°W is difficult to assess given the relative shortness of the
time series.

4. ERROR DiscussioN

Several sources of uncertainty can contribute to errors in
velocities estimated with meridionally differentiated form of
the geostrophic equation. Variations of the T-S relation, par-
ticularly in the surface mixed layer, were mentioned earlier. In
addition, the meridional and vertical resolution of the
measurements can cause errors. The meridional scales of the
observations must match the scales of the zonal currents, and
the vertical resolution must be sufficient to accurately define
the dynamic height at each level. Finally, the geostrophic rela-
tion itself is an approximation, and ignored terms in the me-
ridional momentum balance (e.g., friction, nonlinearities, and
time dependence) may be important. These error sources are
discussed below.

4.1.

If the flow near the equator is in geostrophic balance, then
in principle, at the equator u can be determined from the
meridional derivative of (1), i.e.,at y =0,

Horizontal Resolution

)
If p,, is evaluated using finite differences of p values that are a
distance O(y) from the equator, then we expect an error in (2)
of O(—pfyu). For an eastward undercurrent centered on or
near the equator and finite differences evaluated over O(1°),
u, < 0 for y >0, and vice versa. Therefore according to (2'), a
finite difference calculation of p,, underestimates u. Specifi-
cally, at the undercurrent core with u, ~ 50 cm s deg™?! at
110°W, u, ~ 25 cm s™* deg™" at 165°E, and y = 1° (ie, the
center of our 2° interval), the underestimate should be about
50 cm s™! at 110°W and 25 cm s~ ! at 165°E. These numbers
are close to what is actually observed (Figure 6).

Similar arguments can be applied to the surface currents at
110°W and 165°E where the estimated flow is too westward

pBu +p,, = —pByu, =0

using (2"). The Doppler current profiler section at 110°W
(Figure 1) shows that surface westward flow is weaker at the
equator than to the north and not stronger than flow to the
south. (Compare with Lukas and Firing [1984], who find that
u at 150-158°W is on a mean less westward on the equator
than either to the north or the south.) Thus at 110°W, u, < 0
fory>0and u,=~0fory< 0, and a finite difference estimate
of p,, leads to an estimated westward flow at the equator that
is too fast. Similar arguments apply at 165°E, where in the
mean, westward flow is much stronger to the south and not
much different to the north between 0° and 2°N (Figure 1).
One way to reduce this error is to decrease the meridional
grid size in the second-order finite difference scheme. To dem-
onstrate this, we have calculated zonal geostrophic flow at the
equator using SURTROPAC and EPOCS CTD sections sub-
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Fig. 6. Profiles of (top) mean and (bottom) standard deviation o of
the observed (thick line) and geostrophically estimated (thin line) low
pass filtered zonal velocity (relative to 250 m at 110°W and 300 m at
165°E). Dashed lines in the bottom panels are the correlation coef-
ficient R between observed and geostrophically estimated current.
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estimates at the depths of the moored thermistors. At 110°W, geo-
strophic currents are estimated using station spacings from 0.5° to 2°
latitude. Mean observed currents at the equator are based on profil-
ing current meter measurements at 165°E and on moored current
measurements at 110°W.

sampled at various meridional resolutions. Owing to the high-
frequency noise on a single transect [Delcroix et al, 1987;
Hayes, 1982], our tests have been done over mean transects.
Comparison of these observed mean (from profiling current
meter data) and the estimated mean from the first SUR-
TROPAC cruises along 165°E is shown in Figure 7. Along
110°W, the acoustic Doppler current profiler has only recently
been available. Therefore a similar comparison is done be-
tween calculated and observed currents using a mean CTD
section and the mean of simultaneous daily averaged moored
equatorial current meter measurements. Owing to changes in
the depth of moored current measurements over the 11
EPOCS transects, the corresponding CTD and dynamic
height data have been averaged over five and six transects,
respectively (Figure 7). From these calculations it appears that
the optimum horizontal grid size in the second-order finite
differences is between 1° and 1.5° of latitude. This result agrees
with Moum et al. [1987], who find that a 100-km scale was
optimal for estimating geostrophic zonal flow at the equator
on a single intensively sampled transect. As expected, for
larger station spacing, the amplitude of the pressure curvature
is underestimated, and the inferred equatorial currents are too
weak. For smaller station spacing, agreement with observa-

tions also worsens, since the finite difference calculation be-
comes more affected by high-frequency, small-scale noise.

4.2. Vertical Structure

The vertical resolution of the moored temperature measure-
ments is between 10 and 100 m, similar to a classical hy-
drocast. Even though sensors are concentrated in the thermo-
cline, the estimated dynamic height from the moorings may
miss fine structure that would be seen from continuous tem-
perature profiles. An example of potential error due to coarse
vertical resolution is illustrated in Figure 7, which compares
equatorial current at 165°E calculated using only CTD
measurements at the sensor levels (asterisks) and currents cal-
culated using the full vertical resolution of the CTD (thin line)
for stations at 2° latitude spacing. Currents tend to be more
eastward by about 10 cm s~ ! based on data from the depths
of the mooring measurements. Although we cannot evaluate
the statistical significance of this difference with our relatively
sparse data base, vertical temperature resolution of the moor-
ings appears to be less of a limiting factor than meridional
resolution in obtaining accurate estimates of geostrophic flow
at the equator.

4.3. T-S Variability

In section 2 we noted that use of the mean T-S relation
could introduce errors in the dynamic height and deduced
geostrophic current, particularly in the mixed layer. In order
to estimate such errors, we have calculated dynamic height
time series with T-S relations which correspond to the 11
EPOCS (110°W) and 6 SURTROPAC (165°E) sections. At
110°W the standard deviation of dynamic height relative to
250 dbar was 0.5 dyn cm in the surface layer and 0.25 dyn cm
below. The currents calculated using {2) have a standard devi-
ation of 11 and 8 cm 572, respectively. At 165°E the standard
deviation in dynamic height relative to 300 dbar is 1.3 dyn cm
in the surface layer and 0.6 dyn cm below, and the standard
deviation in the calculated currents, 25 cm s~ and 13 cm s™*!
respectively. Recalling that a 1 dyn cm difference between the
equator and 1° latitude corresponds to a geostrophic current
of 0.7 m s™!, we expect that the rms errors in dynamic height
could induce much larger errors in the geostrophic current if
all mooring locations were independent. The relatively small
errors in geostrophic current induced by changes in the T-S
relation suggest that these changes are meridionally corre-
lated. The errors in dynamic height at each location have
relatively small effect on the curvature and hence on the geo-
strophic current.

44. Neglected Physical Processes

Friction, nonlinearity, and local accelerations are neglected
in the geostrophic approximation (equation (1)). Estimated
geostrophic currents will therefore be in error to the extent
that these processes are important. In this section we examine
the probable magnitude of these errors and their impact in
our current estimates.

A scaling argument suggests that the magnitude of the error
introduced by the neglect of vertical friction is O(tH/A) where
H is the depth scale of flow in the equatorial frictional bound-
ary layer, A is a vertical eddy viscosity, and  is wind stress.
Various models of the layer depth H exist. For example,
Charney [1960] and Stommel [1960] assume that H coincides
with a density-mixed layer. Cane [1979] assumes it is fixed by
the nonlinear effects. McPhaden [1981] finds in a continuously
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stratified linear model that H is O(A%/BN)'°, Most of these
models would suggest H of O(10 m) in the eastern Pacific for
realistic ranges of parameters. Also, near-surface values of A in
the eastern Pacific are probably 0(10 cm? s™*%) [e.g., Gregg et
al., 1985]. During periods of strong westerlies, A may be as
large as 100 cm? s~ in the western Pacific warm pool and H
may be O(100 m) [McPhaden et al., 1988]. At other times the
surface density mixed layer may be shallower [e.g., Lukas and
Lindstrom, 1987] and A may be smaller. If we assume 7 of
0(0.1 dyn cm™2), H = O(10 m) and 4 = O(10 cm® s~ 1), then
we expect a frictional velocity of O(10 em s™ ). Depending on
the model and the specific parametric range, this flow will
generally be in the direction of the wind at the equator. Thus
we would expect to underestimate wind-driven near-surface
eastward and westward flows at both locations.

There is another bias due to the neglect of friction that is
unique to the equatorial ocean, namely, that baroclinic pres-
sure gradients can balance frictional forces [Stommel, 1960;
McPhaden, 1981]. In the meridional momentum balance, this
is expressed as

p, = (4v,), 3)

. In a linear model, (3) is superimposed on the geostrophic bal-

ance (1) in the surface boundary layer so that not all the
pressure variability can be related to geostrophic currents. For
zonal wind forcing, (3) implies a symmetric baroclinic pressure
field that is O(10%) of the geostrophically balanced pressure
field at depths of O(10 m) below the surface [McPhaden,
19817. More importantly, meridional winds can set up a cross-
equatorial pressure gradient. For y = 0(100 km), v = 0(10 cm
s71), A =0(10 cm? s7') and z = O(10 m), the expected sea
level height is O(1 ¢m) which can lead to an error in the
estimate of u from (1) of 0(100 cm s~ ') at y = 1°. Also, at
y = 0, a nonzero meridional pressure gradient leads to appar-
ent singularities in (1) unless the frictional nature of the pres-
sure signal is taken into account. This type of error is evident
in our analyses at 110°W as seen in Figure 3. Owing to the
larger meridional scale of the meridional wind as compared
with that of the equatorial currents, this error is largely re-
moved when we use the meridionally differentiated form of the
geostrophic balance (2). ‘

A number of authors have used scale analysis to examine
the magnitude of nonlinear terms which are not included in (1)
and (2) [e.g., Tsuchiya, 1955b; Arthur, 1960; Pedlosky, 1987].
In general, it is found that for reasonable ranges of oceanic
parameters, nonlinearity is likely to be only 1-10% of the
pressure gradient or curvature. A possible exception to this
occurs in the surface layer under the influence of strong merid-
ional wind forcing, where the term vv, may be larger [Cane,
19797].

Local accelerations become increasingly important for
motion at periods shorter than 1 month near the equator. For
example, at periods of about 1 week to 1 month, linear, invis-
cid mixed Rossby-gravity waves [e.g., Enfield et al., 1987] and
instability waves [e.g., Philander et al., 1985] are potentially
prominent modes of variability that are not geostrophically
balanced. Similarly, at periods of several days to hours,
inertia-gravity waves [e.g., Wunsch and Gill, 1976; Eriksen,
19807 and internal tides [Weisberg et al., 1987] are expected
to be dominant sources of variability. Thus we would not
expect geostrophy to hold on these time scales, consistent with
our result (Figure 4) that calculated and observed currents
generally become incoherent for periods shorter than 1 month.

5. SUMMARY AND CONCLUSIONS

Moored temperature time series on the equator and at +2°
latitude have been used to estimate the geostrophic current on
the equator in the eastern (110°W) and western (165°E) Pacif-
ic. Currents calculated from the meridionally differentiated
form of the geostrophic equation have been compared with
observed currents at several depths in the upper 250 m. The
results are interpreted as a test of how well the sparse meridio-
nal array can be used to infer equatorial zonal currents rather
than as a test of the geostrophic balance at the equator. At all
locations and depths the mean geostrophically estimated
zonal velocity was biased toward the west. At 110°W this bias
increased with depth from about 25 cm s~ ! near the surface to
about 60 cm s~ ! in the undercurrent; at 165°E the offset was
about 50 cm s~ ! at all depths. This bias indicates a systematic
underestimate of the curvature of the pressure field near the
equator. The 2° latitudinal resolution of the moored array is
too broad to accurately resolve the near-equatorial mean cur-
rent structure. Specifically, the finite difference estimate of the
second derivative is an average of the zonal current just north
and south of the equator which is more westward than the
current on the equator. The section data shown in Figure 7
suggest that better estimate of the equatorial curvature re-
quires measurements at about 1° latitude.

Most of the coherent variability between calculated and
observed currents was at periods longer than 30 days. Corre-
lation coefficients of time series smoothed with a 21-day Han-
ning filter varied from about 0.6 to 0.9. These results indicate
that much of the month-to-month variability has meridional

.scales broader. than 2°, which is suggestive of the importance

of low vertical mode equatorial Kelvin and/or long Rossby
waves. At higher frequencies the coherence between observed
and computed currents falls off. This intramonthly variability
appears to be of smaller meridional scale than 2° and/or ageo-
strophically balanced. ‘

We found that the meridional pressure gradient at the equa-
tor is generally not zero, especially at 110°W. This gradient is
probably balanced by the mean meridional wind siress and
leads to unrealistically large cross-equatorial geostrophic
shears. An advantage of the second derivative form of the
geostrophic relation is that this cross-equatorial pressure
gradient is filtered out of the calculation.

In spite of the difficulty in estimating the meridional curva-
ture at the equator, the uncertainties introduced by array
spacing, T-S variability, and physics neglected in the geo-
strophic approximation, the results presented here indicate
that qualitative changes in the magnitude of equatorial zonal
currents can be estimated from dynamic height estimates
based on moored temperature measurements. Thus it may be
possible to derive useful indices of equatorial flow from
moored temperature measurements, expendable bathythermo-
graph transects, or satellite altimetric estimates of sea level.
Nevertheless, our results indicate that accurate representation
of eduatorial currents and transports requires direct current
measurements.
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