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ABSTRACT

A four and one-half day time series of upper-ocean shear and density observations was collected in the tropical
Pacific Ocean in November 1984. The measurements were made on the equator at 139°50'W during a period
when the equatorial undercurrent was well developed and 20-30 day period velocity fluctuations were prominent.
Shear observations were collected with a ship-mounted acoustic-Doppler velocity profiler; density data were
obtained from a loosely tethered microstructure instrument. The mean shear profile during the series strongly
reflected the structure of the undercurrent; however, the meridional component contributed significantly to the
magnitude of the total shear. The mean Richardson number was large near the undercurrent core, but fell to
values less than 0.5 25 m above and below the core, and was below 0.25 in the upper 40 m for most of the
sample period. Buoyancy frequency varied on a diurnal time scale in the upper 50 m owing to the solar heating
cycle, but a compensating diurnal shear cycle was found only above 24 m. Consequently, the Richardson
number varied diurnally in the depth range of 25-50 m. The shear and density fluctuations at depths greater
than 50 m were not clearly connected to the diurnal near-surface features and exhibited no dominant periodicity.
As has been seen in previous internal wave studies, the data below the diurnal surface layer exhibited a cutoff
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at Ri ~ 0.25, perhaps indicative of shear mixing control of the Richardson number distribution.

1. Introduction

Vertical turbulent mixing of momentum and heat
driven by shear instability is widely accepted as being
significant to the dynamics of the equatorial under-
current and possibly other low-latitude flows. Param-
eterizations of this vertical mixing in terms of the
Richardson number, a stability parameter for stratified
shear flow (Miles, 1961) have, for example, been in-
corporated into numerical models of flow in equatorial
oceans (e.g., Pacanowski and Philander, 1981). Prior
to 1984, however, relatively few oceanographic obser-
vations were available to support these parameteriza-
tions (e.g., Crawford, 1982).

The TROPIC HEAT experiment was designed to
explore the characteristics and dynamics of the mixing
in the equatorial Pacific Ocean in greater detail and to
establish the basis for realistic parameterizations of the
mixing (Eriksen, 1985). A two-ship study was con-
ducted southeast of Hawaii in November—December
1984 in which intensive fine- and microscale obser-
vations were made. Preliminary results of this field
work have been reported by Moum and Caldwell
(1985) and Gregg et al. (1985). The present study fo-
cuses on the finescale velocity shear and density data
collected from the R/V Thompson during a 4Y»-day
time series on the equator. Accepting the importance
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of shear instability at low latitudes, the work is aimed
at documenting the characteristics of the Richardson
number (Ri) field at the equator. The relationships be-
tween the measured turbulence intensity and Ri will
be discussed in a separate paper.

2. Instrumentation and data processing techniques

a. The experiment

The observations discussed below were collected
while the Thompson held station at 0°, 139°50'W,
roughly 10 nautical miles east of the second ship in the
experiment (R/V Wecoma). Velocity measurements
were collected from both ships using hull-mounted
acoustic-Doppler profilers. Temperature, conductivity
and microscale parameters were sampled with tethered
instruments that were rapidly cycled in the upper
ocean. :

Aboard the Thompson, deployment of the tethered
Advanced Microstructure Profiler (AMP) (Gregg et al.,
1982) required the ship to drift broadside to the wind
for the duration of an AMP sample period. During this
interval, typically 1-2 hours, the ship would drift to
the northwest at upwards of 2 knots. In order to main-
tain a rough position, the ship would relocate between
AMP bursts to a site upstream of the nominal station
position. The time to relocate was generally less than
one hour. Density data were available only during the
intervals of AMP profiling. Velocity observations were
collected continuously in time during the cruise with
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the exception of three 1-hour intervals when acoustic
reverberation information was logged, and periodic 5-
minute intervals when data tapes were exchanged (3
times per day). A common uniform time increment
for the shear and density data was found to be 1 hour.
Hence, for the joint analysis here, hourly averaged
quantities were estimated.

b. Shear

The velocity profiling system used from the Thomp-
son consisted of an Ametek-Straza DCP4400A Doppler
profiler and a data collection display system of
W.H.O.l. design (Zani and Galbraith, 1986). Hull-
mounted Doppler velocity profilers obtain estimates
of the flow relative to the ship. Often, accurate navi-
gation data are used to define the motion of the ship
over the ground and in turn reference the relative ve-
locity profile to yield absolute current information (e.g.,
Joyce et al., 1982). No such navigation data were avail-
able at the Thompson work areas. The present study
therefore focuses on shear, the vertical derivative of the
horizontal velocity field, a measurement which is in-
ternal to the Doppler system. Study of shear was also
motivated by its relationship to turbulence through the
mechanism of shear instability.

The three-beam DCP4400A profiler operates at a
nominal acoustic frequency of 115 kHz. On the cruise,
the ping rate was set to once per second; pulses were
9.6 ms in length. The acoustic backscattered sound
was range-gated in bins which were also 9.6 ms in du-
ration. Note that in the three-beam configuration there
is no redundant information to establish data validity,
as is the case for the Janus array (Joyce et al., 1982).
Only a data-quality parameter based on the intensity
of the returned signal was employed on the cruise. Ob-
servations from a given range bin were rejected if the
signal intensity of any one beam fell below a specified
level.

Post-cruise processing of the data involved time-av-
eraging one-sec estimates of shear computed from the
raw observations. The velocity profile relative to the
ship in geographic coordinates was computed for each
ping by combining the Doppler data with ship’s gyro
readings. A shear profile was then computed by finite
differencing in depth. Averaging was done to reduce
the random noise inherent in the Doppler measure-
ment. For the present study a basic dataset was con-
structed by averaging over 2%2 min. Much of the present
analysis was done with hourly averaged data which
were constructed from the 2%2 min series.

Estimates of the errors in the resulting time-averaged
shear observations were obtained from consideration
of the measurement noise and the consistent errors
which resulted from sampling and analysis techniques.
At each stage of the averaging process the standard
deviations of the time-mean quantities were estimated.
A background standard deviation of the hourly shear
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estimates of 0.006 s™! was observed in both horizontal
components. It appeared that this variability was due
in part to short-period oceanic processes. Slightly ele-
vated standard deviations were consistently observed
at depths where the mean shear profile varied rapidly
with depth. This suggests that high-frequency vertical
displacements might have been the cause of some of
the uncertainty in the hourly shear estimates. No de-
pendence of the high-frequency variability on time of
day was observed. Assumption that the shear fluctua-
tions were independent and normally distributed al-
lowed computation of confidence bounds for the av-
eraged quantities (e.g., Bendat and Piersol, 1971, pp.
113-114). In the following, the 95% confidence bounds
on the hourly averaged shear values are order
+0.001 s7!.

The present data also suffered from a consistent er-
ror: the contribution to the shear from high vertical
wavenumber features was underestimated. The 9.6-ms
ping duration employed by the profiler yielded a pulse
length of 14.69 m based on a sound speed of 1530 m
s~'. The vertical projection of this pulse had a height
of 12.72 m. Range-gating the backscattered sound in
9.6 ms bins yielded velocity information every 6.36 m
in depth, the factor of two arising from the round trip
travel time for the acoustic energy. If the acoustic scat-
terer density was uniform in depth, each velocity es-
timate with depth represents a weighted average over
12.72 m where the weighting function is triangular in
shape. This filter in vertical wavenumber space has a
transfer function of sinc’(wA/\) where A is the bin
width (6.36 m) and A is the vertical wavelength. Shear
was estimated here with a first-difference operator in
depth. The error in this operator relative to the true
vertical derivative has a transfer function of sinc(wA/
M\). Thus, the amplitude of the shear at wavelength A
was underestimated by the factor sinc’(xA/)); a factor
which is quite small on wavelengths less than 20 m
(Fig. 1). The degree to which this underestimation will
prove significant depends on the vertical spectrum of
the ocean shear field. As will be seen, much of the
shear in the present study derived from structures with
vertical scales of order 50 m, scales well resolved by
the Doppler system. Questions will arise later, however,
concerning smaller-scale motions which were poorly
resolved by the Doppler profiler.

¢. Density and buoyancy frequency

Density data used in the present study were com-
puted from observations made with the Advanced Mi-
crostructure Profiler (Gregg et al., 1982). Temperature
information was obtained with a thermistor, while
conductivity was sensed with a four-electrode cell. .
Pressure was measured with a capacitance gauge.
Hourly estimates of buoyancy frequency (N) and
depths of selected isopycnals computed from these
sensor outputs were utilized here. Buoyancy frequency
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FI1G. 1. The vertical wavenumber response of shear computed from
data obtained from the acoustic-Doppler velocity profiler. The system
strongly underestimates shears on scales smaller than 20 m wave-
length.

was evaluated at depths where shear data were avail-
able. Potential density observations were averaged in
6.36-m depth bins and differenced to estimate N2,
thereby approximating the sampling characteristics of
the shear data. Test series with triangular filtering in
depth were also examined. No discernible differences
were noted between the test series and those used in
the analysis. Ensemble averaging across time was then
performed: between one and six AMP profiles were
available in each 1-h interval.

Uncertainty in the derived isopycnal depths and
buoyancy frequency resulted from instrumental effects
and high-frequency oceanic variability. AMP sensor
calibrations were established periodically during the
time series by placing the instrument in a calibration
bath constructed on deck. At low stability, N ~ 1073
s~!, there was a temperature uncertainty of the order
of the adiabatic gradient due to systematic errors in
these calibrations and a pressure effect on the sensitivity
of the thermistor. For most of the moderate to high
stability values observed in TROPIC HEAT, this error
and system noise were negligible (Gregg, 1979). More
significant were observed shifts of the conductivity cal-
ibration due to occasional fouling of the conductivity
sensor. A few profiles exhibited a systematic shift in
salinity of up to 0.05. Given the strong equatorial strat-
ification, this error translated into isopycnal depth un-
certainties of less than 5 m. No observable influence
on the hourly averaged buoyancy frequency data re-
sulted from the shifts.

Error also arose from residual mismatch of the re-
sponse characteristics of the temperature and conduc-
tivity sensors, which gives rise to salinity spiking. This
effect was difficult to quantify for the hourly averaged
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data discussed here. Rather, this error was combined
with uncertainty associated with real short-term vari-
ability by computing the standard deviations about the
hourly averaged N2. Buoyancy frequency variability in
the upper 40 m of the ocean was large: standard de-
viations of hourly averaged N? ranged between 0.7 and
1.0 times the average N2. At depths between 50 and
100 m, the N? variance was typically 0.2 times the
hourly averaged N? or less. These values translated into
95% confidence bounds on N2 of +3 X 1073 s72. Much
of this variability appeared related to small vertical-
scale structures. The standard deviations of hourly N?
values estimated across 25 m were typically 0.1 times
the average N? or less.

d. Richardson number

The Richardson number, Ri, data presented here
were computed as the ratio of the hourly averaged N2
to the hourly averaged shear magnitude squared, S>.
As both numerator and denominator were uncertain,
the derived Ri also contained error. Gregg (1979) dis-
cussed Ri uncertainty resulting from instrumental
noise. Of more relevance here was the uncertainty in
Ri related to the TROPIC HEAT sampling. Numerical
experiments were performed to assess the error in Ri.
Sample populations of shear and buoyancy frequency
with Gaussian distributions were created with true
means specified as realistic values for the equatorial
Pacific, and standard deviations scaled to the observed
statistics. Simulated hourly averages of shear and
buoyancy frequency were then estimated by averaging
groups of the sample populations. The number of sam-
ples in each group reflected the number of observations
typical in a 1-h interval (5 AMP drops and 24 shear
estimates). Basic statistics of the Ri of this new popu-
lation were then evaluated. In the Ri range 0.25 to 1.0
for the parameter range examined, the sample Ri pop-
ulation had standard deviations 0.15 to 0.2 times the
sample average Ri values. This result suggests that the
hourly estimates of Ri presented here are uncertain by
20 percent because of high-frequency variability in
shear and buoyancy frequency.

e. Additional sampling considerations

The measurements to be discussed are termed a time
series since repeated observations were made in time
near a fixed geographic location. Station keeping was
not perfect, however, owing to the sampling technique
employed with AMP (see above). Spatial variability
was therefore mixed with temporal variability in the
present dataset. The distinction between space and time
was further complicated by the strongly sheared near-
equatorial flows. Progressive vector diagrams con-
structed from the velocity measurements relative to
the ship at various depths diverged rapidly with time.
The space-time mix in the observations is thus different
at each depth; deconvolving the mix was not attempted.
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FIG. 2a. Time-mean vertical profiles of zonal (thick line) and me-
ridional (thin line) velocity from the equatorial time series. These
profiles were obtained by vertically integrating the mean shear profiles
and referencing so that the depth average velocity was zero.

The work in the TROPIC HEAT Experiment was
primarily concerned with the upper ocean. The depth
capabilities of the instruments deployed from the
Thompson reflected this focus. The depths to which
Doppler profilers obtain valid data depend on the sen-
sitivity of the instruments and the density of acoustic
scatterers in the water column. Consistently valid in-
formation was obtained at the equatorial work site to
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FIG. 2b. Time-mean zonal (thick line) and meridional (thin line)
shear profiles from the equatorial time series.
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FI1G. 2c. The mean profile of shear magnitude constructed by en-
semble averaging hourly estimates of shear magnitude (thick line):
The mean profile of buoyancy frequency constructed from the time
series mean vertical potential density gradient is indicated by the thin
line.

a depth of order 200 m. Deeper observations were made
at night when the scattering layer surfaced. Instrumen-
tal errors limited the shallowest valid shear estimate to
be 23.4 m. AMP sampling depth was constrained by
the large shear of the equatorial current system. Drag
on the loose tether diminished instrument fall rate and
induced strum-related noise in the microstructure data
channels at depths greater than the undercurrent core.
AMP sampling was therefore restricted to the upper
150 m of the ocean during the time series.

3. Observations

a. Series mean results

The time-averaged zonal and meridional velocity
profiles, constructed by vertically integrating the time-
mean shear profiles and referenced so as to have no
net transport over the sampled depth range, are pre-
sented in Fig. 2a. The profiles varied smoothly with
depth, reflecting in part the effects of averaging some
350 000 observations at each depth. The dominant
feature of the zonal component of flow was the east-
ward-directed equatorial undercurrent centered at a
depth of 110 m. Above and below the core the zonal
velocity changed rapidly with height. The time-mean
meridional velocity profile exhibited relative northward
flow centered around 40 m depth, and relative south-
ward motion at 100 m. At first study, the meridional
component appeared to reflect the zonal component,
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FIG. 2d. The ensemble average profile of Richardson number con-
structed from hourly estimates of Ri (thick line). Shown in thin line
is the Ri profile derived from the series mean shear magnitude and
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implying a rotation of coordinates was appropriate.
However, the meridional flow field had a different me-
ridional structure about the equator than the zonal
component (as observed on repeated sections taken
across the equator during the cruise) which induced a
veering of the horizontal flow field with latitude. This
meridional velocity was probably related to a 20-30-
day oscillation seen in records from moored instru-
ments (D. Halpern, personal communication).

The time-mean shear profiles, from which the ve-
locity profiles were constructed, manifested an intricate
structure in depth (Fig. 2b). The zonal component, Sg,
had by definition a zero crossing at the depth of the
undercurrent core. The Sk was negative above the core
and nearly constant over the depth range of 45-90 m
at a value of —0.02 s™!. Below the core, S was positive,
reaching a local maximum of 0.015 s™! at 140 m depth.
The meridional shear component, Sy, also had a local
maximum and minimum in depth, with magnitudes
roughly half those of the zonal shear extrema.

The total shear profile is the vector sum of the two
individual components (Fig. 2¢). High shear magnitude
was found on both flanks of the undercurrent core.
The size of the shears here were quite remarkable, ~2.5
X 1072s7! or 2.5 cm s™" across 1 m depth. By contrast,
typical shears near the Gulf Stream axis are 1.0 X 102
or less (e.g., Gregg and Sanford, 1980) and the rms
shear of the midlatitude internal wave field in the main
thermocline is of order 3 X 1073 s™! (Desaubies, 1976).
Although mean shears were large, the mean density
stratification during the time series was equally well-
developed (Fig. 2C). The main thermocline was cen-
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tered at 100 m depth, just above the undercurrent core,
where N attained 0.02 s™!. Above the core, N fell to a
small plateau at about 65 m and decreased monoton-
ically to the surface. Below the core, N fell to relatively
low values associated with the 13°C thermostad.

The time-mean Ri profile, presented in Fig. 2d, rep-
resents the average of hourly estimates of Ri based on
hour-averages of N2 and S2. Average Ri at the under-
current core was a local maximum as the shear there
was weak and the stratification large. The Ri fell to
near critical values on either side of the core. Above,
at the depths of the shear extremum, Ri was nearly
constant at a value just above %. The mean Ri fell
below Y% at depths shallower than 42.5 m. Below the
core, Ri decreased with depth to a value of 0.5 at the
deepest level sampled by AMP during the time series.
Also displayed in Fig. 2d is the Ri profile constructed
from the series mean S? and N? profiles. The striking
similarity of the two curves suggests limited range of
Ri during the observation period.

b. Temporal variability

Hourly averaged values of the two shear components
and the buoyancy frequency were contour-plotted as
functions of depth and time (Fig. 3). The instantaneous
fields strongly reflected the series mean profiles dis-
cussed above. Above the undercurrent core Sg was
uniformly negative (denoted in this realization as the
depth of the zero crossing) and positive below. Also Sy
exhibited persistent bands of positive and negative
shear, while N showed a single band of large values
associated with the main thermocline, One mechanism
responsible for temporal variability in these records
was vertical displacement of these persistent structures.
Isoline displacements of 10 m and greater were com-
mon. The vertical motions appeared to occur in phase
with depth, as evidenced by a plot of isopycnal depths
during the time series (Fig. 4). This behavior is consis-
tent with a long vertical wavelength disturbance. Fo-
cussing on the thermocline, a time series of undercur-
rent core depth was constructed using the 2'2 min av-
eraged shear data (Fig. 4). The scries revealed
prominent vertical core excursions of +10 m on a
semidiurnal time scale, and a net depression of the
core during the measurement period of 20 m. This
record of undercurrent core depth was essentially iden-
tical to the series of isopycnal depths from the pyc-
nocline (Fig. 4), suggesting that on time scales shorter
than 4 days, the undercurrent was locked to the density
field.

Visual inspection of the contour plots of Fig. 3 re-
vealed temporal changes apart from vertical heaving.
Note, for example, the patchy character of Sg features
with values less than —0.02 s~ and the appearance of
a shear feature with magnitude greater than +0.02 s™!
below the undercurrent core late in the record. Moti-
vated by the results of Gregg et al. (1985), averaging
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FiG. 3a. Depth-time contour plot of zonal shear

during the time series. The undercurrent core is

marked by the zero crossing near 100 m depth. Shears with values less than —0.02 s™! are denoted by
linear shading while values greater than +0.02 s™! are marked with stippling. The time axis is in UTC,
local midnight falls roughly between labeled axis ticks.

against time of day was conducted to isolate diurnal
variability in the records. As demonstrated by Gregg
et al.’s Figs. 3 and 4, the upper-ocean density field cy-
cled in response to the air-sea buoyancy exchange. The
average buoyancy frequency within +2 h of local noon
was greater than that within 2 h of local midnight in
the upper 55.2 m (Fig. 5). At 25.2 m (the shallowest
level of valid shear information) average shear about
local noon was significantly greater than that about

midnight, as was found in moored records by Chereskin
et al. (1986). However, no significant day—night differ-
ences in average shear were found between 25.2 m and
the undercurrent core depth.

Analysis of Sy, Sg and N? fluctuations at depths
greater than 50 m was hampered by the signals asso-
ciated with the vertical heaving previously noted. In
order to minimize this effect, perturbations on potential
density surfaces were examined. The hourly estimates
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FiG. 3b. Contour plot of meridional shear during the time series (contour interval 0.01 s™").






