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Mixing in the Equatorial Surface Layer and Thermocline 

JAMES N. MOUM, DOUGLAS R. CALDWELL, AND CLAYTON A. PAULSON 

College of Oceanography, Oregon State University, Corvallis 

Twelve days of microstructure measurements at the equator (140øW) in November 1984 showed a 

surprisingly strong effect of both the daily cycle of solar heating and wind on mixing in the upper ocean. 
Because of limited variations in atmospheric forcing and currents during the experiment, processes in the 
daily mixing cycle were similar from day to day. Only the intensity of mixing varied. The lower boundary 
of the diurnal surface layer separated two distinct mixing regimes, the diurnal surface layer and the 
thermocline. Within the diurnal surface layer (which extended to 10- to 35-m depth), turbulent kinetic 
energy dissipation rates •: varied relatively little. Although variations in surface layer depth coincided 
with the daily change in direction of air-sea surface buoyancy production of turbulent kinetic energy (or 
simply, the surface buoyancy flux), e was significantly greater relative to the buoyancy flux than was 
expected for a simple convective layer. In the thermocline below the diurnal surface layer, e was highly 
intermittent; the day-night cycle was stronger, and variability was enhanced by turbulent "bursts" of 2-3 
hours duration, which may be related to internal wave breaking events. The turbulent heat flux crossing 
20-m depth was almost equal to the surface heat flux less the irradiance penetrating below 20 m. Seventy 
percent of the surface heat flux was transported vertically to the water below 30 m by turbulent mixing. 
Only a negligible amount penetrated to the core of the Equatorial Undercurrent. The gradient Rich- 
ardson number Ri distinguishes between statistically different mixing environments. However, • cannot 
be predicted from the value of Ri, since the intensity of mixing depends on the intensity of forcing in a 
way not specified by the value of Ri alone. 

1. INTRODUCTION 

At the equator, the South Equatorial Current (SEC) flows 

westward at speeds as high as 100 cm s-• over the eastward 

flowing Equatorial Undercurrent (EUC). The EUC is driven 

at speeds as high as 150 cm s-• by the basin-wide zonal 
pressure gradient set up by the westward wind stress [Mc- 

Creary, 1981]. The signature of the zonal pressure gradient is 

an upward slope from west to east of the thermocline, in 

which the core of the EUC is embedded. In November 1984, 

at 140øW in the Pacific, the EUC core was about 120 m deep. 

Although the upper equatorial ocean is stratified, the vertical 

current shear above the EUC is large enough to reduce the 

gradient Richardson number Ri to values less than 1 [Gregg et 

al., 1985; Mourn et al., 1986b; Chereskin et al., 1986]. This 

combination of consistently small Ri and large stratification 

results in a mixing regime which may be unique to the equa- 
torial ocean. 

Turbulent mixing at the equator may make significant con- 

tributions to large-scale budgets. Crawford and Osborn [1979, 

1981] suggested that the rate of dissipation of turbulent kinet- 

ic energy, c, at the equator is the dominant sink in the energy 

budget of the EUC. The turbulent heat flux directed down- 

ward at 25-m depth is similar in magnitude to the flux of heat 

into the surface from the atmosphere [Gregg et al., 1985-]. The 

role of turbulence in transporting momentum seems to be 

complicated by the effects of internal waves [Dillon et al., 

•988]. 

Before the Tropic Heat experiment of 1984, studies of tur- 

bulence at the equator consisted of a few sets of sparse data 

[Gregg, 1976; Crawford and Osborn, 1979, 1981; Mourn et al., 

1986b]. Because of other demands for station time on previous 
cruises and because of the nature of the instruments used to 

collect the data, none of these studies resulted in a continuous 

time series. The first systematic data set, obtained on the 
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Tropic Heat I cruise of November-December 1984, yielded 

new insight into the processes determining turbulent mixing at 

the equator. Most importantly, we observed the characteristics 

and the intensity of the turbulence to change systematically in 

time. Large diurnal changes in e (2 decades) were linked close- 

ly to changes in sign of the surface buoyancy flux [Moum and 

Caldwell, 1985; Gregg et al., 1985]. The diurnal mixing cycle 

was further modulated by changes in the winds [Moum and 

Caldwell, 1985], possibly by meridional currents associated 

with large-scale waves and by the passage of a 4-day pulse, 

which depressed the EUC core, reduced the mean shear above 

the core, and significantly increased Ri [Chereskin et al., 

1986]. 

In this paper, we examine in detail the turbulent mixing at 

the equator as revealed by the data from Tropic Heat I. We 

observed two distinct regimes, separated vertically: 

1. In the weakly stratified diurnal surface layer, changes in 

the intensity of mixing (e) followed closely the day-night 

change in sign of the surface buoyancy flux. This layer was 

defined by the density step at its base, which cycled between 

10 m (daytime) and 35 m (nighttime). Within the surface layer, 

the probability distribution of e followed the lognormal form, 

with a relatively small standard deviation. Daily averages of e 

varied by only a factor of 2. The 12-day average oœ e was 

approximately twice the surface buoyancy production of tur- 

bulent kinetic energy, or about 3 times the value expected in a 

purely convective layer (in comparison to the results presented 

by Shay and Gregg [1986]). Also in contrast to a convectively 

mixed layer, which is truly well mixed, the observed equatorial 

surface layer was stratified. 

2. In the well-stratified thermocline, turbulent "bursts" 

with lifetimes of 2-3 hours occurred at night, were separated 

in time by several hours, and persisted many hours past sun- 

rise. Daily averages of e. varied by a factor of 10. We suspect 

that these bursts are linked to high-frequency internal waves. 

This region extended from the base of the surface layer to 

approximately 85-m depth. 

Experimental details are discussed in section 2. In section 3 
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Fig. 1. Meteorological conditions during the 12-day observation 

period of Tropic Heat I (November 1984). (a) Wind stress z in new- 

tons per square meter, from winds measured at mast height on the 

R/V Wecoma. (b) Air temperature measured from the R/V Wecoma, 

water temperature taken from the ship's sea chest at 3-m depth, and 
the difference between these 2 values. (c) Net flux of heat at the sea 

surface, dqO, in watts per square meter. The daily heat input to the 
surface is dominated by shortwave solar radiation and is negative. 
The nighttime loss of heat from the surface is primarily latent heat 

and is positive. (d) Net flux of buoyancy at the sea surface, Jb ø, in 
watts per kilogram. Positive buoyancy flux is out of the sea surface 
(mass into the sea surface). 

we present the meteorological and oceanographic conditions. 

The vertical structure of the mixing during the diurnal cycle is 

examined in section 4. Differences in mixing regimes in the 

surface layer and thermocline are characterized by their prob- 

ability distributions in section 5. The importance of turbulent 

mixing in determining the local heat budget is discussed in 

section 6 (together with a comparison of methods for esti- 

mating the eddy diffusivity). A discussion of mixing parame- 

terization (section 7) is followed by a general discussion (sec- 

tion 8) and summary (section 9). 

2. EXPERIMENTAL DETAILS 

The experiment was designed to identify the processes re- 

sponsible for upper ocean mixing at the equator and to deter- 

mine the time scales of those processes. We profiled with the 

rapid sampling vertical profiler (RSVP) [Caldwell et al., 1985] 

as continuously as possible. While keeping station near the 

Equatorial Pacific Ocean Climate Studies (EPOCS)/Tropic 

Heat T44 buoy (0c2'S, 140ø9'W), we maintained nearly con- 

tinuous 24-hour profiling from November 19 to December 1, 

1984, obtaining 1749 profiles to 150-m depth of ocean micro- 

structure data (temperature, conductivity, and small-scale 

shear), at the rate of 6-10 profiles per hour. 

Estimates of currents relative to the ship, obtained from a 

hull-mounted acoustic Doppler current profiler (ADCP) 

[Chereskin et al., 1987-1, were converted to absolute currents 

by referencing to the 200-m T44 current meter. Standard 

meteorological parameters (winds, humidity, solar and infra- 

red radiation, air temperature, and sea surface temperature 

and conductivity) were recorded. 

3. BACKGROUND CONDITIONS 

3.1. Meteorological Conditions 

Winds during the experiment averaged 8.9 m s-•, a value 
considerably larger than the annual mean (e.g., 5.5 m s- • for 
1979-1980 (D. Halpern, personal communication, 1985) and 

also larger than means for other Novembers (e.g., 6.9 m s- • 
during November 1979). Hourly mean winds varied from 5 m 

s- • to 11 m s-•. Hourly averages of the wind stress (calcu- 

2 where Pa = 1.25 kg m -3 C o 0.0012 lated as z = paCoU•o , , = 

[Large and Pond, 1981-1, and Uto is the wind at 10-m height) 
varied from 0.03 to 0.17 N m-2 (Figure 1). 

Sea surface temperatures (SST) measured from the sea chest 

of the R/V Wecoma (3-m depth) indicated two trends' (1) a 

0.5øC diurnal variation and (2) a 1.25øC warming, due to 

northward advection of warm surface water by a 20-day me- 

ridional current oscillation [Chereskin et al., 1986]. Air tem- 

perature followed SST closely, with a IøC diurnal variation. 

The air also warmed as the advected surface water passed. 

Air-sea temperature differences never exceeded IøC. 

The surface heat flux dqO (Figure 1) was estimated using 
bulk aerodynamic formulae [Large and Pond, 1981] and 

direct measurements of incoming solar and infrared radiation. 

Reflected solar radiation was estimated using the climatologi- 

cal value for albedo at the equator (0.06 [Payne, 1972]), and 

outgoing infrared radiation was estimated by use of the 

Stefan-Boltzmann law with emissivity equal to 0.97. The total 

surface heat flux was determined mainly by two factors, the 

incoming solar radiation (negative, representing a net flux of 

heat into the sea) and the latent heat flux (positive, repre- 

senting heat out of the ocean). There were few clouds, and the 

daily solar heating remained relatively constant (Table 1). 

Nighttime cooling of the ocean surface varied by less than a 

factor of 2. Rainfall was negligible. 

The surface buoyancy flux J0 ø was estimated [Dorrestein, 
1979] from the heat flux and evaporation estimates. In this 

case, a negative buoyancy flux represents an upward flux of 

mass (i.e., a downward flux of buoyancy). Solar radiation was 

assumed to be absorbed at the surface (we estimate from 

Secchi depth measurements that 86% was absorbed in the 

upper 20 m). Within a given day, J0 ø varied from -6 x 10 -7 
W kg -• (daytime peak) to 1.5 x 10 -v W kg --• (nighttime). 
Day-to-day variations were small (Table 1). 

Daily averages of meteorological parameters (Table 1) 

reveal a limited range of variation. In contrast, during the 

Tropic Heat II experiment (March to May 1987) we observed 

wind speeds as low as 1 m s-•, as well as many cloudy days 
with rain squalls [Park et al., 1987a, b-I. Because surface forc- 

ing varied little from day to day, the 1984 data set lends itself 

to a study of the effect on upper ocean mixing due to variation 

of surface fluxes within the daily cycle. 

3.2. Oceanographic Conditions 

Oceanographic conditions during the experiment have been 

described by Chereskin et al. [1986]. Measurements were 

made mostly during the northward phase of a 20-day oscil- 

lation in the meridional velocity component. Two years of 

moored current meter data (from the T44 mooring (D. Hal- 

pern, personal communication, 1985)) indicate that the No- 
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TABLE 1. Daily Averages of Wind Stress r, Net Surface Heat Flux jqo, Nighttime Surface 
Buoyancy Flux j•,o, Averaged e Between 10 m and the Mixed Layer Depth, and Averaged e 

Between the Mixed Layer Depth and 85 m 

•1 10 10 7 LD, r, N J , 2 TM 10 7 Jb O, 10 7 eML D , e85 M 10 7 U, 2 dU/dZ, m-2 - m 2 m-3 -3 - W kg-1 m 2 s W kg 1 

Nov. 20 0.59 - 143 0.91 2.2 0.85 11.0 

Nov. 21 0.69 - 167 0.62 2.0 0.28 7.5 

Nov. 22 0.11 - 150 0.97 2.8 0.98 12.0 

Nov. 23 0.13 - 109 1.1 3.2 2.6 13.0 

Nov. 24 0.13 -103 1.2 3.4 2.6 15.0 

Nov. 25 0.11 -112 0.96 1.5 2.3 13.0 

Nov. 26 0.11 -122 1.1 2.3 1.4 12.0 

Nov. 27 0.08 - 126 1.2 1.7 0.88 11.0 

Nov. 28 0.10 -110 1.2 2.1 0.91 15.0 

Nov. 29 0.13 - 104 1.2 2.7 1.1 12.0 

Nov. 30 0.11 -76 1.2 2.2 1.8 11.0 

Dec. 1 0.11 -63 1.5 2.2 1.7 6.3 

Cruise average 0.10 -115 1.1 2.3 1.4 12.0 

The depth of the mixed layer has been defined by the 0.01% difference from the sea surface. 
Negative jqO is into the sea. Positive j•,o represents a mass flux into the sea. 

vembers of both 1983 and 1984 were periods of energetic ac- 

tivity in the 20-day band. The surface expression of the oscil- 

lation was the 1.25øC warming (Figure 1) accompanied by a 
salinity increase of 0.3 psu, (practical salinity units; 1 psu - 
1%o salt by weight). These factors combined to produce a 

mean decrease in density corresponding to 0.2 a t at the sea 
surface (Figure 2). Meridional currents changed from weakly 

southward on November 19 to strongly northward (> 50 cm 

s-•) in the upper 80 m by November 24, returning to weak 
southward flow by December 1. 

A north-south transect from 3øN to 3øS along 140øW com- 

pleted just before the 12-day experiment [Moumet al., 1986a] 

indicated the width of the EUC to be about 2 ø, centered just 

north of the equator. Estimates of e averaged 100 m vertically 
over the 6 ø transect did not define an obvious peak in turbu- 

lent mixing associated with either the equator or the EUC. 

Rather, variation of upper ocean e along the ship's track was 

dominated by diurnal variability. 

Variations in hydrographic parameters and currents during 
the 12-day observation period occurred on two time scales 

(shorter than the 20-day wave). The semidiurnal tide domi- 

nated the spectra of velocity fluctuations in both components, 

as well as the spectra of displacement of isopycnal surfaces 
below the surface layer, but e was not correlated with these 

tidal oscillations. A large-amplitude pulse, which depressed the 

velocity maximum and the pycnocline by 30 m over a 2-day 

period during the experiment, did affect e significantly. During 
the passage of the pulse, EUC core velocities decreased and 

the separation between surface and core increased, so that 

vertical shear was reduced and mean gradient Richardson 

numbers were increased. Lower values of e accompanied the 
reduced shear and elevated Richardson numbers. Since the 

pulse arrived during the weakest winds of the experiment, it is 
impossible to determine which factor caused e to be smaller. 

The dominant variation in turbulent mixing (e) was associ- 

ated with daily changes in direction of the surface buoyancy 
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Fig. 2. Plot of a t at 2-m intervals from 2 m to 36 m. 
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Fig. 3. Depth averaged s (10-110 m) indicating the very clear diurnal signal in mixing. The large ticks on the abscissa 

represent 0000 UT (0200 LT). The stippled areas represent shipboard measurements of incoming solar radiation (peak 

values of 1000 W m-2). Hourly winds from shipboard measurements are superimposed. 

flux (Figure 3) [Mourn and Caldwell, 1985]. The daily vari- 

ation in density due to the mixing cycle was 0.05 at units. This 

variation extended to at least 36-m depth at peak winds 

(Figure 2). In 12-day means computed for each hour of the 

day, s differed by nearly a factor of 10, on average, between 

local noon and early morning (Figure 4), increasing through 

the night and decreasing suddenly several hours after sunrise. 

Daytime profiles show decreases in s of more than a factor of 

100 from profiles made the previous night. The process is not 

simple convective mixing as observed at mid-latitude sites 

[Shay and Gregg, 1986], since (1) the equatorial diurnal sur- 

face layer was weakly stratified, not well mixed, (2) e was too 

large by a factor of 3 to be due to the measured surface 

buoyancy production of turbulent kinetic energy, and (3) e 

followed this cycle in the thermocline. Although the surface 

buoyancy flux was not sufficient to force the observed mixing, 

the change in direction of the surface buoyancy flux appar- 

ently triggered the diurnal mixing cycle. 

4. DIURNAL PROGRESSION 

4.1. Typical Prqfiles 

The vertical structure of currents varied in response to the 

20-day oscillation, the 4-day pulse, semidiurnal tides, and, pre- 

sumably, other effects not resolved by our experiment. Typical 

profiles from November 28 at 0000 UT (1500 LT; Figure 5) 

and 1210 UT (0310 LT; Figure 6) reveal a well-defined EUC 

core at 105- to 120-m depth with maximum eastward currents 

of 140 cm s-•, a weak westward current of 10 cm s-• at 20-m 

depth, and a northward current greater than 60 cm s- • above 

50 m. In the profile of the magnitude of vertical current shear, 

S = [(•S/•z) 2 -{- (•V/•z)2'] 1/2, the EUC core appears as a local 
minimum. 

The core of the EUC coincided with both the pycnocline 

and the salinity maximum (Figures 5a and 6a). The depth of 

the core was highly correlated with the depth of the c t -- 25.5 
density surface at time scales greater than 1 hour [Chereskin et 

al., 1986]. Below the core, numerous intrusions were observed. 

For example, compensating temperature and salinity gradients 

in the warm, salty intrusion at 125-m depth in Figure 6a 

resulted in a layer of constant density. This intrusion also 

appears 12 hours earlier in Figure 5a. If this feature was ad- 

vected by the 100 cm s- • flow at the depth of the intrusion, its 
zonal length scale was greater than 40 km. 

The local buoyancy frequency N (Figures 5a and 6a) in- 

creased from 3-4 cph at 18-m depth (depth bins were chosen 

to coincide with the depth bins of the ADCP shear estimates) 

to 10 cph at 100 m and decreased again below the EUC core. 

The gradient Richardson number, Ri - N2/S 2, was less than 1 
above the EUC core (frequently less than 1/4). Ri increased to 

a maximum (> 10) at the depth of the velocity maximum 

(shear minimum) of the EUC. Below the core it decreased 

again, but only to a value of 1. The cruise-averaged profile of 

Ri is not significantly different from those shown in Figures 5c 

and 6c and is typical of profiles found in other equatorial 

experiments [Gregg et al., 1985; Mourn et al., 1986b]. 

In the daytime the surface layer was warmed by solar heat- 

ing (Figure 5) so that the stratification at 12 m was significant 

(N - 4 cph). At night the surface layer extended to at least 18 

m (Figure 6; approximately 3 hours before sunrise), as is indi- 

cated by the step in the density profile. In spite of the daily 

variation in stratification in the upper layers, daily variations 

in shear balanced the stratification's contribution to Ri, with 

the result that we observed no diurnal variations in Ri at any 

depth [Chereskin et al., 1986]. 
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currents as measured by the ADCP mounted on the hull of the R/V Wecoma. Shear magnitude (circles) was computed as 
[((•U/(•z) 2 n c ((•V/?z)2] 1/2, U and V being hourly averages. (c) Gradient Richardson number, Ri = N2/S 2, where buoyancy 
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4.2. Turbulent Bursts Below 

the Sinface Layer 

Below the surface layer, turbulent dissipation rates were 

i00-i000 times larger at night than during the day (Figures 5d 
and 6d). Although the turbulence was highly intermittent and 

daytime e values were occasionally as large as nighttime 
values (> 10 -7 m 2 s-3), large daytime values of e occurred 
only over small vertical scales and short time scales. On the 

other hand, within the surface layer, nighttime values were 

consistently large for the entire period of positive buoyancy 
flux. In the well-stratified zone (N -- 5-8 cph) below the sur- 
face layer, occasional nighttime bursts of turbulence persisted 
over several hours and several tens of meters vertically. Large- 
scale overturns between 35 and 55 m (Figure 6) were observed 
at night in varying stratification (N -• 4 cph at 36 m to N ___ 7 

cph at 60 m) and were associated with large values of e (e > 
i0 -6 m 2 s -3 at 50 m). 

Twenty-four hours of density profiles (Figure 7) reveal a 
single nighttime deepening sequence in detail. The diurnal step 
at the base of the upper surface layer was a consistent feature 

allowing a surface layer depth to be defined. The deepening of 
the surface layer after sunset (-•0300 UT) was accompanied 
by three large mixing events in the well-stratified zone at the 

base of the surface layer (25 to 50 m), each ihsting several 
hours and separated in time by several hours (0600-0800, 
ii00-i230, i630-1830 UT). Each burst was marked by vigor- 
ous overturning and large values of e (Figure 7b). Between 

bursts the water column restratified (N _• 5 to 7 cph). The 
relatively low value of N (2 cph) at 48 m in Figure 6a was 
temporary, the result of a burst (this profile comes from the 

second nighttime burst in Figure 7). 

Turbulent bursts occurred on most nights (Figure 8). Our 
definition of mixed layer depth (MLD) defines a surface layer 
in which the variation in e was small. Below the surface layer 
during the day, • was smaller than could be displayed on the 
linear scale of Figure 8. In the surface layer at night, steady 
mixing was observed. Below the surface layer, intermittent 
bursts of turbulence were observed every night. These ex- 
tended as deep as 85 m. On at least one occasion (November 
30) a turbulent burst in the well-stratified zone occurred many 
hours past sunrise, extending from 40 to 80 m depth and 
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persisting for 2-3 hours. Above this burst, e was 100 times 

smaller; mixing did not extend continuously down from the 

surface. (Probability density distributions of surface layer e are 

compared to those in the thermocline in section 5). 

Because the mixing bursts lasted several hours and were 

separated by several hours, hourly averages of vertical profiles 

of c resolved the significant mixing events (Figure 9). On sev- 

eral occasions, bursts occurred well past sunrise and did not 

extend all the way to the surface (November 20, 22, and 24, for 

example). Although the surface forcing seems largely to deter- 

mine both the intensity and temporal variability of the mixing, 

there exist significant events which are not directly linked to 

the surface. Thus the coupling to the surface must be indirect 

and suggests an intermediary process not resolved by our 

measurements (we will later suggest the possible role played 

by internal waves). 

4.3. Daily Variability 

To characterize the vertical structure of mixing over the 

diurnal period, 5-m vertical averages of e and N were com- 

puted for each hour of the day, and all those values falling 

within the same hour of day were averaged together (Figure 

10); these will be referred to as •e) and •N). The progression 

of the diurnal step in density is clearly seen in the (N) pro- 

files. At sunrise, the profile of (N) is smooth ((N)-• 1 cph 

near the surface) and no step is present. Three hours past 

sunrise the step is clearly seen. It develops, sharpens, and dif- 

fuses before sunset. Average values of (N) at 10-m depth 

exceed 3 cph by late afternoon. Late afternoon diffusion of the 

density step is likely linked to enhanced mixing observed in 

the upper 15 m. Past sunset the step moved downward, reach- 

ing 20-m depth 4 hours after sunset. 

The full progression of the vertical structure of the mixing 

regime cannot be seen in the (N) profiles. The largest values 

of e were observed below the surface layer, where complete 
restratification between bursts obscured the effect on 

ensemble-averaged (N) profiles. The deepening nighttime 

mixing layer is clearly seen in the (e) profiles (Figure 10). 

Tagging the mixing layer by a threshold level ((e) = 10- ? m 2 

s-3) is instructive. By late afternoon, intense mixing was con- 
fined to a thin layer near the surface. After sunset, mixing 

progressed downward ((e) > 10 -? m 2 s -3 at 20 m at sunset 
and at 60 m by 5 hours past sunset). Below 60 m, only oc- 

casional bursts of turbulence penetrated (Figures 8 and 9) and 

did not have a great effect on ensemble averages. After sunrise, 

(e) values were reduced near the surface, but large values of 

(•) persisted at 40 m and below. Deep, persistent mixing 

events were common (Figure 9); the subsurface peaks in (e) 

were not produced by single events. 

The range in (e) over the daily cycle at 5-m depth intervals 

is demonstrated by examining the transposed data of Figure 

10 (Figure 11). Surprisingly, the diurnal variation in (e) at 

10-m depth was relatively small. By 15-m depth, the diurnal 

signal was clear and was apparent to at least 80-m depth. The 
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Fig. 7. (a Waterfall plot of a, profiles from a single day (November 28) during the experiment. Profiles have been 
offset so that the surface point coincides with the time (UT) of the profile. Sunset was -• 0300 UT, and sunrise was -• 1500 
UT. Time gaps in the series are due to instrumentation problems. The largest gap at 1900 UT coincides with our daily 
conductivity-temperature-depth profile during which microstructure profiling was suspended. Relative a, units are shown 
on the abscissa. Solid circles represent surface layer depth, defined by a 0.01 a t difference from the surface. (b) To the 
waterfall plot in Figure 7a have been added EUC core depth (solid circles; defined by zero zonal current shear) and 
10-m-averaged e for every profile of the day, displaced horizontally to match the a, profiles. Note the coincidence of the 
large and intermittent bursts below the surface layer base with the overturning density profiles. In contrast, e within the 
surface layer is lower level and less intermittent. 

variation in (e) was largest at depths of 50 and 55 m (dynam- 

ic range of 100, compared to 10 at 15 m, 20 at 35 m, and 

decreasing below 55 m). At greater depths, the nighttime in- 

crease in (e) occurred later. Judging onset of mixing by the 

time when (e) first exceeded 10 -7 m 2 s -3 following sunset, 

the lag with depth was approximately 1 hour per 5 m of depth 

to 50 m. Owing to greater variability and lower signal level 

below 50 m, the lag was not so easily quantified, but the daily 

peak in the mixing cycle below 60 m did occur considerably 
later. 

5. STATISTICS OF g 

By increasing the quantity of data, recent technical ad- 
vances in microstructure instrumentation have increased 
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period. The darker line represents the surface layer base. The uppermost series (centered at 10 m) has been averaged over 
7.5 to 12.5 m and may occasionally be contaminated by ship wake or vehicle instability near the surface. Below the surface 
layer, c was considerably more intermittent and exhibited greater dynamic range than within the surface layer. 
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greatly the confidence with which statistical distributions of 

microstructure quantities such as e can be interpreted. For 

example, Oakey [1985] presented data from two upper ocean 

studies, averaged in vertical blocks of 10 to 15 m. Osborn and 

Lueck [1985a] examined a sample population drawn from a 

restricted depth range; 0.25-s estimates (_•0.25 m at their 

nominal speed of 1 m s- •) of variance in measurements made 
using an array of sensors mounted on the research submarine 

USS Dolphin. Osborn and Lueck [1985b] also obtained a 

1700-m horizontal sample (using a towed body) of 6.4-m 

averages of • with a dynamic range of about 1 decade. Shay 

and Gregg [1986] studied two separate convective mixed 

layers in the upper ocean. In each case, reasonable agreement 

of the observed distributions in • with the lognormal probabil- 

ity distribution was found, at least for some part of the distri- 
bution. 

Monin and Yaglmn [1975] argue that in a steady state tur- 

bulent flow, squared fluctuations like • follow a lognormal 

probability distribution. The laboratory and geophysical stud- 

ies reviewed by Monin and Yaglom seem to demonstrate log- 

normal distributions, at least over restricted ranges of the dis- 

tributions. Whether or not the data in a given study were 

found in a steady state situation is difficult to assess. In most 

cases, measurements consist of single-point time series (in the 

laboratory and atmospheric boundary layer) or horizontal or 

vertical space series through a variable mean field (in the 

ocean). The trick is to restrict our attention to a regime that 

we might reasonably expect to be in steady state. The 1700-m 

horizontal patch observed by Osborn and Lueck [1985b] may 

be one such example, although the degree of stationarity of 

the process forcing the mixing is not clear. The convective 

mixed layers observed by Shay and Greqq [1986] were cases in 

which the mixing was driven primarily by the surface buoy- 

ancy flux. In these cases, the variation in dbø was small, and e 
scaled directly with dbø. The data from the convective mixed 
layers seem to exhibit the best fits to a lognormal distribution 

over the full range of the data. 

For the Tropic Heat I data, probability density functions 
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(pdfs) were computed separately for the two regions we have 
defined, surface layer and thermocline. Individual 512-point 

spectral variance estimates of e. (1- to 2-m vertical scale, de- 
pending on vehicle fall speed) were sorted. 

The pdf for the surface layer (10 m-MLD' Figure 12a) is 
characterized by an arithmetic mean tt of 2.3 x 10 -7 m 2 s -3 
and a sample standard deviation a of 3.8 x 10 -7 m 2 s -3 
(a/It - 1.64). Between the surface layer and 85 m (MLD-85 m' 
Figure 12b), Iz = 1.42 x 10 -7 m 2 s -3 and a = 3.94 x 10-7 m 2 
s- 3 (a/l• = 2.78). 

If e is lognormally distributed, then ln(e) is normally distrib- 
uted with expected value /qn• and variance trine 2 [Hines and 
Mont.qotnery, 1972]. These statistics were computed for each 
of the two cases and used to compute the corresponding log- 

normal probability distributions (plotted as dashed lines in 
Figures 12a and 12b). The expected value of e, if lognormally 
distributed, is 

E[e] = exp (/21n e -}- trine2/2) (1) 

Agreement of E[e,] (MLE in Figures 12a and 12b) with the 
arithmetic mean is one indication of agreement with the log- 

2 1 l'for normal distribution. For the surface layer data, Cr]n e -- . 

the thermocline data trine 2 = 4.8. Not surprisingly, the surface 
layer data demonstrate a much better agreement with the 
computed lognormal distribution. However, the surface layer 
data failed a Z 2 goodness of fit test at all levels of significance 
(7.2= 83.2 with 30 degrees of freedom). The problem is with 
the tails of the distribution. If we remove only the outermost 

33 points (of 11,339) in the pdf of the surface layer data (most 
of which represent single occurrences) then the observed data 
fit the lognormal distribution according to a 7.2 goodness of fit 
test at the 75% significance level (7. 2 = 27.9 with 28 degrees of 
freedom). 

The effect of subdividing the data using the MLD as a 

boundary has been to produce one data set (surface layer) in 

which the effect of the diurnal cycle on the distribution of e is 

effectively negated and one (thermocline) in which a strong 

effect of the diurnal cycle remains. Surface forcing (wind and 

nighttime surface buoyancy flux) remained reasonably steady 
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Fig. 12. (a) Probability density of • (circles) over the depth range 10 m to surface layer base (MLD). Every 512-point 

spectral variance estimate of ,: for the entire 12-day experiment was included (11,339 samples in the population). The 

arithmetic mean of In •, lqn•, and sample variance crl,• 2, of the observed distribution were computed and used to construct 
the probability density of a lognormal distribution with •,• and Crin• 2 (dashed line). MLE is the maximum likelihood 
estimator of the mean value of the lognormal distribution shown. Also shown are the cumulative distribution (triangles) 

and cumulative fraction of It, the arithmetic mean of e (squares). The sample standard deviation of • is given by a. In the 
right panel is shown the quantile-quantile (q-q) plot of the observed and lognormal-predicted values of • for a given 

cumulative probability. The straight line (slope - 1) is for a perfect fit of the data to the lognormal distribution. Sample 
variance cr],, 2 = 1.1. (b) As for Figure 12a for the data included in the depth range MLD to 85 m (77,048 samples). Sample 
variance cr•,• 2 = 4.8. 

over the observation period. Surface layer e was correspond- 

ingly steady (a variation of a factor of 2 in daily averages 

compared to a factor of 10 in daily averages from the thermo- 

cline). The small value of erin, 2 indicates that we have defined a 
sample with limited dynamic range and perhaps one that 

might satisfy the steady state condition for which a lognormal 

probability distribution might reasonably represent the data. 

Below the surface layer, the range in e, was much greater. 

Contributing to the pdf are variations on time scales of the 

diurnal mixing cycle and of the turbulent bursts. 

6. HEAT BUDGET 

Before calculating eddy diffusivity and heat flux, we com- 

pared the results of using different methods of estimating these 

quantities from our data. 

6.1. Estimating K h 

The vertical flux of heat due to turbulent mixing is defined 

by 

d• = PCv•w'T' • (2) 

where w' represents the vertical component of the turbulent 

velocity field, T' is the fluctuation temperature and angle 

brackets represent a suitable ensemble average (not usually 

attainable in practice; time averages are generally substituted). 

No direct measurements of (w'T') have been made in the 
oceam so several methods are used to infer the heat flux from 

measurable quantities (see recent reviews by Caldwell [1983] 

and Gre,q•d [1987]). In the early days, the "Cox number" 

method was used exclusively. Its disadvantage is that it re- 
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quires full resolution of the vertical wave number spectrum of 

the temperature gradient. Because of the restricted time re- 

sponse of thermistors, the spectrum can be resolved only by 

limiting the fall speed of the vehicle to give the thermistor time 

to respond. Alternatively, a faster sensor might be used. Nei- 

ther of these was routinely done on the Tropic Heat I cruise 

because a slow fall speed is impractical in the strong equa- 

torial current shear and because no sufficiently fast- 

responding sensor is available that is also reliable enough to 

carry out long-term systematic sampling. Another method of 

estimating the vertical heat flux is based on shear measure- 

ments in the dissipation range. Shear sensors are sufficiently 

reliable and fast enough to resolve the shear spectrum at the 

fall speed required (1 m s-•), so they were used for all of the 

casts. There is, however, some question about the magnitude 

of the coefficient involved in the dissipation method (see 

below). Therefore, microconductivity sensors fast enough to 

resolve the temperature-gradient spectrum were added on a 

subset of the casts in order to evaluate the dissipation method 
and to calculate its coefficient. 

Osborn and Cox [1972] assumed that for steady and lat- 

erally homogeneous turbulent flow, the rate of production of 

temperature variance is balanced by the rate at which temper- 

attire variance is dissipated by molecular diffusion. The re- 

sulting form for an approximation to the eddy coefficient for 
heat diffusion is 

K,• = Z/2(•T/&) • (3) 

where Z = 2tc•{ST',/Sxi)2>, k' is the molecular diffusion coef- 
ficient for heat in seawater, and K h = (w'T'>/(8T/az). Our 
measurements allow us to estimate a single component, 

•(()T'/(Pz)2fi, of <(8 ','• • , T/cxi)- •. We actually estimate Z = 

2x•(•T'/Sz)2} where the value of • lies between 1 and 3, 

depending on the state of isotropy of the turbulence. The 

factor • has not clearly been established [Caldwell, 1983]. 

However, the energetic patches which dominate the mean 

values of turbulence quantities appear to be locally isotropic 
over the high wave number dissipation band [Gargett et al., 

1984]' hence it seems appropriate to use •- 3 for energetic 

cases. A one-dimensional Cox number may be defined by 
C• = ((ST'/Sz)2)/(ST/Sz) 2 so that 

Kh = 3•cC• (4) 

For a limited number of daytime profiles, we employed a 

four-electrode microconductivity probe [Head, 1983]. This 

sensor responds to conductivity fluctuations (due to a combi- 

nation of temperature and salinity fluctuations) at wave num- 

bers of up to 300 cycles m-• [Head, 1983]. The signal was 
filtered at 240 Hz and sampled at 600 Hz for a Nyquist wave 
number of 300 cycles m- • and filter attenuation of 3 dB at 

240 cycles m-• at our nominal fall speed of 1 m s-•. Under 
certain conditions, this permitted full resolution of the temper- 

ature variance spectrum. However, the sensor was noisy, and 
its calibration drifted (more recent versions of the sensor have 

given better results). When the mean temperature gradient was 
large and mixing was energetic, so that the signal-to-noise 

ratio was acceptable, the temperature variance spectrum was 

well resolved, and confidence can be placed in estimates of C x 
(because of sensor drift we have computed the dimensionless 

quantity C x rather than •). In several cases where the mean 

salinity gradient was also large, we observed spectral rises past 

the thermal diffusive cutoff which could be due to salinity 

variance. The scalar spectra of temperature and salinity are 

offset in wave number by the square root of the ratio of mo- 

lecular diffusivities, '-, 10, so that the two spectra may well be 

distinguishable under certain conditions. We found no exam- 

ples, however, of well-resolved salinity variance spectra. 

Another method for estimating K• was developed to take 
advantage of the ability to estimate e in the ocean [Osborn, 

1980]. This approach requires a number of assumptions to 

reduce the turbulent kinetic energy equation to 

P = dr, + • (5) 

where P = (u'w')•U/•z is the rate of production of turbulent 

kinetic energy by the Reynolds stress working against the 

mean shear and do = --g(p'w')/p is the rate of destruction of 

turbulent kinetic energy by buoyancy. Defining K, as 
(p'w')/(•p/c•z) and the flux Richardson number, Rot, as J•/P, 
Osborn obtained the expression 

K. = Rot/(1 -- Rot) •/N • = ?•/N • (6) 

Osborn concluded that the value of 7 is less than 0.2, because 

of laboratory measurements indicating that Rot is less than 
0.15. Recent laboratory measurements by Rohr and Van Atta 

[1987] indicate that 0.2 is a good estimate for ? in stratified 
flows with Ri > 0.1. 

An analogous derivation yields an estimate for the eddy 

coefficient for momentum [Gregg et al., 1985]. The relevant 

form of the turbulent kinetic energy equation is not clear, 

however, if internal waves play a critical role in the dynamics 

of the mixing process, since internal waves can transport mo- 

mentum without transporting mass. This issue has been dealt 

with separately [Dillon et al., 1988]. 

If the scalar mixing can be represented by a single turbulent 

diffusivity, i.e., if K h = Kp, then it follows from (4) and (6) that 

3tog x = 7e/N 2 (7) 

To compare heat fluxes estimated by the Cox number 

method with those estimated by the dissipation method, we 

selected from those profiles which included microconductivity 
measurements 83 eddies of vertical scale 1 to 15 m. We includ- 

ed only those eddies for which (1) the upper and lower bound- 

aries were clearly defined, (2) the mean temperature gradient 

was large enough that the microconductivity probe sensed 

signal above the noise, and (3) • was above the noise level in 

the shear sensors. Most of these eddies came from the region 

below the surface layer (50-90 m) several hours past sunrise. 

For each eddy, the quantities Cx, N, and e were computed. 

(Because the temperature-salinity relation was well defined 

over several hours and because a t was determined chiefly by 

temperature (Figures 5 and 6), the computation of N was 

made from the temperature measurement.) The mean vertical 

temperature gradient and N were computed from the stably 

reordered temperature profile. The resulting best straight line 

fit to the data yields 

•-C:• = (0.1 ___ 0.06)•/N 2 (8) 

Equating the two forms for the eddy diffusivity, 

3•,-C.• = 3(0.1 4- 0.06)e/N 2 (9a) 

or 

0.12 < 7 < 0.48 (9b) 

This result is no better, or no worse, than that obtained by 

Oakey [1982] using a similar method. Osborn's suggested 
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averaged over 0600 to 1800 LT' dashed line) profiles of dq. 

value of 0.2 is within the range of uncertainty and is used here 
to estimate the turbulent heat fluxes. 

6.2. Local Heat Budget, Inchiding 
Turbulent Fluxes 

Cruise-averaged values of K h, estimated as 0.2c/N 2 (Figure 
13; from hourly averages of c and N) decreased approximately 

exponentially with depth from 10 -2 m 2 s -1 at 10 m to 10 -s 
m 2 s-1 at 110 m, which is just above the EUC core. The 
turbulent heat flux 

dq -- --pCvK h dT/dz (10) 

was computed from hourly averages of K h and dT/dz, the 

local water density p, and a nominal value for the specific heat 

of seawater, Cp, of 4000 J kg- • K- • (Figure 13). The turbulent 
flux of her downward from the upper 30 m was approxi- 

mately 80 ¾ m -2. At night (1800 to 0600 local time), the 

averagev •e of dq at 30 m was 115Wm-2, whereas it was 45 
W m -2 :('•' daylight hours. On the other hand, the daytime 

value of dq below 60 m was more than twice the nighttime 
flux, because the deeper mixing events followed sunrise (Fig- 

ures 9 and 10). Over the 12 days of the experiment, the net 

surface flux was - 115 W m- 2, representing a gain of heat by 
the ocean. Seventy percent of that heat was mixed down to 30 

m by turbulent processes, but only a negligible amount pen- 
etrated to the EUC core. 

We computed the heat content per unit surface area in the 

upper 20 m as 

H = pC. {T} dz (11) 
20 

at 12-hour intervals (0600 and 1800 LT). These intervals give 

the maximum day-night difference in the upper ocean. Ima- 

waki et al. [1988] show that the averaged temperature devi- 

ation below 25 m was very small compared with the daily 

temperature variations in the upper 20 m. This gives us confi- 

dence that we have eliminated the vertical motions induced by 

the internal tide in these averages. The time rate of change of 

the heat content, H t, was computed by differencing hourly 

averaged temperature profiles at successive 12-hour intervals, 

Ht --- tøCP ••2o [(T[0600-1- T[1800-1)/(12 hours)} dz (12) 

The local heat budget is 

Ht __ jqO _ jq_ i20 _ tOCp f-)2o [u L + vT), + w•} dz + HD 

i13) 

We have estimated H t, d• and d q ø independently HD repre- 
sents the contribution of horizontal diffusion. Mean values 

over the 12-day experiment are shown in Figure 14. 12o is the 
irradiance penetrating below 20 m. Secchi disk measurements 

on four cloudless days within 2 hours of local noon yielded 

Secchi depths of 22, 24, 26, and 26 m, for an average depth of 

about 25 m. According to Paulson and Simpson [1977], the 
irradiance has fallen to 10% of its surface value at Secchi 

depth. The average value of 12o during our experiment was 19 
W n]- 2 

The sum of advective terms and horizontal diffusion terms 

in the heat balance equation was estimated as the residual of 

the sum of the terms which were estimated directly (Figure 
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Fig. 14. Schematic showing terms in the heat budget estimated 
for the upper 20 m of the water column during the 12 days of the 

experiment. The local rate of change of the heat content, H r was 
computed by differencing the heat content estimated over successive 

12-hour periods (0600 to 1800, and 1800 to 0600 LT) and averaging 

over the experiment. 120 is the irradiance penetrating below 20 m. The 
advective term was estimated as the residual of the other terms. The 

arrow lengths are proportional to the magnitude of each term. 

14). The zonal advective heat flux cools rather than warms 

and cannot account for the increased heat content in the 

upper 20 m. Since temperature gradients are small in the 

near the surface, we have considered the vertical advection of 

heat to be negligible. The advective residual (78 W m-2) may 
be due completely to an influx of warmer water brought by 

the northward moving phase of the 20-day oscillation (Figures 

I and 2). The transect of RSVP profiles from 3øN to 3øS along 

140•W just before the 12-day station indicated a iøC horizon- 

tal temperature change over 100 km in the upper 40 m across 

the equator (warmer to the south [Park et al., 1985]). North- 

ward currents of 50 cm s-• in the upper 20 m accompanied 

the 20-day oscillation [Chereskin et al., 1986]. An average 
northward current of 20 cm s-• over the duration of the 

experiment would be a reasonable estimate. This combination 

yields 

pC•, {vT.v } dz -• 160 W m -2 (14) 
-20 

which is sufficient to account for the advective residual. At 

20-m depth, the surface heat flux d q0 is nearly balanced by the 
sum of d q and •20- Ht, then, is nearly equal to the advective 
contribution. It is possible that the southward moving phase 

of the 20-day oscillation contributes an equal amount of cool- 

ing, so that the net advection becomes insignificant when 
averaged over a full cycle of the oscillation. 

7. 8 AND Ri 

One of the goals of the Tropic Heat program was the devel- 

opment of a relationship between turbulent mixing and quan- 

tities that are more easily measured. Such a relationship 

would be important (1) for observations, to make possible the 

estimation of turbulent fluxes from, for example, mooring 

data, and (2) for models, to provide subgrid-scale parame- 

terization of turbulent processes. The common hypothesis is 

that mixing is related to the gradient Richardson number Ri, 

the ratio N2/S 2 of the squared buoyancy frequency to the 
squared shear magnitude. Because a value of Ri of 1/4 is an 

instability threshold of the Taylor-Goldstein equation [Miles, 

1961], it is often assumed that mixing results when Ri drops 

below 1/4 (some ocean measurements have suggested a lower 

threshold [Eriksen, 1978]). Specifically, modelers would like to 

know the vertical transports of heat and momentum due to 

turbulent mixing. An estimate of the eddy coefficient for verti- 

cal heat flux due to turbulence and the corresponding turbu- 

lent flux was discussed in the preceding section. The method 

requires estimates of e and N. Since N is usually calculated in 

models, or measured by moored sensors, the most general 

approach we can take is to attempt a parameterization of e so 

that the calculated or measured N might be used. 

We have estimated Ri over various vertical scales (12 m in 

Figures 5 and 6) from the Tropic Heat data and compared the 

results with estimates of e. Since ADCP velocities require time 

averaging to improve the signal-to-noise ratio [Chereskin et 

al., 1986], we have chosen 1-hour averages of both Ri and e 

for comparison. 

The spatial sampling of S was quite different from that of N 

and e. N and e were calculated by averaging 6-10 profiles, 

acquired as the RSVP followed a vertical path, whereas S was 

calculated by vertically differencing ADCP profiles, the spatial 

averaging of which is complex. The ADCP return signal was 

averaged vertically over 12 m by the convolution of two gates, 

the range gate (6.2 ms) and the pulse length (20.4 ms). Hori- 

zontal averaging was included automatically in proportion to 

both the distance from the source (depth) and the cotangent of 

the angle of beam orientation. Any relationship between Ri 

and e must be considered in light of these limitations. The 

noise in 10-min-averaged ADCP velocity estimates was 1 cm 
-1 

s 

We averaged ADCP shear vertically over 24 m. Hourly 

averages of N and e (at 6-10 profiles per hour) were averaged 

vertically to match. Since the spatial scale of these averages is 

much larger than the scales of most turbulent eddies, we 

cannot address the physics of discrete mixing processes. In the 

following we examine the relationship between Ri and e on 

scales which may be useful to equatorial modelers and obser- 

vationalists; we also discuss the caveats associated with such a 

relationship. 

The hourly, 24-m-averaged estimates of Ri and e (Figure 15) 

covered four vertical bins: [27-51 m], [51-75 m], [75-99 m], 

and [99-123 m]. Because we expect that the mixing processes 

are completely different in the low N region near the surface 

from those in the stratified zone below, we excluded most of 

the data from the upper surface layer by starting at 27 m. The 

largest values of Ri in Figure 15 appear mostly in the bottom 

bin, accompanied by the smallest values of e. For Ri < 0.7, the 

dynamic range in e extends over 3« decades, from < 10 -9 m 2 
s -3 to >10 -6m 2 s -3 

Several tests were made to determine the effect of varying 

the averaging scheme: 

1. Averaging time was varied from 1 hour through 2, 6, 12, 

24, and full-station averages for the 12-day observation 

period. The effect was to reduce the dynamic range in e, 
though not significantly in Ri. Averages of e. over fixed ranges 

in Ri did not change significantly, and the conclusions drawn 

in the discussion to follow would not change. 

2. Vertical averaging was varied from 12 m through 24, 48, 

and 96 m. This effect was considerably more important, both 

in pushing the cutoff value to higher Ri and in changing the 



2018 MOUM ET AL.' MIXING IN EQUATORIAL SURFACE LAYER 

0 -5 

C• 6 
.. 

.-:*-:•,t:' ß ... 
ß '.*A•l .. . ß ß .. 

:.-..•J.•5 7 ß 
.'. •.:::½.'. :,,. ß . '. 

::•'• ;. .. ß ß ..i•L•.." • '.:: ' , , 
ß .•c...?. ß . •. •..' a. ' 

;œ7• %': ß" .:. ß ß 
•..•..:.. •.... . ...' 

ß . %.• •'". 

.. '•..:.: •;•:.: 
ß .'.?}. ... 

{•1o 

Ri 

[rig. 15. Gradient Ri versus e averaged to match scales of 24 m in 
depth and 1 hour in time for the entire 12-day observation period. 

averaged e in a given bin (i.e., the vertical variation was great- 

er than the time variation). 

The Ri-•, plot seems to represent a two-state process (Figure 
15). The distribution of •, at small Ri is distinctly different from 

the distribution at large Ri. To choose a cutoff Ri, Ri c, that 

represents the boundary between the two distributions, 

averages of •, for all Ri > Ric were plotted versus Ri• (Figure 

16). The best choice of Ri• is clearly Ri• = 0.7 + 0.05. 

Given a value for the Richardson number computed with 

the averaging described above, how do we best infer a value of 

•,? Our measurements suggest that we cannot with certainty 

predict •, from Ri. These measurements do suggest that if Ri 

exceeds Ri c, •, is selected randomly from the distribution of 

Figure 17b, whereas if Ri is less than Ri•, then • is selected 

randomly from the distribution plotted in Figure 17a. At this 

point there is no indication of the degree of generality either of 

this concept or of the parameters involved (the value of Ric or 
the distributions themselves). 

A possible method of obtaining Kh, then, might simply be to 

use the mean values of e. corresponding to Ri•. For example, 

for Ri < 0.7, e. = 9.2 x 10 -8 m 2 S -3 and K h = 1.8 x 10-8/N 2 
m 2 s -1. For Ri > 0.7, e. = 6.6 x 10 -9 m 2 s -3 and K h = 1.3 
x 10- 7/N2 m 2 s- ] 

Excluded from this discussion is a determination of the dy- 

namics which drive the turbulence. Although the most ener- 

getic mixing occurred only at small Ri, we frequently observed 

10 -7 

ß 

v•vvv ß 

•' ' R/ > R/½ 

0-• IO ø IO 

Ri 
c 

Fig. 1(5. ^vcragcd •. as a function of Ri as an upper bound. All of 

the •: values in Figure ]5 less than a given Ri have bccn averaged 
together. Wc use this computation to determine a cutoff 
which defines two distinct populations. 

instances of small Ri and small •. Although small Ri is a 

condition necessary for mixing, the rate of mixing (magnitude 

of •.) must depend on the direct forcing of the turbulence at the 

time and place of the measurements. Hence with no further 

understanding of the forcing, it is impossible to generalize our 
result. 

8. DISCUSSION 

8.1. Diurnal SmJhce Layer 

Although changes in the thickness of the diurnal surface 

layer closely followed changes in the direction of the surface 

buoyancy flux (Figure 9), averaged values of e in the surface 

layer were 3 times those expected in a purely convective mixed 

layer (Table 1). Whereas in the convective layers discussed by 

Shay and Gregg [1986], two from the ocean and one from the 

atmosphere, estimates of the ratio of the dissipation to the 

surface buoyancy flux lay between 0.61 and 0.72, in the Tropic 

Heat I surface layer that ratio was approximately 2.2. Fur- 

thermore, daily variations in surface layer e were not corre- 

lated with variations in the nighttime buoyancy flux (Table 2; 

this is a fair comparison, since the sqrface layer was almost 
always less than 10 m when Jb ø < 0). We conclude that this 
layer was not driven primarily by convective forcing. 

Daily variations in surface layer e were, however, correlated 

with the wind stress r. To parameterize the production term in 

the turbulent kinetic energy budget, we have computed the sea 

surface friction velocity u, = (r/p) •/2 and the velocity shear 
between current meters at 10- and 25-m depth at mooring T44 

[Chereskin et al., 1986] and have used 

u • dU/dz = (u'w')dU/dz (lS) 

TABLE 2. Correlation Matrix of Daily Averages in Table 1 

I0 l07 e85 MLD, 107 Jb ø, W l07 u, 2 dU/ 107 eML D , 
W kg -1 W kg -1 kg -1 r, N m -2 dZ, W kg -• 

•o 1 0.42 (_+0.37) 0 17 (_+0.21) 0 63 (_+0.18) 0.44 (_+0.24) EML D ß . 

t•5 LD 1 0.29 (-+0.30) 0.71 (_+0.15) 0.54 (_+0.23) 
Jb ø 1 0.50 (_+0.18) 0,07 (-+0.51) 
r 1 0.49 (-+0,21) 

u, 2 dU/dZ 1 

Correlation coefficients were computed using the nonparametric bootstrap method: 1000 samples of 
size 12 were drawn with replacement from the parent population and statistics computed. The 
correlation coefficients are expressed as the mean value of the bootstrapped coil'elation coefficient (+ 1 
standard deviation of the mean). 
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Fig. 17. (a) DistribUtion of e, in the Ri < 0.7 range for the data in 
Figure 15. The mean value is approximately 10 -7 m 2 s -3. The verti- 
cal dashed line is the mean value. The leftmost dashed line represents 
the cumulative fraction while the other dashed line represents contri- 

bution to the mean. (b) Distribution of c in the Ri > 0.7 range for the 
data in Figure 15. 

to estimate the shear production of the turbulence. This esti- 

mate requires the surface layer to be a constant stress layer, an 
assumption for which we can offer no verification. The cruise- 

averaged value of u, 2 dU/dz was 5 times larger than the 
cruise-averaged surface layer e (Table 1). Therefore either u, 2 
was not representative of (u'w'} (that is, the surface layer was 
not a constant stress Ihyer), or else the energy was carried off 
by other processes (for example, by internal waves radiated 

from the base of the mixed layer). Experimental studies 
[Thorpe, 1973; Linden, 1975' Kantha, 1979] indicate that in- 

ternal waves generated in the mixed layer can effect a con- 
siderable energy flux out of the mixed layer. Calculations by 

Bell [1978] indicate that internal waves generated by such a 

mechanism can grow at the expense of the mean current shear. 

Unfortunately, we cannot estimate the internal wave energy 
flux with the available measurements. 

8.2. Thermocline 

The nature of the turbulence below the surface layer was 

markedly different from that in the surface layer. The turbu- 

lence below was highly intermittent, dominated by energetic 
bursts persisting for 2-3 hours and separated by several hours. 

The bursts began late at night and persisted many hours past 
sunrise. We suspect that the bursts were related to internal 

wave• generated at the mixed layer base that radiate energy 
downward. The process would be similar to those observed in 

the laboratory studies and model calculations mentioned 

above. There is one clear example of breaking internal waves 
in towed thermistor chain measurements from our north- 

south transect in November 1984. Towed thermistor chain 

data show an energetic patch of breaking internal waves at 

night at 1.4øN [Mourn et al., 1986a-I. Characteristic scales of 

the wave packet were 15 m in vertical displacement and 500 m 

in horizontal wavelength (N--5-8 cph). RSVP profiles 

through the patch indicated a patch-averaged e of 10 -6 m 2 
s-3. There is also evidence for a diurnal cycle in internal wave 

activity from towed thermistor chain measurements and 

longer-term moored measurements (C. A. Paulson, personal 

communication, 1985). Unfortunately, the period of the inter- 

nal waves is too short for them to be resolved by the RSVP 

casts, and the thermistor chain was not deployed on station 

(since the towed thermistor chain requires a mean flow for 

stability). Therefore we cannot verify our speculation that tur- 

bulent bursts below the surface layer were associated with 

breaking internal waves. 

If the bursts are signatures of internal waves and each burst 

indicates a generation event, why does the equatorial ocean 

not maintain a constant level of internal wave activity? A 

possible explanation is that they break soon after generation, 

losing their energy locally to turbulent dissipation. The poten- 

tial energy of the waves can be estimated from the local strati- 

fication and vertical displacement, cj. In the energetic patch 
observed in the towed thermistor chain measurements, N was 

0.01 s-• and cj was 15 m. The internal wave energy may be 

approximated by N2• 2 and the decay time for the internal 
wave field estimated as 

*:el = N2•2/e '•' 6 hours 

This estimate is approximately 100 times smaller than com- 

parable estimates for open ocean thermoclines J-Lueck et al., 

1983; Mourn and Osborn, 1986]. Even though the equatorial 

internal waves are more energetic, they dissipate far more rap- 

idly. 

9. SUMMARY 

For 12 days in late November 1984, meteorological con- 

ditions were relatively constant, with nearly cloudless skies 
and a wind stress that was never less than 0.05 N m -2 nor 

more than 0.15 N m -2 for more than a few hours. Large-scale 
currents and hydrographic fields were altered only by the pas- 

sage of a pulse of thermocline deepening and by the near- 

surface meridional current associated with the 20-day wave. 

As a result, we were able to observe the response of the upper 

equatorial ocean to diurnal stimuli under fairly similar con- 

ditions. Our observations covered the weakly stratified surface 

layer, the thermocline above the EUC core, and the region of 
the core. 

As was indicated in preliminary analyses, the main source of 

temporal variability was the diurnal cycle in surface buoyancy 

flux (there was no significant diurnal cycle in wind stress). In 

the daytime, when solar insolation dominated the buoyancy 

flux, turbulence was suppressed. At night, turbulence in- 

creased, especially in the thermocline below the weakly strati- 

fied surface layer and above the EUC core. In this region, 

turbulence appeared to propagate vertically at 5 m h- • and 
sometimes persisted past daybreak. Mean values of e were 
almost a factor of 10 smaller in the afternoon than the maxi- 

mum values observed (at sunrise). 

Three regimes were identified in which the behavior of e was 

quite different: 

1. In a weakly stratified region at the surface, active turbu- 

lence was present at all times. The thickness of this region, 

defined by the density step at its base, varied from less than 10 

m during the day to more than 35 m on windy nights. 
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2. In the highly stratified region below the surface layer 

and above the EUC core, turbulence was highly intermittent. 

It tended to occur in bursts, at night or in the early morning. 

Ri was almost always low, but e varied greatly. 

3. In the region near the low-shear core of the EUC, the 

stratification was generally strong, Ri was almost always high, 

and e was nearly always small. 

Other sources of time variability in the mean field may have 
affected the turbulence: 

1. The 4-day pulse of lowered thermocline depth decreased 
the vertical current shear and increased Ri above the EUC 

core; e also decreased. However, at the same time the winds 

were exceptionally low, and meridional current speeds were 

unusually small, so the cause of lowered e cannot be clearly 
identified. 

2. The upper 50-m meridional current, which was weak in 

the first few days, became strong in the northward direction 

midway through the experiment. The vertical structure of this 

current identifies it almost certainly as the 20-day tropical 

wave. Changes in turbulence activity may have been related to 

this motion. (This wave had very little effect on the zonal 

current.) 

In the surface layer and in that part of the thermocline 

above the EUC core, the heat was carried vertically primarily 

by turbulent diffusion (70%) rather than by irradiance. In the 

core the vertical heat flux was very small. The increased heat 

content in the upper layers was of the magnitude estimated for 

the heat advected from the south by the northward flowing 

meridional current associated with the 20-day wave. 

The proper parameterization of e or of turbulent transport 

coefficients is not obvious from our data. There is no sign of a 

functional dependence of e on Ri. From our data, we found 

that the best description of the relationship of Ri and e in the 

thermocline was as follows: for Ri > 0.7, • had a mean value 

of 6.6 x 10 -9 m 2 s -3 with a standard deviation of 1.4 x 10 -8 

m 2 s -3, whereas for Ri < 0.7, the mean value of e was 9.2 
x 10 -8 m 2 s -3 with a standard deviation of 1.7 x 10 -7 m 2 
-3 

S 

Peters et al. [1988], using similar data, interpreted a rather 

different relationship. They also found a division between re- 

gimes, with a boundary at Ri = 0.4. At lower Ri they found a 

steep dependence of e and turbulent transport coefficients on 

Ri (as Ri -9'6 for K h, for example). At higher Ri they found a 
gentle dependence. We cannot justify these forms on the basis 

of our data. Their data were obtained 20 km away, during the 

last 4.5 days of our observation period, with very similar but 
not exact methods. 

Although the conditions necessary for mixing may well be 

indicated by a critical value of Ri, the magnitude of • must 

depend on the direct forcing of the turbulence at the specific 

time and place of the mixing event. Therefore (and contrary to 

the opinion of Peters et al. [1988]), we feel that the quest for a 

simple Ri parameterization of turbulent mixing is doomed 

because it does not address the necessary physics of the prob- 
lem. 
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