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From a comprehensive set of upper ocean measurements made during a moderate E1 Nifio in boreal 
spring 1987, we reassess the role of turbulence in transporting momentum vertically at the equator. An 
examination of the terms in the vertically integrated zonal momentum equations indicates that on short 
time scales the zonal pressure gradient is not balanced by the surface wind stress despite an apparent 
balance of these terms on longer (seasonal) time scales. The vertical redistribution of zonal momentum 
is complex. The strength of the wind determines both the magnitude and, likely, the mechanisms of 
momentum transport between the surface and the core of the undercurrent. During low wind 
conditions in April 1987 the turbulent stress divergence was significantly different in magnitude and 
vertical structure from that found during strong winds in November 1984. In November 1984 the 
turbulent stress divergence was much too large above 40 m to balance the residual term in the zonal 
momentum budget of Bryden and Brady (1985, 1989) and decayed exponentially with depth from the 
wind stress value at the surface. In April 1987 the turbulent stress divergence was smaller than that 
required by Bryden and Brady and decayed linearly from the surface wind stress. For a proper 
comparison with Bryden and Brady's zonal momentum balance, it is necessary to determine the 
annual average turbulent stress divergence. 

1. INTRODUCTION 

The zonal momentum balance in the equatorial Pacific was 
first investigated by Sverdrup [1947], who inferred a balance 
between the vertically integrated zonal pressure gradient and 
the zonal wind stress. Apparently, the pressure gradient- 
wind stress balance holds on the annual (and possibly, 
seasonal) time scale [Katz et al., 1977; Tsuchiya, 1979; 
Bryden and Brady, 1985; McPhaden and Taft, 1988]. The 
other terms in the momentum balance must act to redistrib- 
ute momentum vertically. Hence we expect a distinct verti- 
cal structure to the momentum balance. Bryden and Brady 
[1985, 1989] attempted to determine the importance of the 
different terms in the momentum balance as a function of 
depth between 150øW and 110øW. For the annual mean, they 
found the nonlinear mean advection and eddy flux terms to 
be important, but a vertical eddy viscosity of O(10 -3 m 2 
s -x) for processes smaller than mesoscale eddies was 
needed to close the budget. Estimates of the turbulent stress 
divergence at the equator over a 12-day period in November 
1984 were found to be too large in the upper 40 m to close the 
Bryden and Brady [1985, 1989] momentum budget [Dillon et 
al., 1989]. The vertical decay scale of turbulent stress was 
much smaller than that for the pressure gradient, and the 
turbulent stresses were too small below 40 m to match the 

stress required in Bryden and Brady's [1985, 1989] balance. 
In this paper we examine some of the terms in the zonal 
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momentum balance using data from an equatorial transect 
made in April 1987. In section 2 the large-scale structure of 
the upper ocean in the equatorial Pacific Ocean during boreal 
spring 1987 is compared with climatological conditions and 
conditions found in November 1984. During spring 1987 a 
pulselike disturbance which depressed the thermocline and 
equatorial undercurrent (EUC) dominated the upper ocean 
conditions at 140øW. In section 3 we examine the structure 
of the different terms in the zonal momentum balance. 
Unlike the success that Wilson and Leetmaa [1988] had in 
determining zonal advection of zonal momentum and the 
zonal pressure gradient for their equatorial transects and 
momentum balance, we will show that the effect of the 
depression of the thermocline and the undercurrent domi- 
nates these two terms in our momentum budget. This 
transient feature does not appear to affect the turbulent 
stress divergence term. The vertical structure of the turbu- 
lent stress found during April 1987 is significantly different 
from that found in November 1984 by Dillon et al. [1989]. 

2. EQUATORIAL CONDITIONS DURING BOREAL 
SPRING 1987 

The measurements discussed here are a subset of a larger 
experiment. In March 1987 a transect was made from 33øN 
to 6øS along 140øW with a 1 day stop at IøN. Following 
refueling in Tahiti, a second transect from 140øW to 110øW 
along the equator was executed, and the experiment ended 
with a third transect from 3øS to 6øN along 110øW. In this 
paper, we are interested in the behavior at the equator; 
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Fig. 1. Wind stress magnitude r and surface buoyancy flux J• during the spring 1987 survey. Periods of negative 
J• (daytime heating) are shaded. Representative locations along the three transects are shown. Time is in Julian days 
(representative calendar dates are also shown). 

therefore we consider the data from three regions' transect 
1, 3øN to 3øS along 140øW (March 22 to March 26); transect 
2, 140øW to 110øW along the equator (April 14 to April 28); 
and transect 3, 3øS to 3øN along 110øW (May 1 to May 4). For 
convenience, these transects are referred to in the text as T1, 
T2, and T3. 

Vertical profiles of temperature, conductivity, and small- 
scale shears to a depth of approximately 150 m were ob- 
tained approximately every 10 rain with the rapid sampling 
vertical profiler (RSVP) [Caldwell et al., 1985], resulting in a 
vertical profile approximately every 1.5 km with a typical 
ship speed of 5 knots (0.51 m s -• Temperature, salinity and 
other related properties (e.g., tr t) were averaged vertically 
over 2 m. Turbulent kinetic energy dissipation rates (e) were 
determined from the averaged (2- to 4-m vertical bins) 
variance from the shear probes [Osborn and Crawford, 
1980]. Vertical profiles of horizontal currents were obtained 
every 30 s with a RDI 300-kHz acoustic Doppler current 
profiler (ADCP). ADCP velocities were screened with a 
signal-to-noise criterion that corresponded to less than 1 cm 
s -• noise bias in the screened velocities [Chereskin et al., 
1989]. The screening criterion is equivalent to a cutoff depth 
(164 m) below which velocities were considered unreliable. 
Horizontal velocity components were determined every 4 m 
but are independent only over scales greater than 12 m 
[Chereskin et al., 1986]. From these data, hourly averaged 
profiles of temperature, salinity, density (trt), e, and hori- 
zontal velocities were used for the analysis in this paper. 

The winds (Figure 1) were moderately strong before the 
start of T1 on Julian day 81.0624. (We have used Julian day 
notation for time in this paper. The integer part of the Julian 
day is the day number of the year since January l, 1987, with 
January 1 as day 1, and the time of day (UT) is given as a 
fraction of the day. Figure 1 shows the calendar day for 
several of the Julian days.) The wind stress generally de- 
creased over T1 except for a period of approximately 1 day 
during which we maintained a 1-day station at IøN. The 
average wind stress magnitude during this day (0.09 N m -2) 
was approximately the same as that found during November 
1984 [Mourn et al., 1989]. The wind stress was much weaker 
for the remainder of the experiment. The average wind stress 
magnitude for T2 was 0.02 N m -2 and for T3, it was 0.03 N 
m -2. During these transects, there were no strong wind 

events as found during T1. The direction of the winds was 
highly variable (i.e., both easterly and westerly winds were 
observed). By comparison, the winds during the November 
1984 experiment at 140øW were from the east and remark- 
ably steady. 

The surface buoyancy flux (J•) shows the predominant 
diurnal cycle (Figure 1) due to daytime heating (negative J•,). 
There was a low-frequency (period of approximately 5 days) 
variability in the daytime buoyancy flux due to variability in 
cloud cover. There is evidence of a lower-frequency (ap- 
proximately 12 days) modulation in the buoyancy flux out of 
the ocean at night (Figure 1). The magnitudes of the buoy- 
ancy flux at night and during the day were similar to those 
found during November 1984 [Mourn et al., 1989; Peters et 
al., 1989]. 

During April the surface current at the equator is usually 
eastward at approximately 0.4 m s -• while in November the 
velocity is westward at approximately 0.4 m s -• [McPhaden 
and Taft, 1988]. An anomalous situation existed at the 
equator in April 1987. At 140øW the velocity was weak (<0.2 
m s -• for depths less than 40 m) and eastward for T1 (Figure 
2). Twenty days later, at the start of T2, the surface current 
was weak and to the west. As we progressed eastward 
during T2 the current changed back to eastward and in- 
creased in strength, reaching a maximum at approximately 
122øW. With weaker westward winds we would expect a 
stronger eastward current at the surface; other conditions 
remaining constant. The variability in strength and depth of 
the EUC plays a role in the variability of the surface current. 
Normally, the eastward flowing EUC is shallower and stron- 
ger in spring than in fall. In spring 1987, the EUC was much 
weaker than is normally found at this time. 

The core of the eastward flowing Pacific equatorial under- 
current was located at a depth of 100 m at 140øW and had a 
velocity of approximately 1 m s -• (Figure 2). During Feb- 
ruary-April 1987 the EUC was weaker than the climatolog- 
ical average by 0.25 to 0.5 m s -• [McPhaden and Hayes, 
1990]. In fact, the core of the EUC was very weak during 
February 1987: its velocity was only 0.45 m s -• . The depth 
of the equatorial undercurrent is typically shallowest during 
March-April and deepest during November [McPhaden and 
Taft, 1988]. Although the depth of the EUC during April 
1987 was deeper than is normally found in April [McPhaden 
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Fig. 2. Eastward velocity structure of the equatorial Pacific for (top left) transect 1 (T1), along 140øW from 3øN to 
3øS; (bottom) transect 2 (T2) along the e9uator from 140øW to 110øW; and (top right) transect 3 (T3), along 110øW from 
3øN to 3øS. Contour interval is 0.2 ms-'. Light •hading represents regions of westward flow; dark shading represents 
regions of eastward flow of greater than I m s- 

and Taft, 1988; Wilson and Leetmaa, 1988], it was within the 
interannual variability observed by McPhaden and Taft 
[1988]. The depth and velocity of the EUC at 140øW in April 
1987 was more typical of the October-November time period 
[Chereskin et al., 1986; McPhaden and Taft, 1988; Wilson 
and Leetmaa, 1988]. Bryden and Brady [ 1985] found that the 

-1 
annual mean EUC core velocity decreased from 1.27 m s 
at 150øW to 0.98 m s -• at 110øW while it shallowed from 120 
m to 60 m. In April 1987 the EUC increased in velocity (to 
approximately 1.2 m s-•) and shallowed (to a depth of 50 m) 
between 140øW and 110øW (Figure 2). The structure of the 
EUC at 110øW during April 1987 was typical of the EUC for 
April [Halpern, 1987; McPhaden and Taft, 1988]. As found 
by Bryden and Brady [1985], the EUC was narrower, both 
horizontally and vertically, at 110øW compared to 140øW. 
The anomalous conditions found at 140øW were also evident 

in the density structure. 
The density field (Figure 3) in the equatorial region was 

dominated by temperature except at the surface at 110øW. 
The low-density water north of the equator (Figure 3) was 
due to low salinity of the surface water. Low salinity likely 

arises from net excess precipitation over evaporation asso- 
ciated with the intertropical convergence zone north of the 
equator [Bryden and Brady, 1985]. The pycnocline (and 
thermocline) generally shallowed from west to east, although 
the slope is small in spring compared to fall. 

Mooring data at the equator show that the thermocline 
depth varies intraseasonally and seasonally as well as with 
El Nifio events [Halpern, 1980; McPhaden and Taft, 1988; 
McPhaden and Hayes, 1990]. At 110øW the 20øC isotherm 
was at approximately 75 m, typical of the normal conditions 
there. The thermocline at 0 ø, 140øW for T1 was much deeper 
than that found 20 days later at the start of T2. The 20øC 
isotherm rose from 137 m to 92 m over this 20-day period, a 
change of 45 m. The 20øC isotherm is usually at a depth of 
110 m during April, but during an El Nifio this isotherm has 
been found at a depth of 75 m [Halpern, 1980; McPhaden 
and Taft, 1988]. Data from a mooring located at 140øW 
showed that the thermocline depth before day 70 and after 
day 98 were approximately the same; the 20øC isotherm was 
at approximately 100 m. Between these days, the thermo- 
cline was depressed; the 20øC isotherm reached a depth of 
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Fig. 3. Density structure (•r t) of the equatorial Pacific for (top left) TI, along 140øW from 3øN to 3øS; (bottom) T2, 
along the equator from 140øW to 110øW; and (top right) T3, along 110øW from 3øN to 3øS. Contour interval is 0.5 kg m -3 . 
Light shading represents regions of density less than 24 kg m-3; dark shading represents regions of density less than 
22 kg m -3. 

approximately 125 m. (With the depth spacing of the tem- 
perature sensors on the mooring, it is difficult to determine 
the depth of isotherms accurately.) West of 130øW during T2 
the depth and velocity of the EUC (Figure 2) and the depth 
of the thermocline changed rapidly. The source of this 
variability could also have been responsible for the observed 
change at 140øW between T1 and T2. 

Moored velocity, temperature and dynamic height time 
series from 0, 140øW and 0, 110øW show a pulselike distur- 
bance lasting about 1 month in March-April 1987 
[McPhaden and Hayes, 1990]. This disturbance propagated 
eastward at a rate comparable to the phase speed of the first 
baroclinic mode equatorial Kelvin wave and appeared to 
have been generated in the western equatorial Pacific by a 
westerly wind event. Specifically, a 1-month episode of 
westerlies occurred in February 1987 between about 140øE 
and the date line with speeds of 5-10 ms-] at and south of 
the equator [McPhaden and Hayes, 1991; Climate Diagnos- 
tics Bulletin, Climate Analysis Center, NOAA, Washington, 
D.C., April 1987]. This was followed by a depression of the 
thermocline, a rise in dynamic height relative to 250 dbar, 

and increase in eastward transport per unit width between 10 
and 250 m in March at 140øW. Similar changes in thermo- 
cline depth, dynamic height, and transport were observed 
beginning about 2 weeks later at 110øW. Longer moored time 
series records at 140øW and 110øW show that this distur- 

bance was one of several occurring throughout 1986 and 
1987, with energy concentrated in spectral bands at periods 
of approximately 2-3 months as found by McPhaden and 
Taft [ 1988]. Thus the depression of the thermocline observed 
in March 1987 during T1 was probably the result of a 
remotely forced baroclinic Kelvin wave. 

The turbulent kinetic energy dissipation rate • was deter- 
mined for each of the transects (Figure 4). Although there 
appears to be no obvious peak in e in the vicinity of the 
equator in the cross-equatorial transects at 110øW and 140øW 
(Figure 4), detailed analysis of the average dissipation rate in 
the low Ri zone below the mixed layer does reveal a peak in 
e at the equator (D. N. Hebert et al., Does ocean turbulence 
peak at the equator?, submitted to Journal of Physical 
Oceanography, 1991, hereinafter referred to as Hebert et al. 
(1991)). From Figure 4 there is no obvious simple correlation 
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Fig. 4. Turbulent kinetic energy dissipation rate e of the equatorial Pacific for (top left) T1, along 140øW from 3øN 
to 3øS; (bottom) T2, along the equator from 140øW to 110øW; and (top right) T3, along 110øW from 3øN to 3øS. Contour 

8 1 
interval is I decade Light shading represents regions of e greater than 10- W kg- , darker shading represents regions 

6 1 of e greater than 1(• -7 W kg- , and solid shading represents regions of e greater than 10- W kg- . 

between e and the structure of the EUC (e.g., the zonal 
velocity (Figure 2) of the EUC). Surface forcing (i.e., wind 
stress) appears to dominate the variability in the dissipation 
rate in the upper ocean (Hebert et al., 1991). A major 
surprise in November 1984 was a diurnal cycle in the 
dissipation rate at 140øW on the equator [Gregg eta!., 1985; 
Mourn and Caldwell, 1985]. This diurnal cycle was evident 
between 15 m and 80 m throughout the 12-day experiment in 
1984 [Mourn et al., 1989]. In 1987 there was a clear diurnal 
cycle for the first 4 days of T2, when the winds were the 
strongest. However, the diurnal cycling was neither as 
strong nor as consistent as was found in 1984 and was not 
observed during the remainder of T2, with the possible 
exception of the last 2 days. During the November 1984 
survey the winds were significantly larger than those found 
during T2, and we surmise that the strength of the diurnal 
signal depends on wind strength. During November 1984 and 
at the start of T2, large-amplitude, high-frequency internal 
waves were also observed; the diurnal cycling of e below the 
mixed layer is clearly related to these internal waves (J. N. 

Moum et al., manuscript in preparation, 1991, hereinafter 
referred to as Moum et al. (1991)). 

3. ZONAL MOMENTUM BALANCE 

The terms in the zonal momentum equation at the equator 
have been examined by many authors and by many different 
methods. Following the success of Wilson and Leetmaa 
[1988] in determining some of the terms from equatorial 
transects of ADCP, expendable bathythermograph (XBT), 
and conductivity-temperature-depth (CTD) data, we at- 
tempted to determine these momentum terms for T2. We 
hoped to resolve the discrepancy found by Dillon et al. 
[ 1989] between the turbulent stress divergence estimate from 
dissipation measurements made in November 1984 and the 
expected residual term required to close the zonal momen- 
tum budget. 

The "mean" zonal momentum equation at the equator can 
be written as 
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(TSD) based on data collected from 140øW to 110øW (transect 2). Dashed lines represent the 95% confidence limits (The 
95% confidence limits in Figures 5-8 were determined by the bootstrap method [Efron and Gong, 1983]. For bootstrap 
estimates it is assumed that the data set represents the distribution of the true population. If the decorrelation time and 
length scales are such that our sample set contained only a few independent realizations of the average pressure field 
between 140øW and 110øW, the bootstrap confidence limits will underestimate the true confidence limits.) Estimates of 
the average ZPG and ZA (and 95% confidence limits) based on current meter moorings at 140øW and 110øW for the 
15-day period of T2 (open squares) and a 3-month period (solid dots) from March 1 to May 31. LA based on current 
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5b. 
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where the velocity components and horizontal gradients 
have been determined over some suitable time and/or length 
scale. The averaging time scale and/or length scale is chosen 
such that motions with times shorter than the averaging time 
scale or length scale have a zero mean but the correlation 
between different components of the smaller-scale motion 
can have a nonzero mean. This is the classical Reynold's 
decomposition. The eddy flux divergence (EFD) represents 
scales shorter than the averaging scales but longer than 
three-dimensional turbulence. We expect that turbulent mo- 
tions will transport more momentum vertically than horizon- 
tally because vertical gradients are much larger than hori- 
zontal gradients. Therefore the turbulent stress divergence 
term TSD (right-hand side) consists of only the vertical 
component. The other terms in (1) are from left to right, local 
acceleration (LA), zonal advection (ZA), meridional advec- 
tion (MA), vertical advection (VA), and zonal pressure 
gradient (ZPG). 

Zonal Pressure Gradient and Zonal Advection 

From our April 1987 transect 2 (140øW to 110øW), we 
obtained velocity data to a depth of 164 m and density and e 
to approximately 150 m. As a consequence, we estimated the 
terms in (1) relative to a depth of 150 m; we note that 
McPhaden and Taft [1988] have shown that most of the 
variation in the dynamic height field is above 120 m. Zonal 
gradients (i.e., Op/Ox and Ou2/Ox) were estimated from the 
shipboard transect by linear regression. From the moorings 
at 140øW and 110øW we estimated ZPG and ZA over the 

15-day period ofT2. Mean temperature-salinity (T-S) curves 
at the mooring sites were used to estimate ZPG from the 
daily-averaged temperature data at the mooring locations. 
Although the estimates of ZPG and ZA from the spatial 
transect are subject to temporal aliasing, the spatial variabil- 
ity is well resolved, if the fields were stationary. On the other 
hand, the mooring estimates of ZPG and ZA provide a 

well-sampled time series between the two endpoints. The 
15-day estimates of ZPG and ZA were compared to esti- 
mates over a 3-month period (April-May) from the mooring 
data. 

The dynamic height relative to 150 m showed significant 
variability on horizontal scales less than 30 ø of longitude. 
The depression of the thermocline near 140øW dominated the 
transect estimate of the mean ZPG between 140øW and 

110øW (Figure 5a). The mooring estimate of ZPG from the 
same time period as T2 shows very good agreement with our 
transect estimate (Figure 5a). The 3-month-averaged ZPG 
(March 1 through May 31) was approximately twice as large 
as that found during our survey but within range of annual 
mean ZPG estimates [Bryden and Brady, 1985; McPhaden 
and Taft, 1988]. 

The transect estimate of ZA (Figure 5b) shows the east- 
ward increase of eastward velocity above the EUC core and 
decrease below the core; this trend has been noted by others 
[e.g., Bryden and Brady, 1985; McPhaden and Taft, 1988]. 
As did the dynamic height field, u 2 showed significant 
variability at many different horizontal length scales from 
140øW to 110øW, the depression of the EUC at 140øW 
dominating the variability. Daily averaged velocities from 
current meters at 140øW and 110øW showed that estimates of 

the average ZA for 3 months and 15 days were not signifi- 
cantly different from each other, but they were significantly 
different from the transect estimates of ZA (Figure 5b). 

Local Acceleration 

LA was estimated from the velocities averaged over the 
current meters at 140øW and 110øW. Using the daily- 
averaged current, the mean value of LA for the 15-day and 
3-month periods (Figure 5b) was small although error bars 
for the 15-day period were large. 

Vertical Advection 

From the transect data, it is possible to estimate VA if we 
assume no mixing and that the flow was along the equator 
and along isopycnals. That is, 
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Brady and Bryden [1987] found the vertical velocity obtained 
by assuming the undercurrent flowed along isotherms com- 
pared well with estimates based on their diagnostic model 
[Bryden and Brady, 1985]. From (2), 

VA = u -- (3) 

This balance breaks down in the mixed layer; it was deter- 
mined only for depths greater than 20 m. We found the 
magnitude (not shown) to be much smaller (<5 x 10 -8 m 
s -2) than the other terms calculated. The magnitudes of ZA 
and VA depend on the slopes of isopycnals. If the flow is 
along isopycnals, we expect VA to have opposite sign to ZA 
for the observed conditions (velocity increasing with depth, 
and isopycnals sloping upward to the east, as above the EUC 
core). Previous studies [Bryden and Brady, 1985; McPhaden 
and Taft, 1988] have found the annual mean value of VA to 
counteract the annual mean value of ZA, although VA was 
larger than ZA above the EUC core. For the period of our 
observations, however, zonal isopycnal gradients were 
much smaller (Figure 3) than the annual mean; conse- 
quently, the flow was more nearly horizontal than the annual 
mean and VA played an insignificant role. 

Turbulent Stress Divergence 

Bryden and Brady [1985, 1989] assumed the residual term 
(LA + ZA + MA + VA + EFD + ZPG) to be the turbulent 
stress divergence TSD. Dillon et al. [1989] used the turbu- 
lence measurements collected at 140øW in November 1984 to 

estimate the turbulent stress divergence term and found that 
the dissipation estimate of TSD could not account for the 
residual term of Bryden and Brady [1989]. The observed 
turbulent stress divergence was too large above 50 m and too 
small below this depth. 

The surface value of the turbulent stress is the wind stress, 
obtained using the bulk formulae of Large and Pond [1981]. 
Within the water column, the turbulent stress was estimated 
from dissipation and velocity measurements as 

= -- A v = e •zz + (4) rX(z) Av Oz , 
The vertical shear was determined over 12 m from hourly 
ADCP data; e was averaged over 12 m to match. The method 
is discussed by Dillon et al. [1989]. Divergence of the 
turbulent stress was determined from the 20 m vertical 

gradient in the hourly estimates r x and averaged over the 
transect time (Figure 5c). It was assumed that the vertical 
gradient in r x at 150 m was zero. In agreement with the 
November 1984 results [Dillon et al., 1989], we found that 
when the turbulent stress was extrapolated to the surface it 
was in reasonable agreement with the wind stress (Figure 6). 
However, in contrast to the 1984 result, the vertical depen- 
dence of the turbulent stress with depth was linear in the 
upper ocean rather than exponential. 

In November 1984 TSD decreased more rapidly with 
depth than the other annual mean terms in (1). This 
prompted Dillon et al. [1989] to question whether the dissi- 
pation method (equation (4)) should be used for estimating 
A v or a mechanism other than turbulence is responsible for 
redistributing momentum vertically. A candidate is the mo- 
mentum transport by internal gravity waves. During spring 
1987, TSD did not show such a rapid decrease with depth 
(Figure 5c); it was much smaller than that found in Novem- 
ber 1984 and much smaller than that required to account for 
Bryden and Brady's [1985, 1989] residual. The most notable 
difference between 1984 and 1987 observations was the 

average zonal wind stress; during November 1984 r x • 
-0.1 N m -2 was approximately 30 times larger than the 
average zonal wind stress during T2 (Figure 6a). Is it 
possible that this large change in average zonal wind stress 
might account for the difference in vertical structure of the 
turbulence stress? During the strongest westward winds (at 
the start of T2; Figure 1), the turbulent stress was much 
larger than the transect mean (Figure 6b), although it was 
still 10 times smaller than the average zonal wind stress 
during November 1984 and still not as large as the value 
required by Bryden and Brady [1985, 1989]. Zonal wind 
stress and turbulent stress were both weaker for the eastern 

half of T2 (Figure 6c). 
The dramatic difference in TSD determined from dissipa- 

tion measurements in November 1984 and April 1987 sug- 
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TABLE 1. Depth-Integrated Terms of the Zonal Momentum Equation 

Moorings Annual Mean 
Ship 

3-Month 15-Day Bryden and McPhaden and 
Average Average 140ø-110øW 140ø-125øW 125ø-110øW Brady [1985] Taft [1988] 

f ZPG -28.4 - 12.0 - 12.9 -26.6 - 15.7 -34 -28.7, -49.1 
(-31.2, -25.8) (-16.3, -7.9) (-14.5, -11.1) (-31.2, 22.1) (-19.4, -11.6) 

f LA 3.3 -7.0 ............. 2.3, 0.7 
(- 1.0, 7.4) (-20.6, - 1.5) 

f ZA 7.2 8.5 6.2 15.6 -3.8 -0.5 -7.8, -4.9 
(5.2, 9.2) (6.8, 10.2) (5.0, 7.8) (12.8, 18.3) (-7.3, -0.6) 

f VA ...... 2.1 -3.7 6.2 -12.5 -16.1, -17.8 
(1.3, 2.6) (-5.4, -2.3) (4.4, 8.2) 

r wind -- 18.7 .... 3.1 -7.7 1.8 -56 -29.5, -55.5 
(-23.8, -14.0) (-5.6, -0.8) (-11.0, -4.3) (-1.5, 5.0) 

Units are 10 -6 m 2 s -2. The annual mean results from Bryden and Brady [1985] were integrated from the surface to a depth of 500 m. The 
annual mean results from McPhaden and Taft [ 1988] were integrated from the surface to a depth of 250 m; the left-hand value is the average 
value over the period November 1983 to November 1984, while the fight-hand value is for the period June 1985 to May 1986. The integration 
range for all of the other integrated terms was from the surface to 150 m. Values in parentheses are the integration of the 95% confidence 
limits of the momentum terms. 

gests that an annual average TSD, which is not known, might 
account for the TSD required by Bryden and Brady's annual 
momentum budget above 40 m. It is possible that the 
November 1984 measurements represent an anomalously 
large TSD while the April 1987 results are anomalously 
small. The annual mean TSD would be between these limits 

and could equal Bryden and Brady's TSD. However, below 
40 m the dissipation rates for the November 1984 and April 
1987 periods were both too small to produce a TSD large 
enough to contribute significantly to the momentum budget. 
It is still necessary to invoke some other small-scale mech- 
anism, such as internal waves, that transport westward 
momentum from above 40 m to below 40 m (but above the 
EUC core) to produce the required momentum flux diver- 
gence. 

Comparison With Annual Means 

McPhaden and Taft [1988] found that the annual cycle in 
the depth-integrated ZPG appeared to be in balance with the 
annual cycle in wind stress although there were large uncer- 
tainties and other processes were likely to be important. We 
can examine some of the depth-integrated terms in (1) for 
spring 1987 and compare them with annual mean values. 
From the moorings at 140øW and 110øW we determined the 
15-day (day 104 to day 118) and 3-month (day 60 to day 151) 
average depth-integrated ZPG, LA, and ZA. Wind data (4 m 
above sea level) from the mooring at 140øW were available 
after day 131. At 110øW, good wind velocity data were 
available from day 70 to day 96 and after day 121. Also, an 
ATLAS mooring at 125øW gave wind data after day 127. 
Unfortunately, there were no wind data for the period ofT2, 
and no comparison between wind stress estimates by the 
anemometers on the moorings to the ship-based stress 
estimates could be made. A constant-stress, neutrally stable 
boundary layer was assumed to extrapolate the 4-m winds to 
10 m for determination of the zonal wind stress. 

For the 3-month average, the depth-integrated ZPG nearly 
balanced the wind stress, given our large uncertainties 
(Table 1). Depth-integrated LA and ZA reduced the differ- 
ence between these two terms. For the 15-day average of the 
mooring data, the depth-integrated ZPG was approximately 

half of the 3-month average while the depth-integrated ZA 
values were approximately the same as the 3-month average. 
The 15-day average LA was twice as large as the 3-month 
average LA (although this estimate was not significantly 
different from zero). Ship-based estimates of these terms 
(i.e., 1400-110øW averages) agreed with the mooring esti- 
mates over the same period. The average zonal wind stress 
during T2 was less than the typical spring stress (e.g., the 
3-month average wind stress). For this period, the wind 
stress was significantly smaller than the depth-integrated 
ZPG (Table 1). The difference between the wind stress and 
depth-integrated ZPG was larger when these terms were 
estimated over shorter time and space scales (e.g., 140 ø- 
125øW and 125ø-110øW averages). Waves, such as the Kelvin 
wave pulse, can greatly affect our estimates of ZPG and ZA 
over short time periods (Figures 7 and 8). 

The April 1987 (day 104 to day 118) depth-integrated 
momentum terms were quite different from the annual means 
(Table 1). The depth-integrated values of ZPG and VA were 
smaller than the annual mean values of Bryden and Brady 
[1985] and McPhaden and Taft [1988]. The depth-integrated 
ZA term for April 1987 was positive, while the annual mean 
value is negative. This difference is evident from the equa- 
torial velocity structure. In April 1987 the slope of the EUC 
(Figure 5) was weaker than the annual mean [Bryden and 
Brady, 1985]. Even though the velocity of the EUC was 
eastward for both cases, the sign and magnitude of Ou/Ox is 
different. For the annual mean structure, this term is nega- 
tive because the EUC shallows and narrows eastward and its 

velocity decreases eastward [Bryden and Brady, 1985]. In 
April 1987 the velocity of the EUC increased eastward 
(Figure 2). 

4. SUMMARY AND CONCLUSIONS 

During April 1987 the equatorial undercurrent at 140øW 
was weaker and deeper than normal for this time of year. 
The strength and depth of the EUC at 110øW was typical of 
that found during the boreal spring at that location. As the 
1987 survey coincided with an E1 Nifio episode, the surface 
currents and winds were weaker than those normally found 
in April. A large-scale feature, resulting in the depression of 
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Fig. 7. Average (a) ZPG, (b) ZA, and (c) TSD based on data collected from 140øW to 125øW (western half of T2). 
Dashed lines represent the 95% confidence limits. 

the thermocline and EUC, dominated the western part of the 
survey region. The depression of the EUC (and the thermo- 
cline) from its typical depth occurred before the first transect 
across the equator at 140øW. At the start of the second 
survey, 20 days later, the thermocline was returning to its 
normal springtime depth. On the basis of the data from our 
equatorial transect and the mooring data from 140øW and 
110øW, we believe the disturbance lasted approximately 1 
month and propagated eastward at •2-3 m s-1. The depres- 
sion of the EUC was probably due to a Kelvin wave pulse 
traveling through the region. 

The variability in the zonal momentum terms was consid- 
erable. From the mooring data at 140øW and 110øW, we 
found that the average ZPG could change significantly over 
15 days: the 3-month average was twice the 15-day average. 
The transect averaged ZPG (140øW to 110øW) agreed with 
the mooring ZPG estimate averaged over the same period. 
During the equatorial transect, the "mean" ZPG over 140øW 
to 110øW was approximately one quarter to one half of 
previously annual means [e.g., Bryden and Brady, 1985; 
McPhaden and Taft, 1988]; ZA was opposite in sign com- 
pared with the annual mean, while VA was much less than 
the annual mean. The variability in these terms is due to 
changes in slope and strength of the EUC. Typically, during 
spring the slope of the EUC is weaker than the annual mean, 
and ZA is stronger. The 1987 E1 Nifio event must have 
affected these terms. Shorter period variability (i.e., 60- to 
90-day waves) affects estimates of "average" momentum 
terms when the averaging period is less than the wave 

period. The "depression" of the thermocline at the start of 
the 140ø-110øW transect significantly changed the structure 
of ZPG, ZA, and VA. These momentum terms can change 
over short time and space scales. Single equatorial transects, 
no matter how densely sampled, can produce an erroneous 
"mean" of the zonal momentum terms (even if the seasonal 
average is used as the mean in the zonal momentum bal- 
ance). Unlike ZPG and ZA, TSD did not appear to be 
affected by the depression of the EUC and thermocline. 
Apparently, the variability in wind stress is the controlling 
factor in the vertical structure of the turbulent stress. For 

both November 1984 and April 1987, when the turbulent 
stress estimated by the dissipation method was extrapolated 
to the surface, it agreed with the estimated zonal wind stress 
(although for April 1987 the turbulent stress was extrapo- 
lated linearly to the surface and for November 1984 it was 
extrapolated exponentially). 

Turbulent stress estimates from November 1984 [Dillon et 
al., 1989] could not account for the residual term (assumed 
to be the turbulent stress term) of the annual average 
momentum balance of Bryden and Brady [1985, 1989]. In 
November 1984, TSD was too large above 40 m and too 
small below this depth. The turbulent stress term found in 
April 1987 was smaller than that required by Bryden and 
Brady [1985, 1989] to close the zonal momentum budget at 
all depths. The vertical structure of TSD in April 1987 was 
also significantly different from that in November 1984. 
Below 40 m a mechanism other than three-dimensional 

turbulence is necessary to account for the stress divergence 
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Fig. 8. Average (a) ZPG, (b) ZA and (c) TSD based on data collected from 125øW to 110øW (eastern half of T2). 
Dashed lines represent the 95% confidence limits. 
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term of Bryden and Brady [1989]. We have observed high- 
frequency internal waves above the EUC only during peri- 
ods of high winds (Mourn et al., 1991); it is possible that they 
can redistribute westward momentum vertically [Wijesekera 
and Dillon, 1991]. For a comparison of TSD with the residual 
term in the Bryden and Brady [1985, 1989] momentum 
budget above 40 m, it will be necessary to determine the 
annual average component of the turbulent stress signal. The 
turbulent dissipation data from November 1984 and April 
1987 show that variability in the TSD term is large. It seems 
that it will be necessary to obtain a more extensive set of 
turbulence measurements over the year to determine the 
annual average of TSD and that it is this average that should 
be compared with Bryden and Brady's [1985, 1989] residual 
term. 

In summary, the vertically integrated zonal momentum 
appears to be a balance between the surface wind stress and 
zonal pressure gradient on longer than seasonal time scales. 
For shorter time scales, waves can affect (and dominate) the 
zonal momentum terms. However, the vertical redistribu- 
tion of momentum in the upper equatorial ocean is complex. 
We have now made intensive observations of the upper 
equatorial ocean during periods of both higher-than-normal 
and lower-than-normal surface winds. Perhaps a pattern is 
emerging. Apparently the wind plays an important role in 
determining both the magnitude and the mechanisms of 
momentum transport. At low winds, the turbulent stress 
divergence is relatively small and plays a small role in the 
local momentum budget. During periods of moderate to high 
winds, this scenario is radically altered. A large near-surface 
transport of momentum by turbulence (in which the stress 
profile is approximately exponential to the surface wind 
stress) must be balanced by some other mechanism at 
intermediate depths (but above the EUC core). 
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