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ABSTRACT

A diurnal cycle in temperature and vertical displacement variance has been observed in the stratified region
below the surface mixed layer using moored time-series data at 0°, 140°W for three periods: November 1984,
April 1987, and May-June 1987. The November 1984 and April 1987 periods coincided with the TROPIC
HEAT and TROPIC HEAT-2 experiments, during which direct measurements of turbulent dissipation rates
were made near the mooring site. In May-June 1987, a special set of moored time series were collected between
30-m and 61-m depth with 1-minute temporal resolution in addition to standard measurements at 15-minute
resolution. The high-resolution data indicated the existence of a diurnal cycle in variance that was most pronounced
at frequencies of 10-30 cph and that was coherent over the 31-m extent of the vertical array. It is likely that
this diurnal cycle in variance was due in part to internal waves remotely generated at the base of the nighttime
mixed layer and that the appearance of internal waves in the thermocline at frequencies higher than the local
Viisild frequency (about 2-7 cph) in May-June 1987 was due to Doppler shifting by the Equatorial Undercurrent.
It is also likely that part of the observed diurnal cycle in variance was due to local shear instabilities in the
Equatorial Undercurrent that may have been triggered by the diurnally modulated internal wave field. More
coarsely resolved 15-minute moored time-series data from November 1984, April 1987, and May-June 1987
indicated the presence of a diurnal cycle after averaging over at least 30 days of data. Largest diurnal ranges in
temperature and vertical displacement variance were typically observed in November 1984 when wind speed,
zonal wind stress, and mean vertical shear were largest and when the mean gradient Richardson number was
smallest. The diurnal cycle in turbulent dissipation rate had a larger amplitude in November 1984 than in April
1987, consistent with a dynamical connection between internal wave variability and turbulence in the equatorial
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thermocline.

1. Introduction

The turbulent mixing regime in the equatorial Pacific
and Atlantic is unique because of the presence of the
high speed Equatorial Undercurrent in the upper ther-
mocline. Microstructure measurements reveal turbu-
lent dissipation rates driven by shear instability above
the undercurrent core, which are among the highest
observed in the open ocean (e.g., Crawford and Osborn
1981; Peters et al. 1989). Moreover, during the
TROPIC HEAT experiment (Eriksen 1985), micro-
structure surveys in November 1984 near 0°, 140°W
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led to the discovery of a pronounced diurnal variation
in turbulent dissipation rates ranging over two orders
of magnitude, from 108 to 107° W kg~! (Peters et al.
1988; Moum et al. 1989). This diurnal variation was
not limited to the convectively mixed, 10-35-m deep
surface layer but penetrated into the stably stratified
thermocline to depths of 80-90 m. Enhanced dissi-
pation occurred at night and persisted for several hours
after sunrise in bursts of turbulence typically lasting
2-3 hours. Peak dissipation rates in the thermocline
lagged those near the surface by several hours and were
associated with individual turbulent overturns up to
10 m thick.

It was unclear from the TROPIC HEAT data what
mediated the diurnal cycle of turbulent dissipation in
the thermocline. Nighttime convection was limited to
depths shallower than 35 m; and local Richardson
numbers, though typically <0.5 on 20-m vertical scales
in the undercurrent could not be simply related to the
diurnal cycle of dissipation. Gregg et al. (1985), Peters
et al. (1988), and Moum et al. (1989) speculated that
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breaking internal waves generated at the base of the
convectively active nighttime mixed layer might have
been responsible for the sporadic turbulent bursts ob-
served in the thermocline. Dillon et al. (1989) also
suggested that internal waves were likely to be impor-
tant in the large-scale momentum balance of the ther-
mocline. They found that vertical turbulent stress di-
vergence at 30-m depth based on TROPIC HEAT dis-
sipation measurements was only 20% of the surface
wind stress; below 30 m, the stress divergence decayed
exponentially with a much smaller vertical scale than
the zonal pressure gradient and other terms presumed
to be important in the large-scale zonal momentum
balance. Their stress divergence estimates were based
on the usual assumption of a local production-dissi-
pation balance for turbulent kinetic energy. They spec-
ulated that this assumption might not be valid because,
in addition to vertical diffusive fluxes caused by local
shear instability, internal waves might be important in
the downward transport of zonal momentum in the
thermocline.

If internal waves are important in the turbulent en-
ergy balance of the thermocline and if diurnal time-
scale variations dominate turbulent energy dissipation
rates, then one might expect to find diurnal variations
in energy levels of the internal wave spectrum. To test
this hypothesis, we deployed a vertical array of fast-
sampling (1-minute) temperature recorders near the
surface on a current meter mooring at 0°, 140°W in
May-June 1987. Deployment of this array was origi-
nally meant to be coordinated with microstructure
surveys conducted in the area during TROPIC HEAT-
2, which took place in March-April 1987 (Hebert et
al. 1991a; Peters et al. 1991). However, because of
scheduling difficulties, the microstructure and moored
internal wave measurements were not contempora-
neous. Nonetheless, the moored time-series data are
illuminating in their own right, as well as in comparison
with moored measurements collected during TROPIC
HEAT and TROPIC HEAT-2. Our analysis comple-
ments that of Wijesekera and Dillon (1991), who re-
cently examined dropsonde data for evidence of a
diurnal cycle in internal wave variability during
TROPIC HEAT (see section 4). Moum et al. (1992)
and Hebert et al (1992) have similarly found evidence
for a diurnal cycle of internal waves from towed
thermistor chain data in the eastern equatorial Pacific
during TROPIC HEAT-2.

The remainder of this paper is outlined as follows.
In section 2, we discuss the acquisition and processing
of datasets used in this study. This is followed in section
3 by.a discussion of variability in May-June 1987, with
emphasis on the fast-sampling temperature recorder
data. In section 4, we compare results between the
May-June 1987 period with those from November
1984 (TROPIC HEAT) and April 1987 (TROPIC
HEAT-2). The paper concludes with a summary and
discussion in section 5.
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2. The data

The data used in this paper consist primarily of time-
series measurements from surface moorings located at
0°, 140°W for three time periods: November 1984,
April 1987, and May-June 1987 (Table 1). These
moorings, deployed as part of NOAA’s Equatorial Pa-
cific Ocean Climate (EPOCS) studies program, were
equipped with a sea surface temperature sensor (nom-
inally at 1-m depth), seven EG&G model 610 Vector
Averaging Current Meters ( VACMSs), and six Sea Data
Temperature Recorders (TRs) in the upper 300 m.
The VACMs recorded velocities and temperatures av-
eraged over 15-minute intervals, and the TRs recorded
15-minute spot samples of temperature. Each mooring
was also instrumented with a wind recorder, although
for the periods of interest only the Vector Averaging
Wind Recorder in November 1984 was functional.
Therefore, to characterize wind variability in the vi-
cinity of the current meter mooring in 1987, we use
2-hourly data from a mooring located at 1°58.2'S,
139°58.2'W (219 km to the south) in April 1987 and
2-hourly data from a mooring at 0°0.9'S, 140°6.7'W
(21 km to the west) in May-June 1987.

In addition to this standard suite of measurements,
the current meter mooring deployed on 12 May 1987
was instrumented with a vertical array of eight TRs
programmed to sample at 1-minute intervals. This ar-
ray was designed to resolve high-frequency internal
wave variations, with TRs attached to the mooring line
at depths of 30 m, 34 m, 36 m, 40 m, 46 m, 59 m, 61
m, and 101 m. Processing of the data from this mooring
is summarized below and is more fully described in
Freitag and McPhaden (1988).

The recording medium for most of the TRs in the
internal wave array was a wafer magnetic tape with a
data capacity that varied between 12 to 15 days for 1-
min temperature samples. In addition, two of the fast-
sampling TRs (34 and 40 m) were newly converted to
solid state memory with capacities for 19 and 30 days
of 1-minute samples, respectively. On recovery, the 36-
m and 101-m TR tapes were found to be very noisy,
resulting in complete data loss at 36 m and 40% data
loss at 101 m. Data losses for the remaining TRs were
less than 1%. Hence, in this study we focus on analysis
of high-frequency variations from the 30-61-m TR
time series only. Data gaps in these records were filled
by linear interpolation. The longest record considered

TABLE 1. Location, times, and ocean depths for moored time-
series data used in this study.

QOcean
depth
Date Latitude Longitude (m)
1-30 Nov 84 0°2.0S 140°8.8'W 4378
1-30 Apr 87 0°0.5'N 140°0.7W 4405
12 May-11 June 87 0°0.2'N 139°55.4'W 4361
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FI1G. 1. Profiles of zonal velocity, meridional velocity, and temperature
averaged over 12 May-11 June for 1983-87.

is 30 days between 12 May-11 June 1987 from the 40-
m TR.

Pre- and postdeployment calibrations indicate that
absolute accuracy of the TRs is about 0.06°C, although
the precision with which temperature changes can be
measured is significantly better. Least significant bit
resolution is an increasing function of temperature and
has a value of 0.016°C at 30°C. Laboratory tests at
Pacific Marine Environmental Laboratory established
a response time (i.e., the time to reach 65% of equilib-
rium temperature in response to an imposed temper-
ature step) for the TR thermistor of 10 seconds. The
TR clock has a resolution of 5 seconds and is accurate
to about 5 ppm (e.g., 5 seconds over 12 days). All
units were turned on within 10 seconds of one another
12 hours before deployment. On recovery, however,
we found that the first sample on the solid state units
was recorded 1 minute after the first sample on the
wafer-tape units. This I-minute uncertainty in start
time is inconsequential for most purposes, with the
exception that estimates of phase variations at very
high frequencies between TRs with different recording
media will be biased by an amount equal to 27f AT.
As an example, for AT = 1 min and f= 10 cph, the
phase bias is 60°.

3. Variability during May-June 1987
a. Background

The measurements discussed in this section were
made during the 1986-87 ENSO event, during which
large-scale climatic anomalies were observed in the
tropical Pacific Ocean and atmosphere (McPhaden and
Hayes 1990). At the mooring site in particular, sea

surface temperature (SST) in May-June 1987 was
warmer by 2°-3°C than any previous year, except 1983
at the end of the 1982-83 ENSO (Fig. 1). Temperatures
in the thermocline at depths down to 100 m are also
warmer than in previous years, in some cases by as
much as 5°-6°C. Undercurrent core speeds of 120
cm s~ ! at 80 m were the weakest since 1983, and the
average vertical shear (9 X 1073 s™!) between 10-80-
m depth was as much as 50% weaker compared to
previous years. In May-June 1987, the easterly com-
ponent of the trade winds was also locally weaker than
normal by about -2 m s™',

The local Viisild frequency (N) at the start of the
internal wave experiment was about 4-8 cph in the
depth range of the fast-sampling TRs, based on a Neil
Brown Mark III CTD cast made 5.9 km from the
mooring (Fig. 2). This cast commenced at 0908 UTC
12 May 1987, while the mooring was in the process of
coming to rest, just after the anchor was dropped at
the end of the deployment. Superimposed on the tem-
perature profile are the first reliable hourly averaged
TR and VACM temperatures from 1000 to 1100 UTC
on the same day after the mooring had stabilized. The
hourly averages track the CTD trace well, except in
the thermocline where vertical displacements asso-
ciated with short time- and space-scale internal waves
would be expected to produce O(1°C) temperature
changes over a couple of hours and a few kilometers.

b. Temporal variations

Hourly time series of winds, air temperatures, and
ocean temperatures at the mooring site exhibit a wide
range of time scales in May-June 1987 (Fig. 3). Mean
air temperature is 28.3°C, around which a diurnal cycle
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FIG. 2. Vertical profiles of (a) temperature, (b) salinity, (c) density,
and (d) Viisild frequency made from a CTD cast begun at 0908
UTC 12 May 1987 at 0°2.6’'N, 139°54.8'W. Superimposed on (a)
are the nearest hourly averaged temperatures (A) from the current
meter mooring at 0°0.2'N, [39°55.4'W. Profiles in (a)-(c) are plotted
at 1-m resolution. The Viisild frequency in (d) has been smoothed
with a 31-m Hanning filter.

with rms amplitude of 0.2°C is evident. The air tem-
perature record is also punctuated by several episodes
of abrupt 1°-2°C cooling, particularly in the first part
of the record. These are probably related to increases
in cloud cover and/or the development of squalls.
Wind speed averaged over the record length is 4.2
m s™!, with episodes up to 8 m s™'. There is little ev-
idence of a diurnal cycle in wind speed except for 30
May-4 June. Although longer records from this site
show statistically significant diurnal peaks in wind
speed with an rms amplitude of about 0.2-0.3 m s™!
(e.g., Halpern 1988), variance in the diurnal period
band for the record shown in Fig. 3 is only a few percent
of the total wind speed variance and is not significantly
higher than in neighboring period bands.

Ocean temperatures at all depths exhibit a warming
trend of about 0.5°C in 30 days. May is usually a time
of seasonal warming in the surface layer of the eastern
equatorial Pacific Ocean. This warming was enhanced
in 1987, however, and preceded the highest monthly
mean SST anomaly observed at 0°, 140°W during the
1986-87 ENSO, that is, +3.0°C in June 1987 (Mc-
Phaden and Hayes 1990). Superimposed on the
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warming trend, most notably at 1-m and 10-m depths,
is the diurnal cycle with maximum temperatures in
midafternoon and minima in the morning. The diurnal
SST range varies between about 0° and 1.0°C. Higher
ranges tend to occur when air temperatures are high
and relatively steady (indicating little variation in cloud
cover) and/or during periods of low wind speed. At
depths of 25-35 m, temperature variability is much
reduced with the exception of the trend noted above.
Fluctuations increase in amplitude between 45-61 m,
with several cycles of the semidiurnal tide evident in
the deepest records. The semidiurnal tide is also evident
in temperature spectra from these depths, as shown in
Freitag and McPhaden (1988).

Compositing the time series illustrates more clearly
the temporal and vertical structure of the diurnal cycle
in temperature and temperature gradient. Data were
averaged into 3-hourly ensembles in the upper 61 m,
then plotted as vertical profiles in Fig. 4, deleting every
other 3-hourly ensemble for clarity. The diurnal range
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FiG. 3. Hourly time series of temperature at between 1 and 61 m
from the current-meter mooring at 0°0.2'N, 139°55.4'W. Two-hour
averages of air temperature at 3-m height and wind speed at 4-m
height are from a mooring 0°0.9'S, 140°6.7'W.
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local.

in temperature is on average 0.33°C at 1 m, decreases
to 0.09°C at 10 m, and is not significantly different
from zero at greater depths. The diurnal cycle at 1 m
is characterized by a sharp increase in temperature of
0.31°C between morning (0700-1000 local time) and
afternoon (1300-1600), followed by a more gradual
decrease in temperature from afternoon highs near
29.0°C to midmorning lows (0400-1000) of about
28.7°C. There is a suggestion that 10-m temperatures
lag those at the surface, with the 10-m temperature
maximum occurring in the early evening ( 1900-2200)
rather than in the afternoon. Nighttime cooling leads
to a 30-34-m-deep surface layer that is nearly isother-
mal between 1000-2200. We infer that nighttime con-
vection is prevalent in this layer (where locally T,
<0.01°Cm™), but does not penetrate to greater
depths where the water column is stably stratified
throughout the day.

In addition to diurnal and longer-period fluctuations,
significant variability on time scales of O( minutes) oc-
curs in the temperature records, as illustrated in the
fast sample TR data from 19 May 1987 (Fig. 5). High-
frequency variations are weakest between 30 m and 46
m, with fluctuations sometimes close to the O (0.01°C)
bit resolution of the TRs. Amplitudes tend to be larger
at 59-61-m depth where the mean vertical temperature
gradient is larger (Fig. 4). An interesting feature in the
30-40-m records is the burst of high-frequency energy
that occurs between about 1200 UTC and 1600 UTC
(i.e., between 0300 and 0700 local time). Peak-to-peak
fluctuations during this 4-h period are as large as 0.1°C
and are decidedly more energetic than at other times
of the day. Variability below 40 m appears to have
different character during this burst of activity. The
46-m TR on this particular day is located in a nearly

isothermal layer, which is also evident in the 45-m TR
record with 15-minute resolution, and temperatures at
59-61 m undergo an abrupt and apparently unrelated
temperature drop of 0.25°-0.50°C to a local minimum
at around 1430 UTC. Other examples of enhanced
high-frequency behavior can be found elsewhere in the
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FIG. 6. Record length ensemble-averaged spectra for temperature data between 30-61 m for 0400-1000
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are local. Horizontal bars indicate 95% confidence limits; also indicated are the number of frequency bands

over which spectral estimates have been averaged.

time series, usually most evident at depths of 30-40
m. They occur most frequently between about 0000
and 1000 local time, though not every day and not
exclusively during these hours.

¢. Spectral content

To examine the spectral content of these high-fre-
quency variations and their diurnal modulation, we
segmented the time series at each depth into blocks
spanning 2200-0400, 0400-1000, 1000-1600, and
1600-2200 local time. The first two time intervals will
be referred to as “nighttime,” and the last two as “day-
time.” We least-squares fit each segment to a mean
and trend, computed autospectra from the residuals,
then ensemble averaged across frequency bands and
within common local time blocks.

The most striking feature of the spectra (Fig. 6) is
the increase in nighttime temperature variance at pe-
riods of 10-30 cycles per hour (cph). Nighttime spec-

tral densities (particularly for 0400-1000) are signifi-
cantly higher than daytime spectral densities in this
frequency range at depths between 30 m and 46 m.
The day-to-night differences are largest at the shallower
levels and decrease with depth. This nighttime energy
enhancement occurs at frequencies significantly higher
than the local Viisild frequency and is associated with
fluctuations having vertical displacements of about 0.5-
2 m (Table 2). The largest vertical displacements (2.2
m) occur at the shallowest depth (30 m), perhaps be-
cause of the proximity to diurnal forcing in the surface
mixed layer. Conversely, variations at 59 m and 61 m
do not show an obvious diurnal enhancement at any
frequency.

The diurnal modulation of high-frequency temper-
ature variability is illustrated more clearly in variance-
preserving spectra from 30-m and 40-m depth (Fig.
7), where there is two to three times more variance
between 0400-1000 than between 1600-2200. The 40-
m spectra also shows a nighttime increase in variance






