
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO. C4, PAGES 6881-6898, APRIL 15, 1995 

Turbulence variability at the equator in the central 
Pacific at the beginning of the 1991-1993 E1 Nifio 

• M. C. Gregg 1 and J. N. Moum • R.-C. Lien, 1 D. R. Caldwell, , 

Abstract. A 38-day, 5990-cast microstructure study on the equator performed 
during the onset of the 1991-1993 E1 Nifio shows the effect on small-scale activity 
at 140øW of an equatorial Kelvin wave. By using two ships, data were taken 
continuously from November 4 to December 12, 1991, near the National Oceanic 
and Atmospheric Administration Pacific Marine Environmental Laboratory mooring 
at 0øN, 140øW. The ships occupied the station sequentially with a 3.5-day overlap 
for intercalibration. Variability in currents was observed on tidal periods, and 
periods of 4 days (presumably equatorially trapped internal gravity waves), 8 days 
(cause unknown), 20 days (tropical instability waves), and longer (Kelvin waves). 
Variation in water structure occurred most prominently on the timescale of Kelvin 
waves. The diurnal cycle typical of that location was observed: nocturnal deepening 
of the surface mixed layer was accompanied by a "deep cycle," bursts of turbulence 
penetrating into the stratified region below the nighttime mixed layer. During the 
observational period, one Kelvin wave trough and one crest passed through the site. 
Changes accompanying the phase change in the Kelvin wave included a reversal 
of the near-surface current, a deepening of the thermocline, and a change of water 
mass. Changes in small-scale activity included a tenfold decrease of the thermal 
dissipation rate and a fourfold decrease of the rate of heat transport downward 
from the mixed layer. The nighttime mixed layer deepened from 30 to 60 m. The 
thickness of the stratified region in which nocturnal turbulence bursts occurred, 
the deep cycle region, thinned from 40 to 20 m because it was confined between 
the bottom of the nighttime mixed layer and the low-shear region near the core of 
the undercurrent. The decrease in downward heat flux observed at this passage of 
the downwelling Kelvin wave front could explain the rapid sea surface temperature 
(SST) increase seen at E1 Nifio onsets. The magnitude of the change in vertical 
flux is similar to the magnitude of the change in horizontal advection. This process 
would produce a warmer SST much more quickly than could the advection of warm 
waters eastward. 

1. Introduction 

Because small-scale mixing of momentum and heat 
is crucially important to the dynamics of the equato- 
rial current system [Philander and Pacanowski, 1980], 
a series of intensive microstructure expeditions was un- 
dertaken to the equatorial Pacific at 140øW in the 
1980s. First, in November-December 1984, as part 
of the TROPIC HEAT experiment, simultaneous mea- 
surements were made by two groups on separate ships 
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[Chereskin e! al., 1986; Took e! al., 1987; Peters e! 
al., 1988, 1989; Mourn e! al., 1989]. At this time the 
strong diurnal variability of turbulence near the equator 
was discovered, along with the "deep cycle" of bursts of 
turbulence that occurs nightly (when surface forcing is 
strong enough) between the base of the mixed layer and 
the core of the Equatorial Undercurrent (EUC) [Mourn 
and Caldwell, 1985; Gregg e! al., 1985]. This deep cycle 
may be related to intensified high-frequency internal- 
wave activity at the base of the mixed layer [McPhaden 
and Peters, 1992; Mourn e! al., 1992a,b; Hebert et al., 
1992]. A second set of cruises took place in March- 
April of 1987 [Peters e! al., 1991; Hebert e! al., 1991a,b]. 
Then, surface forcing was less intense than in 1984, the 
EUC was recovering from an E1 Nifio event, winds were 
light, and turbulence was less intense. 

One hypothesis that was tested on these cruises was 
the idea that turbulence is much stronger within a frac- 
tion of a degree of the equator than in surrounding wa- 
ters [Crawford and Osborn, 1981]. Testing this hypoth- 
esis was complicated by strong temporal variability, es- 
pecially diurnal, and by the ocean's response to vari- 
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ability in atmospheric conditions [Moum ½! al., 1986; 
Peters e! al., 1989; Hebert e! al., 1991a]. It was con- 
cluded that turbulence is indeed enhanced, especially in 
the thermocline, but in a wider region, a region com- 
parable in meridional extent to the extent of the EUC. 
Because of the complications, this result may not be 
clear in individual transects [Hebert e! al., 1991a]. 

Another puzzle was added by a calculation showing 
that vertical turbulent transport was not sufficient to 
close the zonal momentum budget in 1984 [Dillon e! al., 
1989]. Was the missing momentum carried by internal 
waves? Is this process related to the deep mixing cycle? 
In 1987, turbulent transport was sufficient to close the 
budget [Hebert e! al., 1991b]. Is the difference between 
1984 and 1987 due to the fact that surface forcing was 
much weaker in 19877 Is it related to the observation 

that the deep mixing cycle was weak in 19877 
In November-December 1991 the two groups return- 

ed to the site for the third time, as part of the "Tropi- 
cal Instability Wave Experiment (TIWE)" to study the 
effects on turbulence and mixing of the 20- to 30-day 
tropical instability waves seen in satellite measurements 
of sea surface temperature [Legeckis, 1977], in currents 
[Halpern el al., 1988], and in numerical model simula- 
tions [Cox, 1980]. 

Tropical instability waves are believed to be gener- 
ated by an instability in the meridional shear of the 
equatorial currents [Philander, 1978]. They are usu- 
ally strong in the northern hemisphere fall but tend 
to diminish with the onset of an E1 Nifio [Halper• et 
al., 1988]. (The expedition that furnished the data de- 
scribed herein took place a year after the large-scale 
portion of the TIWE was executed in the northern 
hemisphere fall of 1990.) 

In 1991, to maintain a station long enough to observe 
two cycles of the tropical instability waves, two ships 
were used, Wecoma (Oregon State University group), 
and Moana Wave (University of Washington group). 
Each ship was on station at the equator at 140øW for 
3 weeks, with a 3.5 day overlap period for intercalibra- 
tions [Mourn et al., 1994]. Thus a 38-day period was 
covered, from November 4 (Julian day 308) to Decem- 
ber 12 (day 346), 1991. It turned out that tropical 
instability waves, which had been strong as usual at 
this time of year before our arrival at the equator, were 
suppressed during the observational period, which was 
coincident with the beginning of the E1 Nifio of 1991- 
1993 [McPhaden, 1993]. 

A series of Kelvin waves propagated across the Pacific 
during the latter part of 1991 [Kessler el al., 1995]. The 
passage of one of the strongest Kelvin waves through the 
site decreased the shear and stratification toward the 

latter part of the observational period. These changes 
in turn modified the small-scale physics. Because trop- 
ical instability waves were weak and the Kelvin wave 
was strong, the observations described herein recorded 
the response of the upper ocean to the passage of a 
Kelvin wave at the beginning of an E1 Nifio to a greater 
extent than they recorded the ocean's response to trop- 
ical instability waves. In this paper we present the data 

obtained on these cruises, along with an attempt to 
connect the small-scale observations made on these and 

previous cruises with large-scale influences. 

2. Normal Background Conditions at 
140øW 

Seasonal and interannual variations of surface winds, 
ocean temperatures, and currents on the equator at 
140øW were documented by McPhaden and McCatry 
[1992] using Pacific Marine Environmental Laboratory 
(PMEL) long-term mooring measurements from 1983 
to 1991. The surface wind stress is about 0.06 Pa in the 

boreal winter and about 0.04 Pa in the boreal spring and 
summer. The sea surface temperature (SST) is about 
25øC in the boreal winter and about 26øC in the boreal 

summer. The dominant flows in the upper central equa- 
torial Pacific are the South Equatorial Current (SEC) 
and the Equatorial Undercurrent (EUC). They are both 
seasonally modulated, as well as being modulated in- 
terannually by E1 Nifio-Southern Oscillation (ENSO) 
events. The SEC flows westward in boreal winter but is 

replaced by an eastward flowing surface current in bo- 
real summer. The eastward flowing EUC is stronger in 
boreal summer. In November and December the normal 

SEC flows westward at 0.2 rn s- • in the upper 40 m and 
the normal EUC flows eastward with a speed of about 
i m s -• with its core at 120 rn depth. 

In years with no E1 Nifio, tropical instability waves 
superimpose meridional velocities much larger than the 
mean on the current pattern. For example, although 
the 1983-1991 mean meridional current was less than 

0.04 rn s- • southward in the upper 50 m, superimposed 
on it in 1990 were 20-day meridional current oscillations 
greater than 0.4 rn s -•. 

3. Background Conditions at 140øW, 
June 1990 to June 1992 

In the boreal fall of 1990 the surface wind stress was 

about 0.07 Pa, slightly stronger than its climatological 
mean (Plate 1). SST varied between 25øC and 26øC. 
The SEC flowed westward in the upper 60 m, and the 
EUC declined in strength from its summer intensity. 
The meridional velocity showed six cycles of 20- to 30- 
day tropical instability waves in the upper 100 m with 
an amplitude about 0.4 rn s -• (Plate 1). 

In the spring and summer of 1991, wind stress, SST, 
and currents repeated their normal non-ENSO seasonal 
cycles; the wind stress decreased slightly, SST increased 
to about 28øC, the SEC was replaced with an eastward 
flowing current, the EUC increased its intensity, and 
the tropical instability wave disappeared. 

In the boreal fall of 1991, however, the normal non- 
ENSO cycle did not continue. Although SST decreased 
as usual until the middle of September, it then rapidly 
increased from 25øC to 28øC. The SEC appeared be- 
tween July and mid-September accompanied by two cy- 
cles of tropical instability waves. But in September, 



LIEN ET AL' EQUATORIAL TURBULENCE AND KELVIN WAVES 6883 

15.. 0.1 J 11, J "-10.1 
ß 

t..-, o.o ...... L• 
3O 

28 28 

26- ' ,. 26 

24 r- , , .... I .... 24 

o 

.,-, lOO 

• ! 

150 i 
200 ' 

125 

100 

75 

50 

25 

0 

-2..5 ,-.... 

L_ 
o 

5o 

-,:lOOt I: 
150 

200: 

July 
1990 

1 

Jan July Jan June 
1991 1992 

4O 

-20 > 

-4O 

Plate 1. (top to bottom) Long-term plots of surface wind stress, sea surface temperature (SST), 
zonal currents with eastward velocities positive, and meridional currents with northward velocities 
positive. Tropical instability waves appear as vertical red markings which denote large northward 
current. The period of Tropical Instability Wave Experiment (TIWE) small-scale measurements 
is denoted by the yellow sections of the wind stress and SST. These data were taken by the 
mooring maintained by the National Oceanic and Atmospheric Administration (NOAA) Pacific 
Marine Environmental Laboratory (PMEL) at 0øN, 140øW [McPhaden, 1993]. Currents were 
measured with an acoustic Doppler current profiler (ADCP). 

surface current flowed eastward and the tropical insta- 
bility waves were suppressed while the SST rose. The 
eastward speed of the EUC dropped to less than 0.25 
m s -z in December 1991 and in February 1992. 

Both the abnormal SST and the current anomalies 

were associated with the 1991-1993 E1 Nifio [McPhaden, 
1993]. During the E1 Nifio onset, four Kelvin waves, 
identified by the depression of 20øC isotherm depths, 
crossed the Pacific (Plate 2). The constant-phase line 
indicates that their origin lay in the western Pacific (W. 
S. Kessler, personal communication, 1994). At 140øW 
the 20øC isotherm depths increased from 120 m to more 
than 160 m during the passage of the second and third 
Kelvin waves. Our measurements began in the trough 
following the first wave and extended past the crest of 
the second. (At the "crest" of a Kelvin wave the ther- 
mocline is depressed and wave currents flow eastward 
at the surface [Ramage, 1986].) 

4. Measurements 

Wecoma was on station from November 4-25 (days 
308-329), Moana Wave from November 21 to December 
12 (days 325-346). A schematic diagram (Figure 1) 
shows the platforms and measurements. 

Measurements from Wecoma included the following: 
(1) Microstructure temperature, conductivity, and shear 
in the upper 200 m, using the profiler CHAMELEON. 
(2) Current measurements from a ship-mounted 153 
kHz acoustic Doppler current profiler (ADCP). (3) Me- 
teorological measurements from a suite of instruments 
aboard ship, e.g., air temperature, humidity, short- 
wave, and long-wave radiation, SST, and winds. (4) 
High-frequency current measurements from a sideways- 
looking ADCP hanging 35 m below the ship. (5) High- 
frequency temperature measurements recorded by two 
thermistor chains, one hung from the bow and the 
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Plate 2. The depths of the 20øC isotherm across the equatorial Pacific during the onset of the 
1991 E1 Nifio. The thick solid curve on top of the contour represents the zonal wind speed at. 
165øE. The horizontal green box indicates the longitude and time of the TIWE measurements. 
The tilted lines mark constant phase lines of Kelvin waves. (Courtesy of W. Kessler) 

other hung near the stern (M.D. Levine and J. N. 
Moum, Detailed observations of an equatorial internal- 
wave packet, submitted to Joumal of Ph!/sical Oceanog- 
raphy, 1995). 

Measurements made from Moana Wave included the 

following: (1) Microstructure temperature, conductiv- 
ity, and shear in the upper 200 m, using the Advanced 
Microstructure Profiler (AMP). (2) Current measure- 
ments from a ship-mounted 153 kHz ADCP. (3) Me- 
teorological measurements from a suite of instruments 
mounted on a special tower constructed on the bow, 
e.g., air temperature, humidity, short-wave, and long- 
wave radiation, SST from a tube floating on the ocean 
surface, wind, and precipitation. Also, atmospheric 
profiling was performed [Chertock et al., 1993]. 

To provide a context of longer-term measurements, 
the ships stayed near the long-term National Oceanic 
and Atmospheric Administration (NOAA) PMEL moor- 
ing at the site. The mean distance from the buoy to 
Wecoma was 3 km; to Moana Wave, 3.6 km. The max- 
imum distance from the buoy to Wecoma was 10 km; 
to Moana Wave, 8.4 km. Besides its normal long-term 
measuring capability, the mooring was outfitted with a 
fast responding thermistor string. 

A total of 3918 CHAMELEON casts and 2072 AMP 

casts was made. Rather than attempt to maintain a 
fixed schedule for casts, the maximum amount of data 
was obtained by releasing the instruments to descend 
again immediately after each recovery as long as they 
were working satisfactorily. (This procedure is safer for 
the instruments than holding them near the surface or 
bringing them on deck.) Because of the occasional ne- 

cessity of repairs and delays caused by other operational 
difficulties, the resulting time series of profiles was an 
unevenly sampled one. 

The turbulent kinetic energy dissipation rate e was 
estimated by the usual method of sensing small-scale 
shears from the freely falling profilers. Because of the 
importance of this quantity, a careful comparison of e 
estimated by the two groups during the 3.5-day overlap 
period (November 21-25, days 325-329) was conducted. 
It revealed no systematic bias between the measure- 
ment systems, although short-term differences caused 
by the natural spatial variability of the ocean did ap- 
pear [Mourn et al., 1995]. 

During earlier experiments at this site, profiling was 
limited to the region above the EUC core (about 120 m) 
because cable drag in the strongly sheared currents 
slowed descent and caused strong vibrations [Peters et 
al., 1988]. During TIWE, two modified AMP profilers 
were used which easily penetrated below the EUC core. 
Instrumental noise due to the vibration of the profilers' 
hulls was moved out of the signal band. Modification of 
CHAMELEON allowed it also to profile usefully below 
the core. 

The ADCP measurements were described in detail by 
Lien et al. [1994]. The vertical resolution for velocity 
was approximately 7 m for Wecoma measurements and 
approximately 4 m for Moana Wave. The resolutions 
for shear were 14 m and 8 m, respectively. 

From Wecoma, surface fluxes were estimated by bulk 
formulas. From Moana Wave, surface wind stress and 
latent and sensible heat fluxes were estimated by one 
of three methods, the covariance method, the inertial 
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Figure 1. TIWE experiment and measurements. Oregon State University (OSU) measurements 
were taken from R/V Wecoma, and University of Washington measurements were taken from 
R/V Moana Wave. The current meters and MTRs are part of the NOAA/PMEL long-term 
mooring. 

dissipation method, and bulk formulas. At times when 
all three methods produced good data, the median of 
the three estimates was used. 

To simplify some of the analysis, data were grouped 
by hours and averaged. For example, the data from all 
microstructure casts within 1/2 hour of each hour were 
averaged. For only 41 hours out of a total of 915 hours 
were there no casts available. Individual profiles were 
used in calculations for which error might be introduced 
by the hourly averaging process, the calculation of heat 
flux out of the mixed layer, for example. 

5. Surface Forcing and Large-Scale 
Ocean Conditions, November/December 
1991 

5.1. Atmospheric Conditions During the 
Microstructure Station 

Both air and sea surface were warmer by 2øC than cli- 
matological means, with diurnal variations of 0.5øC in 
the air and 0.3øC in SST (Figure 2). The wind remained 
southeasterly and easterly throughout. The average 

wind stress, 0.07 Pa, was comparable to the monthly 
mean at this location and season. Spectra of the wind 
stress and its components showed dominant variance at 
frequencies smaller than 0.01 cph (not shown). Vari- 
ability in the zonal component was about three times 
greater than variability in the meridional component. 
There was no significant diurnal variation of the wind 
stress. At night the surface buoyancy flux was domi- 
nated by the latent heat flux. 

5.2. Currents and Shear 

During the experiment, both the SEC and the EUC 
showed significant variations (Plate 3). Between Nov- 
ember 4 and 16 (days 308-320) the EUC flowed at 0.8 
m s -1, less than its climatological mean (1.0 m 
Its core was at 120 m depth. The speed of the SEC was 
similar to its climatological mean. The EUC acceler- 
ated to more than 1 m s -1 between November 24 and 

December 4 (days 328-338), and the westward flowing 
SEC disappeared. Between December 5 and 11 (days 
339-345) the EUC core became vertically diffuse and 
the surface current flowed eastward at a speed of 0.4 

-1 
ms . 
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Figure 2. Meteorological measurements during the pe- 
riod of small-scale measurements. (top) Air tempera- 
ture (not available between days 310 and 324 because 
of a sensor malfunction) and "sea surface" tempera- 
ture (SST). From day 308 to day 328 the sea surface 
temperature measurements were taken at about i m 
depth (from the Wecoma), whereas for the remainder 
of the period the sea surface measurements were taken 
by a sensor floating on the sea surface (from the Moana 
Wave). (middle) Wind stress. (bottom) Total buoy- 
ancy flux, including short-wave and long-wave radia- 
tion and latent and sensible heat fluxes. Times of local 

darkness are indicated by the solid stripes on the plots. 

The most prominent peak in meridional velocity spec- 
tra had a 4-day period (Figure 3). Four-day oscillations 
might be related to the equatorially trapped inertial 
gravity waves first identified in sea level records [Wun- 
sch and Gill, 1976]. In the upper layer the spectral 
level of the meridional velocity at 20-day period may 
be related to tropical instability waves. The 4-day and 
20-day waves have rms amplitudes of 0.1 to 0.2 m s -t. 
Peaks seen at periods of 20, 8, and 4 days in the upper 
layer zonal velocities are not significant. Both compo- 
nents show significant peaks at diurnal and semidiurnal 
frequencies. The rms amplitudes for diurnal and semid- 
iurnal tides are 0.03-0.04 m s- t at all depths. Isotherms 
and isopycnals were displaced semidiurnally by 10-20 m 
(Plate 5). 

The vertical shear was dominated by its zonal com- 
ponent, except near the EUC core (Plate 4). The aver- 
age shear in the zonal current was about 0.02 s -t (log 
(shear) =-1.7) above the EUC core between November 
4 (day 308) and December i (day 335), but it decreased 
to less than 0.01 s -t (log (shear) = -2) after that. The 
depth of the strongest vertical shear fluctuated in uni- 
son with the depth of the core of the EUC. Typically, 

the meridional component of shear was less than 0.01 
s -t. Above the EUC core the total vertical shear was 

greater than 0.02 s -t during the period November 4 
(day 308) to December 1 (day 335), but it decreased by 
a factor of about 2 after December 1. 

5.3. Manifestation of the Kelvin Wave at 140øW 

Several characteristics of a Kelvin wave can be used 

in its identification. Its "crest" can be identified by the 
maximum depression of the thermocline and a maxi- 
mum in its eastward zonal currents, which can cause 
eastward currents at the surface ERamage, 1986]. Its 
trough can be identified by a maximum in the near- 
surface westward current. (At its crest a Kelvin wave 
reduces the vertical shear in the upper layer, by super- 
posing its positive shear on the negative shear of the 
EUC.) 

At the start of our observation period the Kelvin 
wave was in i•s "trough" phase at 140øW. The zonal 
flow in the upper (20-60 m depth) ocean was westward, 
the thermocline lay at 120 m depth, and a relatively 
low-salinity (35.0) water mass occupied the site (Figure 
4). During the following 30 days the 20- to 60-m zonal 
current first turned eastward, then accelerated until it 
reached its eastward maximum of 0.6 m s-1 on day 338. 
The thermocline (marked by the 24øC isotherm) deep- 
ened throughout this period, especially rapidly from 
day 332 to day 338. This sequence of events is con- 
sisten• with the nature of Kelvin waves [Johnson and 
McPhad½n, 1993]. On day 340 a different water mass 
arrived which by day 343 on the 22.77 e• surface had 
a salinity of 35.3, an increase of 0.3 in 3 days (Figure 
4). The cres• (days 338-339) is identified on Figure 4. 
The •rough is no• as well defined, but probably passed 
near day 313, when •he westward current in 20- to 60-m 
depths reached its maximum. 

5.4. Temperature, Salinity, and Density 

In November-December 1991, SST was warmer 
(27øC) than its usual winter value (25øC). Between De- 
cember 5 and 12 (days 339 and 346) the average tem- 
perature in the upper 100 m increased again, by 0.5øC 
(Plate 5). This warming was likely caused by the Kelvin 
wave bringing a differen• water mass into the region. 
The •hermocline depth increased from 120 to 180 m. 

The saliniW had a complicated temporal and ver- 
tical structure. High-salinity layers seemed to move 
vertically with the thermocline and the EUC core as 
before [Chereskin et al., 1986]. A tongue of salinity 
greater than 35.5 appeared occasionally (Plate 5), pos- 
sibly by meridional advection of a high-salinity tongue 
typically located south of the equator [Wyrtki and Kilo- 
nsky, 1984]. 

The density field displayed features similar to those 
of the temperature field. The pycnocline deepened from 
120 m before November 27 (day 331) to about 180 m 
after December 4 (day 338). The EUC core seemed 
to follow the 23.50 isopycnal surface until the core be- 
came too diffuse for its identification. (In November- 
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Plate 3. (top) Zonal and (bottom) meridional components of currents measured by ADCP from 
the ships during the experimental period. Positive zonal velocity is eastward; positive meridional 
velocity is northward. 
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Figure 3. Spectra of velocity components averaged over three depth ranges. The zonal com- 
ponents are indicated by thin lines, meridional components by thick lines. The 95% confidence 
limits are shown as shaded at the bottom of each plot. 
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December 1984 the core followed the 25.25 isopycnal 
surface [Chereskin et al., 1986]. In April 1987 the core 
of the undercurrent followed the 24.0 isopycnal for sev- 
eral days and then switched to the 25.5 isopycnal for 10 
days [Peters et aL, 1991].) 

5.5. Surface Mixed-Layer Depth 

Following Peters et al. [1988] and Mourn et al. [1989], 
we define the surface mixed-layer depth to be the depth 
at which the density exceeds its surface value by 0.01 
kg m -3. By this definition the daytime mixed-layer 
depth ranged from 7 to 20 m (Plate 6). The nighttime 
mixed-layer depth varied between 15 and 40 m before 
November 27 (day 331) and then became deeper than 
60 m after November 28 (day 332). 

Figure 4. Manifestations of the Kelvin wave. Daily av- 
erages of (top) zonal current averaged from 20 to 60 m 
depth, (middle) depth of the 24øC isotherm, and (bot- 
tom) salinity at the depth where ers - 22.77. 
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Plate 5. Contours or (top) temperature, (middle) salinity, and (bottom) •r0 during the measure- 
ment period. The solid black line in the temperature plot represents the 27.5øC isotherm. 

5.6. Stratification, Shear, and Richardson 
Number 

Within the depth of penetration of the nighttime sur- 
face mixed layer, both shear and stratification varied 
diurnally (Plate 6 and Figure 5). As the mixed layer 
deepened in the nighttime, shear and stratification de- 
creased as the water was mixed. When the nighttime 
convection ceased at daybreak, the water was restrat- 
ified by solar heating and, perhaps, upwelling of the 
background stratification and lateral advection. The 
shear is restored, presumably by the large-scale pres- 
sure gradient and the wind stress. 

Does the Richardson number show a diurnal variation 

also? In 1984 it appeared not to, at least in the 10- to 
25-m depth range [Chereskin et al., 1986]. In their ob- 
servations, the buoyancy frequency N and shear varied 
diurnally in phase so that their ratio, the Richardson 
number, remained constant. Peters et al. [1989, p. 
18,007], addressing observations made at the same time 
concluded that "contrary to Chereskin et al. [1986], 
we found a clear, although not entirely regular, diurnal 

variation in the 10-25 m Ri." In the present data, at 
depths of 20-28 m, for example, where the mixed layer is 
present for a considerable portion of the time (Figure 5, 
top), the morning solar warming increases N before the 
shear is restored, a tendency that is most easily seen on 
days 335-347 (Figure 5). Before that time the night- 
time mixed layer did not consistently penetrate past 
28 m, so ADCP shear measurements are not available. 
In the depth range 20-28 m the diurnal cycle in both 
N and shear can be seen easily. The shaded area indi- 
cates stability in the sense that the Richardson number 
is greater than one fourth. When the shading is miss- 
ing, the Richardson number is one fourth or smaller and 
turbulence is to be expected. Periods of stability occur 
in the morning at 20-28 m because the shear is slower 
to re-establish itself after the nighttime mixing than the 
stratification. This situation holds to 44 m. Below 44 m 

the diurnal cycle is indistinct and the morning periods 
of stability are not seen. 

In terms of the Richardson number, the above con- 
clusions mean that in the present data Ri varied diur- 
nally at depths reached by the nighttime mixed layer. 
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Plate 6. Contours of (top) N 2 derived from microstructure instruments, (middle) shear-squared 
from the ships' ADCPs, and (bottom) Richardson number calculated from these values for N 2 
and shear-squared. The solid black lines represent the mixed-layer depth, defined as the depth 
at which rr0 exceeds its surface value by 0.01. 

It seems that different processes are responsible for the 
restoration of the shear than those responsible for the 
restratification. 

On days 336-346 the water in the deep cycle depth 
range is almost always unstable, although some periods 
of stability are seen at the end of the period as the shear 
weakens (Figure 5). Below 80 m the flow is stable nearly 
all of the time in this period. The effect of the Kelvin 
wave on the stability is easily seen at 80 m depth where 
the water was mostly unstable before day 340 and stable 
afterward. The effect of the Kelvin wave in decreasing 
the shear had more effect on the Richardson number 

than the decrease in N in the new water mass. 

6. Turbulence and Mixing 

Measurements of c showed large diurnal variations 
in the upper 100 m, not only within the mixed layer, 
but also in the stratified water below (Plate 7). Within 
the surface mixed layer, vigorous mixing at night pro- 

duced values of c greater than 10 -7 W kg -1, whereas 
in the daytime, e did not exceed 10 -8 W kg -1 in the 
restratified water. The one exception occurred on day 
329, which had the deepest daytime mixed layer and a 
daytime mixed-layer e that remained as strong all day 
as it had been the previous night. This loss of diurnal 
variation was probably caused by the combination of a 
weak wind at night and a strong wind during the day. 

Immediately below the nighttime mixed layer the 
shear was large enough to reduce the Richardson num- 
ber below 1/4 most of the time (Plate 6). At night, 
bursts of turbulence penetrated through this region be- 
low even the nighttime mixed layer, sometimes as deep 
as 90 m (Figure 6). This deep cycle turbulence was seen 
most often in bursts of 2-4 hours duration. Dissipation 
in this stratified layer was sometimes stronger than it 
was in the mixed layer and often persisted past day- 
break. These bursts of turbulence are very similar to 
those first found in 1984 in this location [Gregg et al., 
1985; Mourn and Caldwell, 1985]. 
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The coefficient of correlation between nighttime 
mixed-layer depth and deep cycle penetration depth was 
0.6 (95% confidence level 0.3). However, the deep cy- 
cle depth did not increase as much as the mixed-layer 
depth, so on nights with deep mixed layers the deep 
cycle range was thinner because the deep cycle is re- 
stricted to the high-shear region above the EUC core. 

Detailed examination of e in each of the different ver- 

tical regimes (Figure 7) shows the diurnal variation and 
the penetration of mixing into the stratified water. In 
the part of the mixed layer below 15 m depth, vertically 
averaged estimates of e (Figure 7a) are large at night, 
average values above 10 -• W kg-1 being quite common. 
(Daytime estimates of e in this region are mostly not 
available because the mixed layer retreated above 15 m 
most days.) The solid line in Figure 7a represents val- 

Figure 5. Time series of N (solid lines) superimposed 
on shear-squared (solid circles) on a logarithmic scale 
at various depths. In the top panel the mixed-layer 
depth (Art0 = 0.01) is shown. When N • exceeds 1/4 
shear-squared, the region between the two is shaded to 
indicate a stable condition. 
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Figure 6. Daily averaged depths of mixed layer 
(dashed line), deep cycle (thick solid line), Equatorial 
Undercurrent (EUC) core (thin solid line), and isopyc- 
hal surface of •0 = 23.5 (solid circles). The mixed layer 
region defined by hourly data is shaded. (At times, the 
depth of the EUC core cannot be unambiguously de- 
fined.) 

ues of • calculated by using a similarity scaling, based 
on the surface wind stress and buoyancy flux, which 
has succeeded in midlatitudes [Lombardo and Gregg, 
1989]. Discrepancies between observations and simi- 
larity scaling have been found previously at the same 
location [Peters et al., 1989; Mourn et al., 1989]. These 
authors suggested that the discrepancies may be due 
to the shear-driven turbulence generated by the mean 
shear of the undercurrent. (Mean shear is not consid- 
ered in this similarity scaling.) This view is supported 
by the fact that the measured • exceeds the predicted 
• in the first part of the observation period when the 
shear is strong but agrees better in the latter part of the 
period when the shear has diminished. However, this 
scaling ignores also the potentially large role of surface 
waves in turbulence generation near the surface [Ants 
and Mourn, 1994]. 

In the always stratified region between the nighttime 
mixed layer and the penetration depth of the deep cycle 
(Figure 7b), • is approximately as large as it is in the 
mixed layer. It has been speculated that this turbulence 
is caused by internal waves propagating downward from 
the mixed layer. It has also been speculated that the 
deep cycle is caused by shear instabilities [Mourn et al., 
1992a]. 

Between the bottom of the deep cycle and the core 
of the undercurrent, (Figure 7c), z was a factor of 10 
smaller, with no diurnal variability. In a 10-m band 
centered on the EUC core (Figure 7d), • was smaller yet, 
especially near the beginning of the period. Below the 
EUC, to 200 m depth, • rarely exceeded 10 -s W kg -•, 
with no periodicity (Figure 7e). 

Strong thermal dissipation rates X of about 10-* øC2 
s -• were found mostly in the following three places: (1) 
in the thermocline, (2) near the base of the mixed layer, 
and (3) in the deep cycle. The diurnal variation of X 
was not as strong as the diurnal cycle of s. Events of 
strong thermal dissipation often accompanied a strong 
deep cycle. 

The Cox number, 3((dT'/dz):•)/(idT/dz)) :•, closely 
related to the eddy diffusivity for heat by the Osborn- 
Cox relation Kn = n x Cox number (n is the molecular 
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Figure 7. Time series of • averaged over various depth 
ranges. (a) 15 m depth to the depth of the mixed layer. 
(Daytime values are not available because the mixed 
layer usually retreated above 15 m in the daytime.) The 
scaling of Lombardo and Gregg [1989] is represented as 
a thick black line on this panel. (b) Between the night- 
time mixed layer and the penetration depth of the deep 
cycle. (c) From the penetration depth of the deep cycle 
to 5 m above the core of the undercurrent (the precise 
depth of the bottom of this region was defined oper- 
ationally as 5 m above the •ro -- 23.5 isopycnal). (d) 
A 10-m thick vertical band centered on the EUC core 
(rr0 - 23.5). (e) 5 m below the core of the undercurrent 
(rr0 = 23.5) to 200 m. 



LIEN ET AL.: EQUATORIAL TURBULENCE AND KELVIN WAVES 6893 

diffusivity), has large values in the mixed layer, in the 
deep cycle, and occasionally deeper in the water column 
(Plate 8). It does not decrease at the crest of the Kelvin 
wave as X does but, rather, increases at most depths. 

7. Effect of the Kelvin Wave on 

Turbulence and Vertical Fluxes 

If we assume that the major background influences 
on turbulence and mixing are the energy supplied by 
the local wind and the phase of the Kelvin wave, we 
look for correlations on a plot of daily averages (Figure 
8). To show temporal variations of the wind forcing, 
the 10-m height wind power is plotted on Figure 8a. 
To indicate the phase of the Kelvin wave, we plotted 
the near-surface (20-60 m) zonal current U2o-eo in the 
bottom. Dissipation, averaged from 20 to 100 m is plot- 
ted on Figure 8b. The correlation between e20-•00 and 
El0 is not strong (correlation coefficient 0.26, just at 
the 95% confidence level), and there is no obvious cor- 
relation between e and the Kelvin wave phase. (The 
correlation between e averaged from 10 to 110 m, the 

averaging used by Mourn and Caldwell [1985], and E•0 is 
0.46, significant well beyond the 99% confidence level, 
0.35.) In this average the Cox number changes little, 
but averages over this depth range tend to be domi- 
nated by mixed-layer numbers. The turbulent heat flux 
downward from the mixed layer's base Jh (Figure 8d) 
shows similar correlation with E•0 (0.31) but begins to 
decrease rapidly at the crest of the Kelvin wave. The 
dissipation of temperature variance X, averaged from 
20 to 100 m, also decreases rapidly at the crest of the 
Kelvin wave. 

Using Figure 8 for guidance, we select two periods 
to compare small-scale parameters before and after the 
crest, days 315 to 330 as an example of the before-crest 
period and days 341 to 346 as an after-crest sample. 
Between the two periods the stratification in the upper 
160 m decreases (Figure 9a). At the same time, the total 
shear-squared dropped by a factor of 3 or so (Figure 9b). 
The net effect on the Richardson number in the upper 
80 m is a reduction at some depths (Figure 9c). 

Comparison of e and X profiles before and after the 
passage of the crest of the Kelvin wave (Figures 9d and 
9e) shows a decrease in e in the upper 60 m by a factor 
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Pla•e 8. Contours of logarithms of the Cox number. Above the contour plot are time series of 
the 10-m wind power and the buoyancy flux. The hourly mixed-layer depth is represented by a 
black line on the Cox number plot. 
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Figure 8. Daily averages of (a) 10-m wind power, (b) 
e averaged between 20 and 100 m, (c) the Cox number 
averaged from 20 to 100 m, (d) the heat flux trans- 
ported downward from the base of the surface mixed 
layer, (e) X averaged between 20 and 100 m, and (f) 
the zonal velocity component averaged from 20 to 60 
m. On day 313, the average value of e was 11 x 10 -7 
off scale. The i-m-averaged vertical heat flux was calcu- 
lated for every microstructure cast. The eddy diffusivity 
was calculated following Osborn [1980], with the mixing 
efficiency taken as 0.2. The vertical heat flux between 
the base of the mixed layer and 5 m below it was aver- 
aged to represent the heat flux out of the surface mixed 
layer. The turbulence momentum flux was calculated as 
Jm = -KmdU/dz, the eddy viscosity being estimated 
by the dissipation method using dissipation rates and 
ADCP shear averaged for 1 hour in time and 8 m in 
depth. 

of 2. The decrease in X was even greater, more than a 
factor of 10. The Cox number increases at most depths. 

Comparing vertical transports before and after the 
crest of the Kelvin wave, we see that the estimated eddy 
coefcient for momentum Km increased by a factor of 
4 in the whole range, to 200 m (Figure 10a). The eddy 
coefficient for mass Kp increased at most depths also 
(Figure 10b). The increase of eddy coefficients below 
80 m depth at the crest of the Kelvin wave was due 
to the stronger turbulence dissipation rate and weaker 
shear and stratification. 

The zonal and meridional components of turbulence 
momentum transports decreased nearly linearly with 

depth in the upper 80 m (Figures 10c and 10d). The 
zonal component remained the same after the crest of 
the Kelvin wave as it had been during the trough. The 
meridional component was twice as strong during the 
crest. 

Before the crest, turbulence had been transporting 
heat downward at all depths, at rates ranging from 50 
W m -2 at 20 m to less than 10 W m -2 below 60 m. As 
the crest passed, this transport weakened because the 
vertical temperature gradient weakened. At depths be- 
tween 30 and 80 m, the turbulence actually transported 
heat upward because of the temperature inversion in 
this (salinity-stratified) depth range. The downward 
heat flux from the mixed layer to the stratified water 
below decreased from 40 W m -2 to less than 10 W m -2 

after the crest of the Kelvin wave passed. (Figure 8c). 

8. Comparison With 1984 and 1987 

For the three periods for which we now have inten- 
sive turbulence measurements at 140øW on the equator, 
(1) November-December 1984, (2)March-April 1987, 
and (3) November-December 1991, large-scale condi- 
tions and local surface forcing were quite different. 

1. In November-December 1984, typical November 
conditions prevailed. Local wind forcing was strong 
(0.07 Pa), as were instability waves. In response, the 
mixed layer was fairly deep (20-30 m), there was a deep 
cycle below the mixed layer in which the Richardson 
number was near 1/4, the deep cycle was intense, and 
downward transport of heat in the 20- to 80-m depth 
range was strong (60 W m -2 downward [Mourn e! al., 
1989]). Turbulence in the depth range 10-110 m was 
well correlated with the wind during a 12-day station 
[Mourn and Caldwell, 1985]. 

2. In March-April 1987, the system was recovering 
from an E1 Nifio and the EUC was weak. Wind forcing 
was also weak (0.02 Pa), as expected this time of year, 
and large-scale waves were not present. The result was a 
shallow mixed layer (10-25 m), with larger Richardson 
numbers below it, a weak deep cycle, and much less 
vertical heat transport (10 W m -2 downward). 

3. In November-December 1991, as described herein, 
an E1Nifio was beginning, instability waves were absent, 
and strong Kelvin waves were passing through the site. 
Observations commenced near the trough of a Kelvin 
wave and ended just after the crest. Local surface forc- 
ing was large as in 1984 (0.07 Pa). The mixed layer was 
even deeper than in 1984 (30-60 m), the deep cycle was 
strong again, and the vertical heat transport was almost 
as strong as in 1984 (40 W m -2downward), until the 
last week of observations, after the crest of the Kelvin 
wave arrived, when it decreased to less than 10 W m -2. 

We speculate as follows: What is the difference be- 
tween these periods that causes the differences in heat 
flux? The conditions for each are listed in Table 1. 

1. For November 1984 versus November 1991, condi- 
tions are quite similar, if the absence of Kelvin waves 
has the same effect as the presence of a Kelvin wave 
midway between its crest and trough, except that in 
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Table 1. Comparison of Various Equatorial Observations at 140øW 

Nov. April Nov. Dec. 
1984 1987 1991 1991 

Wind strong weak strong strong 
Instability waves strong weak weak weak 
Kelvin waves absent absent midlevel crest 

Shear strong weak strong weak 
S t r atific a tion moderate strong moderate weak 
Deep cycle strong weak strong weak 
Heat flux from mixed layer 60 W m -2 10 40 10 

1984 the tropical instability waves were strong, whereas 
in November of 1991 they were weak. The heat fluxes 
were similar. We might conclude that the tropical in- 
stability waves did not profoundly affect the vertical 
heat flux in these cases. (In weak zonal flow and strong 
tropical instability waves we might expect these waves 
to influence turbulence.) 

2. For November 1984 versus December 1991, if trop- 
ical instability waves are not a major influence on heat 
flux, as we "concluded" above, then the major difference 
between these two periods is the Kelvin wave cresting 
in December 1991. The heat flux is much smaller in De- 

cember 1991. We might conclude that the cresting of 
the Kelvin wave has a significant influence in reducing 
the heat flux, even in strong winds. 

3. For November 1984 versus April 1987, if the in- 
stability waves do not severely affect the heat flux, as 
concluded in comparison 1, then the only difference is 
the wind. The heat flux was much larger in 1984 when 
the wind was much stronger, so we could conclude that 
the local wind increases the heat flux significantly. 

The conclusions reached in the house of cards con- 

structed above are that the wind strengthens the heat 
flux, the Kelvin wave's crest weakens it, and tropical 
instability waves do not have a dominant effect. We 
advance this argument as a working hypothesis for fu- 
ture study, not as a strongly supported conclusion. 

9. Conclusions 

Hydrography and currents at 0øN, 140øW vary on 
many timescales. These are not only the diurnal and 
the typical timescales of atmospheric forcing, but also 4 
days (presumably equatorially trapped internal gravity 
waves), 20 days (tropical instability waves), and longer 
(Kelvin waves). Sometimes variability is dominated by 
one or two of these, and their effects can be seen clearly. 
For example, in November 1984 the deep cycle part of 
the diurnal signal was strong, whereas in April 1987 the 
deep cycle was weaker by a factor of 2 [Peters e! al., 
1994]. In the boreal fall of 1990 the tropical instability 
waves were strong, whereas on the cruises described in 
this paper the waves were weak. In the period of the 
1991, 38-day station the effects of phenomena at the 
various periods of variability were of the same order, 
making the separation of their effects difficult. 

The effect of the cresting Kelvin wave at the 140øW 
site on the near-surface water was to increase the SST, 

weaken the vertical shear, and deepen the thermocline. 
A new water mass was brought into the region in a short 
time. At the same time, the core of the undercurrent 
was vertically diffused and its speed was reduced. The 
effects of these changes on the turbulence and mixing 
were the following: 

1. The nighttime surface mixed layer deepened from 
30 to 60 m, even though the surface wind stress and 
nighttime cooling convection decreased. (The mean 
wind stress before the Kelvin wave trough was 0.075 
4- 0.007 Pa (95% confidence limits), during and after 
the crest of the Kelvin wave the mean wind stress was 

0.058 4- 0.005 Pa.) This deepening was probably caused 
by the weakening of both background stratification and 
equatorial upwelling. 

2. Despite the reduction of shear-squared and strat- 
ification by a factor of 4 (Figure 9) a layer of sub criti- 
cal Richardson number consistently remained below the 
surface mixed layer, although its thickness decreased as 
the mixed layer deepened. 

3. Bursts of turbulence in the deep cycle continued 
to penetrate below the nighttime mixed layer, but the 
thickness of the region over which the cycle operated 
decreased as the nighttime mixed layer deepened be- 
cause the cycle's penetration depth was limited to the 
region of small Richardson number above the undercur- 
rent core. 

4. The turbulent kinetic energy dissipation rate • at 
depths between 20 and 80 m decreased by a factor of 
about 2 (1.774.0.66 x 10 -7 W kg -• to 0.944-0.25 x 10 -7 
W kg- •). The decrease in dissipation could have been 
caused by the weaker shear (20- to 100-m averaged 
shear-squared decreased from 1.724.0.14 x l0 -4 W kg -• 
to 0.57 4. 0.16 x l0 -4 W kg -•) and stratification (20- 
to 100-m averaged N 2 decreased from 0.63 4. 0.06 x 
10 -4 s -2 to 0.23 4. 0.06 x 10-4s -2) and/or the weaker 
surface wind energy and cooling convection. (The sur- 
face wind energy decreased from 0.57 4. 0.10 W m -2 to 
0.36 4. 0.13 W m-•.) Below 100 m, • increased. 

5. The turbulent thermal dissipation rate X decreased 
between 40 and 160 m by more than an order of magni- 
tude (from 5.24.0.5 x 10 -s øC• s -• to 0.34.0.03 x l0 -s 

6. The Cox number increased at most depths. 
7. The vertical heat flux downward from the base 

of the mixed layer decreased from approximately 40 
W m -2 (days 1-31 average is 43 4. 5) to less than 10 
W m -2 on the final day. This heat flux decreased in 
spite of the increase in turbulent diffusivity because of 
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the decrease in vertical temperature gradient (to near 
zero at these depths). 

If a decrease in downward heat flux simultaneous with 

the passage of the downwelling Kelvin wave front is typ- 
ical at the onset of an E1 Nifio, it could explain the rapid 
SST increase seen at the onset. The decrease in down- 
ward turbulent heat flux would warm the surface water 

much more quickly than could the advection of warm 
waters eastward. 

In fact, the change in downward turbulent heat flux 
during the passage of the Kelvin wave was similar in 
magnitude to the horizontal advection, i.e., 

Qturb "'• P•p tlt Vx h 

where Qturb is the change in vertical turbulent trans- 
port as the Kelvin wave passed (30 W m-2), pCp is the 
specific heat per unit volume (4.18 x 106 J øC-t m-a), 
u • is the change in westward current associated with the 
Kelvin wave (0.5 m s-t), Tx is the zonal temperature 
gradient associated with the wave (10 -6 øC m -t), and 
h is the depth of the surface layer (30 m). 
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