JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 93, NO. C2, PAGES 11991218, FEBRUARY 15, 1988

On the Parameterization of Equatorial Turbulence
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Profiles of currents, density, and microstructure were obtained in the Pacific Ocean on and near the equator at
140°W in late 1984 as part of the Tropic Heat program. During a 4'%-day time series on the equator, the shear
zone above the core of the undercurrent had very low mean Richardson numbers, Ri, between V4 and 4. Aver-
age turbulent dissipation rates, €, were high in this zone, = 1077 Wkg™!, and varied by a factor of 100 between
minima in the early afternoon and maxima at night. The signal reached to 90 m, well into the stratified zone.
Eddy coefficients, X , were low at high Ri, and gradually increased as Ri decreased, until they rose dramatically
near Ri=V4. The observed K (Ri) relations are specific to time, location, and temporal and spatial resolution of

the data.

1. INTRODUCTION

Small-scale turbulence plays a major role in the upper equa-
torial ocean; because the Coriolis force vanishes on the equator
and is weak nearby, the vertical turbulent viscosity provides the
principal balance for the zonal pressure gradient driving the
undercurrent [McCreary, 1981]. Consequently, turbulence levels
in the undercurrent are at least a decade larger than in the Gulf
Stream, where the Coriolis force balances the horizontal pressure
gradient [Gregg and Sanford, 1980; Gargett and Osborn, 1981].
The intense equatorial turbulence produces a vertical turbulent
heat flux of about 100 W m in the high-shear zone above the
undercurrent core. In view of a latent heat flux of 200 W m™ at
the surface, the turbulent flux in the thermocline is an important
component of the upper ocean heat budget.

The equatorial heat budget is particularly important in the cen-
tral Pacific, where large-scale fluctuations in the sea surface tem-
perature are correlated with anomalous winter weather patterns
over North America [Horel and Wallace, 1981]. Consequently,
obtaining an accurate description and parameterization of the ver-
tical turbulent transport in the undercurrent is a primary goal of
Tropic Heat, a program established to study the upper ocean heat
budget in the central Pacific [Eriksen, 1985].

Prior to the Tropic Heat measurements in late 1984, only a few
tens of microstructure profiles had been reported from the equator.
Data from the Pacific and the Atlantic revealed a consistent pat-
tern of turbulence levels varying inversely with the gradient
Richardson number, Ri, and following a consistent pattern: mix-
ing was intense in the low Ri zone above the velocity maximum,
weak near the maximum, and moderate to intense in the low Ri
zone below the maximum [Gregg, 1976; Crawford and Osborn,
1979, 1981; Crawford, 1982; Paka et al., 1982; Moum et al.,
1986]. Considerable variability was also evident, however, pre-
cluding the formation of accurate averages. Moreover, only rudi-
mentary shear data accompanied the previous measurements,
further limiting realistic parameterization.
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As part of Tropic Heat, turbulence and shear were sampled inten-
sively from the R/V Thompson between 3°N and 2.5°S at 140°W
during mid-November and early December 1984. A preliminary
analysis [Gregg et al., 1985]. confirmed the patterns observed
before, but found a much larger increase of € and ¥ at low Ri than
is consistent with recent numerical models. (Here, € is the rate of
viscous dissipation of turbulent kinetic energy, and ¥, is the rate of
diffusive smoothing of turbulent temperature fluctuations;
Ri = N%¥shear? is the gradient Richardson number.) In addition, a
strong diurnal mixing cycle was discovered in data from the
Thompson and in measurements taken nearby on the R/V Wecoma
[Moum and Caldwell, 1985].

A discussion of the density and shear variability in the Thomp-
son data is given by Toole et al. [1987]. In the following, the full
set of microstructure, density, and Doppler acoustic velocity mea-
surements from the Thompson is used to examine the Ri depen-
dence of the average turbulence levels, the Ri dependence of tur-
bulence during the diurnal cycle, and the differences between
these observations and the parameterizations used in numerical
models. After a brief discussion of the measurements and instru-
mentation in section 2, the vertical structure of the shear,
stratification, and turbulence is described in section 3. The param-
eterizations are presented in section 4, with a discussion of the
assumptions used in translating the turbulence measurements to
diapycnal diffusivities.

2.  SAMPLING AND INSTRUMENTATION

To determine the width of the turbulent mixing zone in the
undercurrent, assuming a priori that 21-day equatorial waves
cause most of the variability, the Thompson made a sequence of
north-south sections, taking measurements at 0.5° intervals (Fig-
ure 1). Most stations were occupied for 3 to 5 hours, obtaining an
average of 17 turbulence profiles per station and a total of 959.
To document the diumnal cycle, one of the equatorial stations was
extended to 412 days, yielding 379 profiles. The bulk of this paper
is based on the data from this station, referred to as the "time
series.”

Temperature and velocity microstructure were measured with
the Advanced Microstructure Profiler (AMP), which also senses
temperature, conductivity, pressure, and vertical and horizontal
acceleration. The sensors and data processing were similar to
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Fig. 1. Stations occupied by RV Thompson in 1984 during Tropic Heat
at 140° W,

those described by Gregg et al. [1986] and Shay and Gregg
[1986], but operating the loosely tethered AMP in the equatorial
high-shear environment posed some major problems. The drag of
the 2-mm-diameter fiber optic cable linking the AMP to the ship
greatly slowed the descent and caused intense vibrations due to
strumming. Penetration below the core required initial fall rates
of 1.2 ms™, adding to the high vibration levels and limiting the
spatial resolution of temperature microstructure. Overall, the
Tropic Heat data had higher noise levels and larger uncertainties
than earlier measurements; however, as the signals were also
larger, the errors do not seriously affect the analysis.

Particulars about data quality unique to this cruise are given in
the Appendix. In summary, centimeter scale velocity fluctuations,
sensed with airfoil probes, yield dissipation rates from 5 x 10710
W kg" to greater than 10~° W kg™'. The accuracy of time series
average profiles is approximately a factor of 2. The main
contributors to the uncertainty are insufficiently resolved spectra
at shallow depth, where € and the fall rate were high, and noise
contamination due to vibration at and below the core, where € was
moderate or low. The lowest detectable € values drop from
10°Wkg™ at 0.2 MPa to 5x 107"°Wkg™! below 1 MPa. We
computed &£ assuming isotropy of dissipation scale fluctuations,
which results in overestimates at the lower end of the € range,
where dissipation scale motions are likely to be anisotropic (see
section 4.1).

Temperature fluctuations were measured with both a fast
thermistor, having good sensitivity but poor frequency response,
and a cold film with good response but poor sensitivity. The
data used for scientific analysis rely mostly on the cold film, the
thermistor being used only to detect low values. Observed ¥ lev-
els varied from 5 x 1072K?s™! to more than 107 K2 s™!; averages
are considered accurate within a factor of 3. The principal sources
of uncertainty are insufficiently resolved spectra and the use of
nominal instead of measured spectral response functions. The
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values from low-£ regions are overestimated because isotropy was
assumed throughout.

Velocity relative to the ship was observed with an AMETEK-
Straza acoustic Doppler current meter (ADCP), as described by
Toole et al. [1987]. In summary, useful data were obtained from
23.4 to 200 m with a spacing of 6.36 m. This sampling attenuated
shear features by 0.5 at vertical wavelengths of 17 m. System
noise and internal waves produced fluctuations in the shear.
Averaging for 1 hour yielded 95% confidence limits of +£0.001 s
Between one and six N profiles per hour from AMP permitted
forming hourly Richardson numbers with an rms uncertainty of
20%.

3. MEAN AND VARIABILITY OF STRATIFICATION,
CURRENTS, AND TURBULENT DISSIPATION

Understanding the mean and fluctuating hydrographic and
current fields is necessary to interpret equatorial microstructure.
Hayes et al. [1983] and Wyrtki and Kilonsky [1984)] review near-
equatorial currents and water masses in the eastern Pacific. Infor-
mation on the conditions during Tropic Heat can be found in
works by Chereskin et al. [1986] and Toole et al. [1987].

3.1. Mean Conditions

Typical of November and December at 0°N 140°W, both the
zonal and the meridional shear in the upper 100 m were at their
yearly maximum (D. Halpemn, personal communication, 1986). A
short summary of Toole et al.’s [1987] description of the mean
current and stratification profiles is given in the caption of Figure
2. The most important point is that above 0.8 MPa the gradient
Richardson number, Ri =N z/shearz, lay between 0.25 and 0.35
(Figure 2f), where shear’ = (3it/dx3)?+ (dv/0x3)®. These ex-
tremely low Ri values over thick zones make the undercurrent
dynamically unique. _

Mean profiles of € and ¥ were high where Ri was low, and vice
versa (Figures 2g and 2k). The average dissipation rate ranged
from 6x107Wkg' at 0.4MPa to a minimum of about
10°Wkg™ in the core. The high values were more than 2
decades above those in mid-latitude thermoclines having the same
stratification [Gregg, 1987]. Dissipation rates exceeded

105 W kg™! in the top 10-12 m, where wave-generated turbulence
was important. Instrumentation wobble produced during launch,
however, prevented accurate measurements this shallow.

From laboratory experiments on grid-generated turbulence with
and without mean shear, a transition dissipation rate &, = 25 vN'2
(later revised as &, = 16 VN ?) was found [Stillinger et al., 1983;
Rohr et al., 1987], below which mixing no longer sustains the
negative buoyancy flux necessary for a net increase in potential
energy. (The kinematic viscosity is v.) Assuming that this result
can be applied to the ocean, we use &, as the lower boundary of
"active" mixing. It is interesting to note that £ fell below €,
where Ri exceeded 1 (Figure 2g).

3.2. Variability Above the Undercurrent Core

Large diurnal changes in € reached from 0.1 to between 0.7 and
0.9 MPa, much deeper than the penetration of the N? cycle pro-
duced by nighttime cooling and daytime insolation (compare Fig-
ures 3b and 3¢). Taking €/VN? as an index for the "activity," the
change was from intense turbulence at night, 2 x 10° < e/vN? <
2% 10°% to weak or moderate turbulence by day, 20 < e/VN?2 <
2 x 10° (Figure 3f). Much of the strong mixing occurred in verti-
cally coherent bursts lasting a few hours, as evidenced from the
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Fig. 2. Average profiles from the 4!%-day time series on the equator: Pressure is in megapascals; 1 MPa = 100 dbar. (a) Potential
temperature 6, salinity S, and potential density Gg. Salinity had a sharp maximum near the core of the undercurrent, characteristic
of the equator. (b) Mean velocity profiles from the acoustic Doppler data, shifted to match moored current meter data taken simul-
taneously at 20 km distance (D. Halpem, personal communication, 1986). The undercurrent core was located at 1.1 MPa. Above
0.3 MPa, the South Equatorial Current prevailed. The meridional current was strong above 0.8 MPa because the time series was
located in a phase of maximum northward movement of the 21-day equatorial waves. (c) Shear components dit/dx 3 and dv/dx 3
from the acoustic Doppler log; the depth bins are 6.4 m apart; the vertical filtering has its 3-dB point at 17 m. Both shear com-
ponents had a minimum near the core. Zonal shear was high between 0.4 and 1.0 MPa. The meridional shear was comparatively
large at 0.6 to 0.9MPa as a result of the 21-day waves. (d) N 2 (filtered to match the Doppler data) and shear® =
(0i1/0x 5)*+(3V/3x 5)%. The mean stratification was strong, even close to the surface; shear® was low in the core and paralleled N 2
above. (¢) Contribution of meridional component to total shear’. In the high-shear zone this parameter reached a maximum of
0.28 at 0.75 MPa. This contribution is significant with respect to the Richardson number. (f) Ri =N%/shear®. The Richardson
number was high in the core and low in the shear zones above and below. Note Ri < 0.5 above 0.85 MPa. These low values make
the undercurrent unique among open ocean currents. (g) Kinetic energy dissipation rate, €. In the core, € was low, close to the
noise level of the data and similar in magnitude to that found in the mid-latitude thermocline. Toward the surface, € increased by
2% decades and increased by 1 decade in the lower shear zone. We did not obtain good data from the top 0.15 MPa. The transi-
tion dissipation rate g, =25 VN 2 exceeded £ where Ri > 1. (k) Temperature dissipation rate, . The structure of ¥ was similar to
that of £, with a minimum in the current core and high values in both shear layers. The values of % were influenced by the local

temperature gradient.

thin downward high-¢ "tongues" in Figures 3e and 3f, and
confirmed in individual profiles. For example, the profile at 2230
local time in Figure 4 was taken during one of these bursts. Con-
tinuous overturns, up to 10 m, occurred between the bottom of the
surface mixed layer at 0.3 MPa and 0.65 MPa. Peak dissipation
rates exceeded 10~ W kg~!. By comparison, at 1300 local time, €
varied between 107® and 1077 W kg™!, and the overturns were less
than 0.2 m. The eventlike structure is shown by the integrated
dissipation rates in Figure 5.

As the diurnal cycle in shear’ was much weaker than the
corresponding signal in N 2 (compare Figures 3b and 3¢), Ri had a
daily cycle between 0.23 and 0.5 MPa, slightly deeper than the
mixed layer (Figure 6). Thus there is no evidence that changes in
Richardson numbers on scales larger than 10 m were responsible
for the deep diurnal cycle of turbulent dissipation. There is also no
hint of any effect of the semidiurnal tide, which caused a low ver-
tical mode heaving of the thermocline, with maximum displace-
ments of 20 m at the core (Figure 3a). Although semidiurnal sig-
nals in N2 and shear? occurred at fixed depths, the effect was
negligible on isopycnal surfaces.

An earlier paper speculated that internal waves generated by
mixed layer convection may have produced the deep diurnal €
cycle [Gregg et al., 1985] because, in view of the low average Ri,
any increase in shear could trigger a large rise in turbulence.
Recently, C. A. Paulson et al. (manuscript in preparation, 1987)
presented a horizontal section from 1°N showing an overturning
internal wave with a dissipation burst below the mixed layer. Con-
clusive proof that internal waves produced by convection are
responsible for the deep diurnal cycle is urgently needed; owing to
the large amplitude of the € changes, 10 to 100, the diurnal cycle
dominated the average mixing levels.

3.3. Variability at the Core

In the undercurrent core, which varied in pressure between 1.0
and 1.3 MPa (Figure 3a), £ was low on average and stayed low
nearly all the time (e<10~° W kg!; Figure 3¢). In contrast to the
shear zones above and below, no events of high € occurred
(Figure 7b). Mixing was not "active” (Figure 3f); € was <20 vN?
almost always (e/€,, < 1), and often <20 VN2 (e/g, < 1).
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Fig. 3a. Potential density o, at 0.25 kgm™ intervals: light shade, Gy < 23.75 kg m™3; medium shade, 23.75 kg m™ < 0 <
25.25 kg m™3; dark shade, G > 25.25 kg m~3. The dominant short-term signal was the heaving of the thermocline by the semidi-
urnal baroclinic tide. A long-term trend is shown by decreasing density at a fixed level or, equivalently, by increasing isopycnal
pressure. The undercurrent core coincided with 6¢=25.25.

Fig. 3. Contours of hourly averages of parameters from the equatorial time series.

3.4. Variability Below the Core enhanced mixing occurred which dominated the average dissipa-
tion rates (Figure 7c) and caused the increase in the mean profiles

Although € and e/VN? were low in the shear zone below the of € and % (Figures 2g and 2k). Four of the mixing events had
core most of the time (Figures 3e and 3f), a few patches of £>10°Wkg™', and e/vN? briefly rose to values above 200

400
0
-400
-800
0r

JhO/W m2

[EEEENSEEREN

IMAMA

105 < N2 <107

VW

Ay

0.5

p/MPa

¢I=10"35

1 5 . n i L L i L ! I
1200 0000 1200 0000 1200 0000 1200 0000 1200 0000
26 Nov 29 Nov
Local Time

Fig. 3b. Values of log N2 at intervals of 0.5: The pronounced diurnal cycle above 0.4 MPa was caused by surface forcing, which
is demonstrated by the plot of the net surface heat flux, J,2, above the contours. Short-term variability below showed no dominant
periodicity apart from tidal fluctuations. Above the scattered maximum near the undercurrent core, and below 0.5 MPa, a broad
zone of relatively uniform N ? was found.
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Fig. 3e. Values of log € at decade intervals. Variability above 0.7 MPa was governed by a diurnal cycle that changed by a factor
of 100. The signal extended far into the stratified layer below the mixed layer, as demonstrated by the graph of mixed layer depth,
hy, in the top panel; A,y is defined by a 0.01-kg m~>-density increase in 0.01-MPa segments. Shorter-term fluctuations in £
appeared as vertically coherent bursts, typically 10 times the background, lasting for a few hours. Low £ was found in the under-

current core. Below, a few patches of high € are seen.

ture data: the Thorpe and the Ozmidov scale. The Thorpe scale
[Thorpe, 1977], 14, is a measure of the root-mean-square over-
turning scale, obtained from sorting temperature or density into
monotonic profiles. The Ozmidov scale, defined as L, = (eN %)%,
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is the vertical scale at which buoyancy forces balance inertial
forces. Both at the equator and at mid-latitudes, /, and L,
correspond closely [Dillon, 1982; Gregg et al., 1985; Crawford,
1986]. In the complete data set the two length scales were corre-
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Fig. 3f Values of log &/VN2 at decade intervals corresponding to &/VN2=2x10'-2x10%. The parameter is interpreted as a
measure of the "activity” of the turbulence. Activity was high during nighttime in the upper shear zone (dark shades bounded b{
heavy line, e/VN 2z, 2000) and became moderate to marginal during daytime (light shades, 2000 > €/vN 2520). In the core, €&/VN
stayed below 20 almost all the time, and thus below £,,. Below the core, only a few active ‘patches occurred. According to Gargett
et al. [1984], =200 vN % is the lower limit of isotropy at dissipation scales.



