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The diurnal mixed layer and upper ocean heat budget 
in the western equatorial Pacific 

K.J. Richards, M.E. Inall and N.C. Wells 
Department of Oceanography, University of Southampton, Southampton, 
England 

Abstract. This paper presents the results of an experiment in the western 
equatorial Pacific centered on the equator at 165øE which was designed to study 
the changes to the structure of the upper ocean on timescales of a few days and 
spatial scales of tens of kilometers. The results show that the response of the upper 
ocean to atmospheric forcing is very sensitive to the vertical structure of both the 
temperature and salinity. The diurnal response of the near-surface temperature to 
daytime heating and nighttime cooling was found to have an amplitude of a few 
tenths of a degree Celsius. This compares with a horizontal variation of temperature 
on scales of a few tens of kilometers of a similar magnitude. Even away from the 
very fresh surface layers typical of the area, salinity is found to play an important 
role in limiting the depth of nighttime mixing. In this case a subsurface salinity 
maximum restricts the depth to around 40 m. The nighttime convection is severely 
limited by either a small change in the surface forcing or the horizontal advection 
of slightly cooler waters from the east; we are unable to determine which is the 
dominant mechanism in the present case. The reduced mixing leads to an increase 
of the diurnal variation of sea surface temperature to over 1øC. The estimated net 
surface heat flux from the atmosphere to the ocean was found to be not significantly 
differeni from zero at 10 W m -e in agreement with recent measurements. The 
net surface heat flux during the period of the heat budget experiment, which took 
place on the equator, was substantially higher at 65 W m -e. Changes of in situ 
temperature are found to be dominated by advection. The vertical velocity is 
estimated to be of order 10 m d -• and to be caused by advection along east-west 
sloping density surfaces. Changes to the temperature structure of the upper ocean 
induced by motions with a timescale of a few days (possibly planetary waves) 
are found to be significantly greater than longer-term wind-induced upwelling or 
advection. 

1. Introduction 

The response and coupling of the western equatorial 
Pacific to the changing atmosphere have been recog- 
nized as crucial elements of the E1 Nifio-Southern Oscil- 

lation phenomenon (ENSO). Interannual variations in 
the warm pool of water on the western side of the equa- 
torial Pacific are thought to be influential in both the 
initiation and evolution of E1 Nifio events [Gill and Ras- 
musson, 1983; Wyrlki, i985; Cane and Zebiak, 1985; 
Hirsl, 1986; Lukas, 1988]. (The warm pool is defined as 
water above the main thermocline with sea surface tem- 

perature (SST) in excess of 29øC.) Anomalously high 
SSTs of the warm pool of around 0.5øC have been ob- 
served to occur prior to ENSO events [Hanawa el al., 
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1988]. On a shorter timescale the structure of the up- 
per ocean changes dramatically during strong westerly 
wind events [Lukas and Lindslrom, 1991; McPhaden el 
al, 1992] and such events can trigger the production of 
an equatorial Kelvin wave that traverses the width of 
the Pacific [McPhaden el al., 1988]. Small changes in 
the SST of the warm pool (again of around 0.5øC) are 
also known to affect the global atmospheric circulation 
[e.g., Hoskins and Karoly, 198i; Palmer and Mansfield, 
1984, 1986]. 

As pointed out by Godfrey and Lindstrom [1989], a 
temperature change of 0.5øC of a mixed iayer 50 m deep 
in 3 months requires a net heating of around 10 W m -2, 
putting a strong constraint on the accuracy of observed 
heat fluxes. The problem in obtaining reliable estimates 
of the net heat flux over large time and space scales has 
been highlighted by recent measurements. Indirect es- 
timates of the net surface heat flux into the ocean by 
Godfrey and Lindstrom [1989] suggest that it is below 
20 W m -2, which is in accord with the suggestion of 
Priestley [1966] and Newell [1986] that the net flux is 
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near zero. In contrast, previous estimates from climato- 
logical data sets range from 20 to 80 W m -2 [Weare et 
al., 1981; Esbensen and Kushnir, 1981; Read, 1985; Hsi- 
ung, 1985]. However, the measurements of Godfrey et 
al. [1991] show that systematic errors in the bulk for- 
mulas used by these authors produce an overestimate 
of the net flux. Results from numerical models [Gordon 
and Corry, 1991; Gent, 1991] suggest that the climato- 
logical SST is consistent with a low (order 10 W m -2) 
heat flux. 

The response of the upper ocean, and in particu- 
lar the SST, to a given surface net flux depends on 
the structure of the temperature, density, and flow 
fields. Lukas and Lindstrom [1991] point out the im- 
portance of the presence of a fresher surface layer below 
which there is a significant gradient in salinity (their 
so-called "barrier layer") which restricts the depth to 
which turbulent mixing can penetrate. They find the 
average mixed layer depth during the Western Equa- 
torial Pacific Ocean Circulation Study (WEPOCS) se- 
ries of cruises [Lindstrom et al., 1987] to be 29 m, with 
the mixed layer reaching down to the top of the main 
thermocline (around 100 m depth) only during strong 
westerly wind events. 

Here we report on the results of an experiment in the 
western equatorial Pacific (on the equator at 165øE) 
designed to study the diurnal mixed layer and the heat 
budget of the upper ocean. The experimental strategy 
allows estimates of the net surface heat flux, horizon- 
tal advection, and turbulent mixing to be made. A 
strong diurnal response was found. Although the char- 
acteristic fresh surface layer of the warm pool was not 
present during the experiment, salinity limits the depth 
of nighttime convection. The advection of cooler waters 
is also seen to affect the diurnal response. The heat bud- 
get calculation highlights the importance of horizontal 
advection in changing the in situ temperature. An esti- 
mate of the vertical velocity is made from the residual. 

The experimental strategy and measurements are de- 
scribed in section 2. The measured surface heat fluxes, 
together with a detailed error analysis, are presented in 
section 3. In section 4 the diurnal response of the up- 
per ocean is described and discussed. In section 5 the 
results from the heat budget calculation are presented 
and an estimate of the vertical velocity is made. Section 
6 summarizes our results and conclusions. 

The objectives of the present study are compatible 
with the general aims of the Topical Ocean-Global 
Atmosphere-Coupled Ocean Atmosphere Response Ex- 
periment (TOGA-COARE). The experiment described 
here took place in a somewhat different regime (no sur- 
f•.,ce fresh layer and on the equator) than that of the 
oceanographic intensive observational period of TOGA- 
COARE. It will be interesting to compare the two ex- 
periments. 

2. Upper Ocean Survey 

The structure of the temperature, salinity and veloc- 
ity fields of the upper ocean in the western equatorial 

Pacific is found to change significantly over periods of 
O(days) and horizontal spatial scales O(10 km) (see, 
for example, Richards and Pollard [1991]). Capturing 
events, a prerequisite to understanding the factors con- 
trolling the upper ocean structure, therefore requires 
rapid sampling with high spatial resolution. 

The measurements presented here are from cruise 32 
of the RRS Charles Darwin which took place in the 
western equatorial Pacific from April 3 to May 3, 1988. 
Results from two north-south sections along 165øE have 
been reported by Richards and Pollard [1991]. Here we 
report on an experiment designed to study the diurnal 
mixed layer and heat budget of the upper ocean. The 
experiment was centered on the equator at 165øE. 

The experimental design was similar to that of Pol- 
lard and Thomas [1989]. An instrumented spar buoy 
was deployed from Julian day 106 to Julian day 115. 
Two vector averaging current meters (VACMs) were set 
at 15 and 50 m depth. The position of the spar was fixed 
every 12 hours as the ship passed close by. The track 
of the spar buoy is shown in Figure 1. The motion is 
predominantly north-south, with little east-west move- 
ment. The average speed of the spar was 2.6 cm s -z 
with instantaneous values of up to 10 cm s-Z. 

During the deployment of the buoy the ship surveyed 
around the buoy. The ship's track during this survey is 
shown in Figure 2. The survey pattern consisted of a 
double figure of eight centered on the buoy, producing 
a large box of 80 km sides and four subboxes of 40- 
km sides. Steaming at 8 knots (14.8 km h-Z), it took 
12 hours to complete each subbox and 2 days for the 
whole pattern. The pattern was repeated three times, 
with minor modifications before and after. Global Posi- 

tioning System (GPS) navigation was available for ap- 
proximately 8 hours per day. The timing of the survey 
was chosen so that the period of GPS coverage coin- 
cided with the north-south sections through the center 
of the box. 
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Figure 2. Ship's track. Numbers refer to Julian day. 

The principal means of measurement was a combi- 
nation of a SeaSoar (a towed profiling vehicle) fitted 
with a conductivity-temperature-depth (CTD) profiler 
and a hull-mounted acoustic Doppler current profiler 
(ADCP). Towed at 8 knots (14.8 km h -•) the Sea- 
Soar can measure temperature and salinity with ap- 
proximately 1-m resolution in the vertical to a depth 
of 300 m and 4 km horizontal resolution. The CTD 

salinity was calibrated using underway water samples. 
The ADCP was calibrated using a combination of the 
methods put forward by Pollard and Read [1989] and 
Bahr et al. [1990]. Both CTD and ADCP data were 
then gridded onto 4-m depth intervals with a 4-km hor- 
izontal spacing. 

The cruise took place during the La Nifia conditions 
following the 1986-1987 E1Nifio event (the Southern Os- 
cillation Index (SO1) for surface pressure in the tropi- 
cal Pacific was positive for the period February 1988 
to November 1989, reaching a maximum in November 
1988 [Climate Analysis Center, 1991]). The meridional 
structures of temperature, salinity, and zonal current 
are very similar to the average conditions reported by 
Sprintall and McPhaden [1994] for the period Novem- 
ber 1988 to November 1989 [see Richards and Pollard, 
1991]. 

Typical vertical profiles of the horizontal components 
of velocity, u and v (in the east and north directions, re- 
spectively), temperature T, and salinity S, are shown in 
Figure 3. The profiles were taken close to the beginning 
of the survey and at midday. A strong undercurrent 
centered around 175 m is present. The westward flowing 
surface current is the South Equatorial Current (SEC), 
the core of which was at approximately 2øS. There is 
a significant north-south component to the flow which 
varies with depth. 

The horizontal structure of the current averaged from 

0 to 50 m is shown in Figure 4 for Julian days 107.5- 
108.5 and 113.5-114.5. The current changed from a pre- 
dominantly NW direction to a SW direction over this 
time. There are significant spatial variations in the cur- 
rent over the survey area. 

The temperature profile (Figure 3c) shows the main 
thermocline beginning at approximately 120 m depth 
with a large gradient in temperature. Below this depth 
there is layering in both temperature and salinity caused 
by the interleaving of water masses as reported by 
Richards and Pollard [1991]. Above 120 m the temper- 
ature gradient is much reduced but still with structure. 
There is a shallow diurnal layer with slightly raised tem- 
perature and salinity. The structure in salinity (Figure 
3d) above 140 m is more pronounced than that of tem- 
perature, with a strong halocline at approximately 40 
m depth. Freshwater surface layers with salinity values 
down to 34 practical salinity units (psu) were observed 
both north and south of the equator [see Richards and 
Pollard, 1991, Figure 3]. It has been hypothesized that 
such freshwater layers affect the mixing in the upper 
ocean [Lukas and Lindstrom, 1991]. Close to the equa- 
tor, however, in the vicinity of the box, the surface wa- 
ters were relatively saline. The increased surface salin- 
ity (relative to values north and south) is suggestive 
of upwelling occurring at the equator (consistent with 
an easterly wind stress; see Sprintall and McPhaden 
[1994]). The salinity structure above 120 m is due pri- 
marily to a tongue of high salinity connected to the 
southern hemisphere subtropical salinity maximum wa- 
ter. This tongue is discernable in the color picture of 
Richards and Pollard [1991, Figure 3]. We find that the 
salinity gradients close to the surface play an impor- 
tant role in limiting the depth to which surface mixing 
penetrates (see section 4). 

The temperature field in the upper 120 m on six of 
the north-south sections of the survey is shown in Fig- 

0 0 

-lOO 

-200 

-3OO 
-40 -20 0 20 40 

cm/s 

-lOO 

-200 

-3OO 

b 

-40 -20 0 20 40 
cm/s 

o o 

-lOO 

-200 

c 

-lOO 

-200 

-300 -300 
lO 20 30 34.5 35 35.5 

celsius psu 

Figure 3. Typical vertical profiles of (a) eastward com- 
ponent of velocity, u, (b) northward component of ve- 
locity, v, (c) temperature, and (d) salinity. 
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Figure 4. Horizontal distribution of velocity averaged 
between 0-50m for Julian days (a) 107.5-108.5 and (b) 
113.5-114.5. 

ure 5. The sections were taken at daily intervals, with 
the ship crossing the equator at approximately midday, 
local time. The structure is seen to change significantly 
over the survey period. At the beginning of the sur- 
vey there is a marked temperature gradient at approx- 
imately 50 m, with less stratified waters above and be- 
low. This region we shall call the intermediate thermo- 
cline; the main thermocline begins at around 120 m. 
The intermediate thermocline weakens with time, with 
isotherms moving upward and downward, above and 
below the thermocline, respectively. A lens of almost 
homogeneous temperature water, 50 m thick, emerges 
from the north, centered around 70 m depth. 

The salinity field is shown in Figure 6. Again, large 

changes to the structure occur. At the beginning of 
the survey the surface waters are relatively fresh. The 
tongue of high-salinity water can be seen centered around 
80 m depth. There appears to be a northward displace- 
ment of the surface fresh water with time, leaving be- 
hind a subsurface minimum in salinity. Toward the end 
of the survey, the variation in salinity is much reduced, 
with the maximum in salinity now occurring at the sur- 
face. The lens emerging from the north is somewhat 
fresher than the surrounding water. It is clear that hor- 
izontal advection is playing a large role in the changes 
to both the heat and salt content of upper ocean and 
therefore needs to taken into account in heat budget 
calculations. 

3. Surface Fluxes 

The surface heat fluxes were determined from ship- 
borne meteorological observations during the duration 
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Figure 5. Meridional sections of temperature down 
to 120 m depth taken on consecutive days starting at 
day 109. All sections were taken north to south and 
took approximately 6 hours to complete. The timing of 
each section is such that the ship crossed the equator 
at approximately midday, local time. 
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The SST was taken from the thermosalinograph (TSG) 
of a nontoxic water supply from 3 m. This record was 
calibrated against the calibrated SeaSoar temperature 
at times when the upper 5 m were well mixed. The cal- 
ibration drifted by less than two hundredths of a degree 
over the whole cruise. During three periods, on days 
107, 108, and 109 when the TSG malfunctioned, a lin- 
ear interpolation was used to estimate the SST. These 
periods are seen as the straight line sections on days 
107, 108, and 109 in Figure 11. Comparison with the 5- 
m SeaSoar temperature shows that the error associated 
with this procedure will be less than 0.20 . 

The components of the heat and water vapor fluxes 
were obtained from the bulk aerodynamic formulation 
using the coefficients determined by Large and Pond 
[1982]. Hourly averaged heat fluxes for the period of 
the spar deployment are shown in Figure 7a. The aver- 
age over the whole 22 days and the duration of the spar 
deployment are given in Tables 2 and 3, respectively. 
The total rainfall over the 22-day period was 0.27 m, 
which is in accord with the climatology of Dotman and 
Bourke [1979]. The heat flux due to precipitation dur- 

doy 114 

20,•I• 27.8 • 

100 

,, ,,, , / 
-0.40 -0.20 0.00 0.20 0.40 

Iotitude degrees 

Figure 5. (continued) 

of the cruise (22 days in all). The meteorological ob- 
servations were obtained from a suite of sensors on the 

forward mast of the ship which were controlled and in- 
tegrated using the multi-met system developed by Birch 
et al. [1992]. Details of the sensors, together with their 
accuracies, are given in Table 1. The main sensors were 
deployed on the forward mast of the ship to obtain good 
exposure. In addition, another set of aspirated psy- 
chrometers and an anemometer were deployed on the 
starboard side on top of the bridge. The two sites were 
chosen to ensure that at least one group of the sensors 
was always in air unaffected by the ships superstructure 
for all relative wind directions. Recording of the data 
commenced on Julian day 95 at 2345 UT and termi- 
nated on day 118 at 2100 UT. The wind, air temper- 
ature, and radiometric sensors worked throughout the 
cruise, though there were periods of data loss as a re- 
sult of a hardware problem with the multi-met system. 
In addition, Champagne rainfall gauges were located 
on the forward mast and on the bridge, and measure- 
ments were taken at 3-hour intervals. The multi-met 

system logged the meteorological sensors and produced 
averages at 1-min intervals. 
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Figure 6. Same as Figure 5, except for meridional 
sections of salinity. 
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ing this period was estimated to be approximately 4 W 
m -2. During the 7-day spar buoy deployment the av- 
erage rainfall rate was somewhat lower, being only 4% 
of that over the whole period of the cruise. 

The error in each flux has been estimated by con- 
sidering the accuracy of the instruments and the inher- 

ent accuracy of the transfer coefficients used. A large 
source of error comes from the estimation of the latent 

heat flux. This error is due in equal measure to uncer- 
tainties in the mixing ratio difference between the sea 
surface and 10-m height and in the value of the transfer 
coefficients. We estimated the mixing ratio error from 
the difference between the measurements taken on the 

forward mast and on the bridge, while the error in the 
value of the transfer coefficient was taken from Smith 

[1989]. The total error in the latent heat flux is approx- 
imately 11%. 

The surface wind stress for the survey period as es- 
timated using the drag coefficient method [Large and 
Pond, 1982] is shown in Figure 7b. The data as pre- 
sented have been smoothed with a 3-hour running mean. 
The surface stress is dominated by a number of high- 
frequency gusts. The amplitude and phase of the gusts 
are comparable with the observations of Bradley et al. 
[1993] and are probably associated with diurnal convec- 
tive events in the lower atmosphere. During days 112 
and 113 the amplitude of the gusts is reduced. The 
dashed line on Figure 7b corresponds to a wind speed 
of 3 m s -1. The wind speed was greater than 3 m 
s -1 for more than 95% of the observations during the 
spar buoy deployment. Inaccuracies associated with low 
wind speed determination of latent heat fluxes are not 
relevant here. 

A large source of error here is in the net longwave 
radiation. The estimate given is based on an instrument 
error of 5% of the downward longwave radiation. This 
brings the net longwave radiation estimate in line with 
other such estimates in the western equatorial Pacific 
[Godfrey et al., 1991]. 

The principal components of the heat flux are the so- 
lar radiation and latent heat fluxes. Both sensible heat 

and longwave radiation, as expected, have lower magni- 
tudes, and the longwave radiation shows less variability 
than other components. Interestingly, the solar radia- 
tion shows considerable variability between the two av- 
eraging periods. 

The net heat flux into the ocean over the 22-day pe- 

Table 1. Meteorological Sensors 

Measurement Sensor Position Accuracy 

Solar Kipp and Zonen 
irradiance CM11 pyranometer 

Downward longwave 
radiation 

Dry and wet 
bulb temperature 

Wind speed 
and direction 

Sea surface 

temperature 
Rainfall 

Eppley precision 
infrared radiometer 

aspirated platinum 
resistance thermometers 

light weight cup 
anemometer 

and wind vane 

thermosalinograph 

Champagne gauges 

forward mast 1% 
at 11 m above 

sea surface 

forward mast 5% 

forward mast 

forward mast 

intake at 4 m 

below surface 

forward mast 

and bridge 

0.1 m s -1 

(threshold) 
0.3ms -1 

calibrated with 

with CTD 
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Figure 7a. Components of the hourly averaged heat 
flux during the period of the spar buoy deployment. 
The major components contributing to the net flux 
(dashed line) are the short wave (dotted line) and latent 
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taken as an upward flux. 
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Figure 7b. Magnitude of the surface windstress. 

riod is not significantly different from zero. Though the 
period is short compared with climatological estimates, 
it is indicative that the heat fluxes have a tendency to 
balance in this region of the equatorial Pacific Ocean. 
This agrees with the hypothesis that the net heating in 
the region is as low as 10 W m -2 [Godfrey e! al., 1991]. 

The ship was located on the equator during the spar 
buoy deployment for 6 days when the heat flux into 
the ocean of 65 W m -2 was significant. This result 

indicates that the temporal and spatial variability of 
heat fluxes in the western equatorial Pacific is consid- 
erable, and therefore both the period and spatial distri- 
bution of sampling programs to estimate fluxes have to 
be chosen with some care. The extensive measurements 

taken during TOGA-COARE will shed more light on 
this problem. 

4. Diurnal Mixed Layer 

Figures 8 and 9 show the temperature at the spar 
buoy at 15 m and 50 m, respectively. For the first 3 
days of the 15-m record a clear diurnal signal of ampli- 
tude 0.15øC can be seen. This is followed by a period 
of cooling of around three tenths of a degree from day 
111.8 to 113.8, with a subsequent general warming and 
return of the diurnal signal over the last day and a half 
of the record. The 50-m temperature record shows none 
of these features but is dominated by high-frequency, 
large-amplitude variability (of order two tenths of a de- 
gree) associated with internal wave and tide activity in 
this stratified shear zone. The implication is that night- 
time convection penetrates to a depth greater than 13 
m but less than 50 m. 

An interesting comparison can be made between the 
15-m temperature from the spar and the 15-m temper- 
ature signal extracted from the SeaSoar record (Figure 
8). The SeaSoar track passed the spar buoy every 12 
hours. The whole day number crossings were from north 
to south at midday while the half-day number crossings 
were at midnight, alternately east to west and west to 
east. It can be seen that the spatial variability over 
the 80-kin box is of the same order of magnitude as the 
diurnal variation at this depth. The same trends are ev- 
ident as follows: a diurnal signal during days 107 to 111, 
a strong cooling during the west to east passage on day 
112.5, and a general warming from 113.5 onward. The 
sudden increase and decrease in temperature of 0.6øC 
at day 14.2 is when the ship steamed into a patch of 
warm water at the southern extent of the survey (this 

Table 2. Average Heat Fluxes and Estimated Errors 
Over 22 Days of Cruise 

Flux Average, 22 days Error, 
W m -2 ' W m -2 

Absorbed solar -197 + 2 
radiation 

O•(1- c•) 
Turbulent heat + 12 + 1 

H 

Latent heat + 155 + 17 
LE 

Net longwave +19 • 20 
radiation 

LN 

Net heat -11 • 27 

flux 
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Table 3. Average Heat Fluxes and Estimated Errors 
Over the Period of the Spar Buoy Deployment 

Flux Average, Spar, Error, 
W m -2 W m -2 

28.1 

28 

27.9 

Absorbed solar -240 q- 2 27.8 

radiation 

Qs(1 - c•) 27.7 
Turbulent heat +9 q- 1 • 

'• 27.6 
H 8 

Latent heat + 144 q- 17 
LE 27.5 

Net longwave +22 q- 20 27.4 
radiation 

LN 27.3 
Net heat -65 q- 27 

flUX QT 27.2 

warmer patch is also evident in the temperature record 
of the thermosalinograph; see Figure 11). The SeaSoar 
temperature record from 50 m (not shown) also exhibits 
spatial variability of the same order of magnitude as the 
variability at the spar buoy. 

As a measure of the depth to which the surface forc- 
ing penetrates, we use the SeaSoar timeseries and de- 
fine a mixed layer depth. Historically, two different 
methods of estimating a mixed layer depth from tradi- 
tional hydrographic data have been used. Some workers 
have used the depth at which the temperature differs 
from the surface temperature by a set amount to define 
the mixed layer depth, most notable among these be- 

28.7 

28.6 

28.5 

28.4 

28.3 

28.2 

28.1 

28 

27.9 

27.8 

27.7 ' ' ' ' 
106 108 110 112 114 116 

day 

Figure 8. Temperature as a function of time from the 
spar buoy at 15 m depth (solid line labeled a) and the 
SeaSoar at 13 m depth (dash-dotted line labeled b). The 
SeaSoar passed close to the spar at 12-hour intervals, 
corresponding to whole day and half-day values. 

27.1 ' ' ' ' ' ' ' ' 
106 107 108 109 110 111 112 113 114 

day 

Figure 9. Temperature as a function of time from the 
spar buoy at 50 m depth. 

ing Wyrtki [1964], working in the eastern Pacific, and 
Levitus [1982], in his world climatology. Both used a 
change of 0.5øC from the surface value to define the 
mixed layer depth. The other method used is to take 
the depth at which the absolute temperature or den- 
sity gradient exceeds some critical value. Lukas and 
Lindstrom [1991], working in the western Pacific, use a 
density gradient criterion of 0.01 kg m -4 to estimate the 
mixed layer depth. Density equivalent salinity and tem- 
perature gradients were used to estimate the isohaline 
and isothermal layer depths, respectively. In this study 
we follow Lukas and Lindstrom in the use of critical gra- 
dient criterion, however, we note the study of Sprintall 
and Tomczak [1992], who suggest either method as suit- 
able in the western equatorial Pacific. 

A density gradient criterion of 0.01 kg m -4 was used 
to define the mixed layer depth. Density equivalent gra- 
dients of 0.031 psu m -1 and 0.0134øC m -1 were used 
to define the depths of isohaiine and isothermal layers, 
respectively. The justification of this use is twofold. 
First, the density gradient is proportional to the buoy- 
ancy force which must be overcome to deepen the mixed 
layer. Second, the results obtained by the use of these 
gradient criteria agreed well with the subjective esti- 
mates of layer depths made by eye from the original ver- 
tical profiles. Figure 10 shows both the isothermal and 
isohaline layer depths defined as the first depth at which 
the absolute temperature and salinity gradients exceed 
the critical values given above. Both records have had 
a 3-hour running average applied. These depths will be 
called the diurnal thermocline and the halocline depths, 
respectively. The isopycnic layer depth defined by ab- 
solute density gradient greater than 0.01 kg m -4 (not 
shown) coincides almost exactly with the diurnal ther- 
mocline depth. The fiat sections at 9 m in the diurnal 
thermocline record (Figure 10) are due to the griding 
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Figure 10. Mixed layer depth as a function of time 
defined in terms of the vertical temperature gradient 
(isothermal layer depth, solid line labeled a) and vertical 
salinity gradient (isohaline layer depth, dash-dot line 
labelled b). See text for the criterion for each depth. 

of the SeaSoar data onto 4-m intervals in the vertical. 

A depth of 9 m is given if the critical gradient was ex- 
ceeded between the 5-m and 9-m levels. The most ob- 

vious feature of the diurnal thermocline depth trace is 
the remarkably well-defined diurnal signal. For days 
107 to 112, inclusive, the timing is such that deepen- 
ing commences at about 1600 local time, shallowing at 
about 0700 local time. This observation is commensu- 

rate with daytime solar volume heating rapidly, strat- 
ifying the upper ocean soon after sunrise, causing the 
very steep shallowing observed. This shallowing of the 
diurnal thermocline to less than 9 m is supported by the 
mean Monin-Obukhov length scale being 6.4 m during 
these periods of net oceanic heat gain. Two hours before 
sunset, the heat flux changes sign, surface waters cool. 
Consequent convective overturning erodes the daytime 
stratification, entraining cooler water into the deepen- 
ing mixed layer. This process continues throughout the 
night, completely eroding the daytime heat stratifica- 
tion, mixing down to the top of the halocline at a depth 
of 40 to 50 m. There appears to be insufficient turbu- 
lent kinetic energy to significantly mix down into the 
halocline. 

The clean expression of the diurnal signal shows how 
uniformly the upper ocean responds over a scale of 100 
km to atmospheric forcing. This is noteworthy when 
one recalls that spatial variability in temperature is as 
large as the diurnal variability. We also note only one 
small-scale rain event was observed in both the direct 

rainfall measurement and near-surface salinity structure 
during the survey period (see section 6). The sparsity of 
rain events doubtless contributes to the observed spatial 
coherency. 

From day 111 onward the situation is quite different. 
On all 4 days the diurnal thermocline fails to penetrate 
to the top of the halocline. Indeed, on day 113 the 
maximum nighttime penetration depth is barely 15 m. 
During this later period (days 111 to 114) the mean 
halocline depth actually increases from an earlier value 
of 47 m to a later mean value of 62 m. The reduced 

depth of mixing is consistent with the increased diurnal 
signal on days 112 and 113 in the temperature trace of 
the TSG record (Figure 11). The shallower mixing the 
previous night produces an increase in the daytime rise 
in temperature. The sharp cooling in SST at the end 
of day 113 is also qualitatively in accordance with the 
deeper mixing at that time into the cooler water below. 

5. Heat and Salt Budgets and the 
Estimation of Vertical Velocities 

The change in the temperature of the upper ocean, 
a net cooling of the top 50 m in the presence of a net 
warming due to the surface heat flux, suggests that non- 
local effects are important in determining the evolution 
of the temperature and salinity structure. In order to 
quantify the factors affecting the temperature and salin- 
ity structure of the upper ocean, we have considered the 
heat and salt budgets. Consideration of the heat bud- 
get also provides an indirect estimate of the vertical 
velocity. As will be shown, this estimate is significantly 
more accurate than that derived from consideration of 
the mass balance. 
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Figure 11. Temperature as a function of time from 
the thermosalinograph (dashed line labeled a) (inlet at 
approximately 3 m depth) and 5 m temperature record 
from SeaSoar (labeled b). 
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5.1. Heat Budget 

The equation for temperature integrated over a layer 
of depth h is 

OT OT OT OT 

< 

_ + < > 
cpph 

where angle brackets represent a mean taken over the 
layer, QT is the surface heat flux across the air-sea in- 
terface, cp is the specific heat, /9 is the density, and D 
represents the divergence of the turbulent diffusive flux. 
We assume all shortwave radiation is absorbed in the 50- 

m thick upper layer. For the deeper layers we set the 
shortwave flux divergence to zero. Using a three-band 
shortwave absorption model for water type 1A [Woods 
et al. 1984], we estimate 3% penetration of shortwave 
radiation out of the base of the 0- to 50-m layer and 
1% penetration into the 75- to 100-m layer. The error 
in confining all shortwave heating to the surface layer 
is thus small in comparison to other errors. 

A conventional coordinate system has been used, with 
x, y, and z taken to be in the east, north, and vertically 
upward directions, respectively. The corresponding ve- 
locity components are u, v, and w. The equation has 
not been written in so-called flux form because of inac- 
curacies in the mass balance. 

We can estimate the first three terms on the left-hand 

side of (1), the time rate of change, and the horizontal 
advection from the SeaSoar and ADCP data sets of the 

survey. Because the box survey was centered around 
the drifting spar buoy, velocities have been taken rel- 
ative to the buoy. Data were interpolated onto 4-m 
depth intervals and averaged over each side of the sub- 
boxes of the survey. The numbering convention used 
for subboxes and sides is shown in Figure 12. We shall 

i 

define (T •j to be the depth-averaged temperature, 
averaged along side i of subbox j. 

There are a number of ways the horizontal advection 
terms can be calculated. The method which minimizes 

aliasing from the tides and miscalibration of the ADCP 
is to use the east-west and north-south sections crossing 
the center of the large box to estimate x and y deriva- 
tives, respectively, and estimate each term at the center. 
Each section was repeated once a day and took 6 hours 
to complete, with a 12-hour interval between the mid- 
points of north-south and east-west sections. Thus, for 
instance, the component • v OT/Oy • is calculated by 

and 

• <V>l+<V> <T>i-<T> 3 /Ay 

/ZXy 
on alternate days, where Ay is the distance between the 
midpoint of each side. 

4 1 2 

3 

4 3 2 

4 2 2 

4 4 2 

Figure 12. Box and side numbering scheme. Box num- 
bers are central (index j), side numbers are peripheral 
(index i). 

The u component of advection is then interpolated 
in time so as to be evaluated at a common time with 

the v component. The time derivative is calculated us- 
ing a central difference in time of the average temper- 
ature along a given section. Note that this method in- 
volves, alternately, east-west and north-south sections 
and gives a value every 12 hours. The calculation of 
the net diffusive flux D was based on Peters et al. 

[1988] Richardson number parameterization of the ver- 
tical turbulent diffusion coefficient. 

The results for the depth interval 0- 50 m are shown 
in Figure 13 for the period Julian day 109-113. The time 
rate of change shows an initial warming of the layer, 
with a subsequent cooling. This cooling is much reduced 
toward the end of the sampling period. The heating 
and cooling of the layer are mirrored by the horizontal 
advection, indicating that a substantial fraction of the 
change in heat content of the layer is brought about by 
advection. 

The sign of the difference between the curves for the 
time rate of change and horizontal advection of tem- 
perature in Figure 13 is consistent with the net heating 
from the atmosphere over this period. However, to a 
substantial extent, the surface heating is balanced by 
the turbulent diffusive flux at the base of the layer. 

All terms averaged over the sampling period are given 
in Table 4. The results have been given in buoyancy 
units. Results can be put in terms of Watts per square 
meter by multiplying by 6.26 x 10 s for a 50-m thick 
layer. Although the layer undergoes significant heating 
and cooling during the sampling period, the net change 
to the heat content is relatively small. The heat budget 
is dominated by zonal advection. It is noteworthy, how- 
ever, that the surface heat flux is equal to within 10% 
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Figure 13. Components of the heat budget averaged 
over 0-50 m as a function of time. 

of our estimate of the turbulent flux at the base of the 

surface layer (although considerable uncertainties exist 
in such an estimate). 

Also given in Table 4 are the results for three deeper 
layers. Below the surface the divergence of the turbu- 
lent flux is insignificant. The zonal flux changes sign. 
The rate of change of heat content increases in magni- 
tude but is of the wrong sign to balance advection. At 
all levels there is a substantial residual in the budget 
calculated from derivable terms. 

Estimating the size of the errors involved in calcu- 
lating the horizontal advection term is difficult since 
the errors depend on how well the sampling method 
has captured advective events which, in turn, depends 
on the structure of those events. The Courant num- 

ber uzit/Ax _• 0.4 satisfies the necessary condition for 

it to be less than 1. A more quantitative estimate is 
given by considering the same numerical technique ap- 
plied to the uniform advection of a temperature struc- 
ture with known horizontal variation. We chose a sine 

wave superimposed on a linear gradient moving with a 
given velocity. The error depends on (1) the ratio of 
the amplitude of the sine wave to the linear tempera- 
ture difference across the box, (2) the speed of advection 
through the box, and (3) the wavenumber and phase of 
the oscillation. The analysis was applied to the sam- 
pling technique outlined above. For parameter settings 
appropriate to the observations an upper bound on the 
ratio of advective to tendency terms is approximately 
1.25 and stable for the technique discussed here. Thus 
an error of 25% on the advection term is a conservative 
estimate. The estimated error for the residual is dom- 

inated by this error in the advection term. (Note that 
the heat budget was calculated for each of the subboxes. 
Each box was sampled every 2 days. The Courant num- 
ber is then in excess of 1, and the above error analy- 
sis applied to the advection term showed considerably 
larger errors. The results using the subboxes therefore 
will not be presented.) 

5.2. Estimate of the Vertical Velocity 

The vertical velocity is estimated by dividing the 
residual by the mean vertical temperature gradient and 
is given in Table 4. The estimated error for w given 
in Table 4 has been calculated from the variation in w 

calculated from the daily values, of the residual. No 
discernable trend could be seen in these daily values, 
suggesting the method is unable to identify temporal 
variations in w over the time period. The variation in 
w is close to that expected from the error estimates of 
the residual term in the heat budget which is dominated 
by the error in the advection term. 

The vertical velocities above (0-100 m) and within 
(100-200 m) the main thermocline are found to have 
differing sign. The upward nature and magnitude of the 
vertical velocity within the thermocline are consistent 

Table 4. Contributions to the Heat Budget (Equation 1) Averaged Over the Sampling Period (5 Days) for a 
Number of Depth Intervals Down to 200 m 

Depth, O/Or uO/Ox vO/Oy QTa/Cph 

m 

Dc•p wO/Oz, w wi 
Residual +er, +er, 

m d -1 m d -1 

0-50 3.7 37.0 0.19 10.3 -9.1 -39.7 -11.6 -]-1.6 -9.4 -]-4.4 
75-100 20.7 -5.2 -0.9 0 -0.5 -15.1 -2.6 4-1.8 -6.0 4-2.3 
100-150 -59.9 -159.0 -11.8 0 0.38 231.1 5.7 4-2.2 2.7 4- 1.4 
150-200 -53.8 -219.0 4.1 0 0.01 268.7 8.6 4-3.1 4.1 4-2.8 

In order to be able to compare directly the contributions of changes in temperature and salinity in terms of 
changes in density p, the results have been put in terms of buoyancy units by multiplying equation (1) by c•p, 
where c• is the thermal expansion coefficient. The units are then 10 -s kg m-3s -1. The vertical velocity w has 
been calculated as a residual and is given in meters per day. The wi is the estimate of the vertical velocity 
calculated by assuming the flow is along isopycnic surfaces (see text for details). The standard deviation rr of the 
daily values of each of the estimates of w is also given. Other variables are defined as follows: QT, surface heat 
flux across the air-sea interface; Cp, specific heat; h, depth of layer; and D, divergence of the turbulent diffusive 
flUX. 
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with an easterly wind stress and the estimates made by 
Brady and Bryden [1985] for the central equatorial Pa- 
cific. However, the predominance of zonal advection in 
the heat budget suggests that the vertical motion comes 
principally from flow along a sloping density surface (see 
below). 

Above the main thermocline the estimate of vertical 

velocity from the two depth intervals 0-50 m and 75-100 
m are similar in sign and magnitude, despite the differ- 
ing sign of the time rate of change and advection terms 
in the two intervals. Below 50 m the estimated down- 

ward velocity is consistent with the observed downward 
displacement of isotherms. This is not so above 50 m, 
where the horizontal advection dominates. It is inter- 

esting to note that Richards and Pollard [1991] infer 
a downward vertical velocity of around 25 m d -• at a 
depth of 25 m from the observation of a strong surface 
convergence. 

An estimate of the vertical velocity wi has also been 
made by assuming the flow is along isopycnic surfaces. 
Using the data from the central cross of the survey, 
the slope of the density level which lay at the vertical 
center of each level at the spar buoy was calculated. 
The vertical velocity wi was then calculated by assum- 
ing wi = Drl/Dt, where • is the height of the isopyc- 
nal surface. Daily estimates were made of wi, and the 
mean over the survey period, together with the stan- 
dard deviation, are given in Table 4. The estimate wi 
is dominated by the contribution from zonal advection 
in all but the 75- to 100-m layer. In the 75- to 100-m 
layer, both zonal and meridional advection are equally 
important. The vertical velocities agree to within one 
standard deviation of those estimated by the heat bud- 
get method. This agreement is due in large part to 
the isopycnic and isothermal surfaces being approxi- 
mately coincident. Nevertheless, it is encouraging as 
it supports our faith in the method used to calculate 
the heat budget and supports the expectation that di- 
apycnal mixing has a small contribution to the vertical 
velocity on the equator [Bryden and Brady, 1985]. 

Finally, the consideration of the mass budget was 
unrewarding. The standard error in the estimation of 
the horizontal velocity divergence calculated from either 
the subboxes or the central cross was approximately 
1 x 10-6s -• and constant with depth. Integrating from 

the surface, the two methods gave vertical velocities of 
opposite sign. An error of 1 x 10-6s -• in divergence is 
equivalent to a Au of 0.04 m s -• over 40 km and a Aw 
of 20 m d- • over 200 m depth. 

5.3. Salt Budget 

A similar analysis was applied to the salt budget. The 
results are given in Table 5. Again, the results are pre- 
sented in buoyancy units. Except for the surface, the 
change in buoyancy due to the salt flux is insignificant 
compared with that of heat. Zonal advection is seen 
to play less of a dominant role, and the residual in the 
salt budget is much less compared with the heat bud- 
get. Because of this, together with the fact that vertical 
gradients in salinity are small and change sign, the esti- 
mate of vertical velocity is unreliable and therefore not 
quoted. 

0. Discussion and Conclusions 

The results presented in this paper have shown the 
response of the upper ocean in the western equatorial 
Pacific to atmospheric forcing on timescales of a few 
days to be sensitive to subtle changes in the vertical 
structure of both temperature and salinity. The short 
time and space scales of variation in the structure of 
the upper ocean require a rapid sampling. The strat- 
egy employed here has been proven to be adequate in 
studying the response over a few days. 

It should be noted, however, that not all of the short- 
timescale events were captured. In particular, a rain 
event lasting a few hours was observed to produce a 
shallow pool of fresh water on one of the east-west sec- 
tions. This pool was advected out of the survey region 
before it could be resampled. 

The diurnal response of the near-surface temperature 
to daytime heating and nighttime cooling was found to 
have an amplitude of a few tenths of a degree Celsius. 
This compares with a horizontal variation of tempera- 
ture on scales of a few tens of kilometers of a similar 

magnitude. Even away from the very fresh surface lay- 
ers typical of the area, salinity is found to play an im- 
portant role in limiting the depth of nighttime mixing. 
In this case a subsurface salinity maximum restricts the 
depth to around 40 m. 

Table 5. Contributions to the Salt Budget 

Depth, (9/(9t u r9 / r9 x v r9 / r9 y Q s / h D s • p w c9 / c9 z , 
Residual 

m 

0-50 5.5 -12.0 -0.3 0.13 2.3 9.2 

75-100 -0.78 -0.73 -0.12 0 -1.4 0.4 

100-150 4.5 8.7 0.34 0 0.71 -12.9 

150- 200 17.2 0.3 -5.6 0 -0.13 - 12.0 

As in Table 4, the units are 10 -s kg m-3s -•. Abbreviations are the same as Table 4, with Qs being the 
surface buoyancy flux due to fresh water exchange, Ds the divergence of the turbulent salt flux, and/• the haline 
expansion coefficient. 
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The diurnal mixing was found to be coherent over 
the survey area, with a marked reduction in nighttime 
mixing during days 112-113. We need to know whether 
the reduced mixing is a local response to atmospheric 
forcing or is caused by advective influences. We have in- 
sufficient information to clearly delineate between these 
mechanisms. On days 112-113 the wind stress was re- 
duced by around 30% (Figure 7b), with a consequent 
reduction in the latent heat flux of about 5% compared 
with the preceding days. Experiments with a slab mixed 
layer model [Garwood, 1977] with a suitable choice of 
parameters suggests that this change in surface forcing 
is sufficient to reduce the nighttime mixing depth and 
increase the daytime SST to those observed. 

However, the rapid cooling at depth during days ltt- 
114 (Figure 8) cannot be attributed to surface forc- 
ing. As has been shown, advection dominates the heat 
budget of the top 50 rn and the reduced temperature 
is brought about by a westward advection of a cooler 
patch of water into the survey area. There is an associ- 
ated increase in the stratification below the mixed layer. 
It cannot be ruled out that the reduced diurnal mixing 
was brought about the advection of more stratified wa- 
ters. Further experiments with the same mixed layer 
model showed that the change in the observed stratifi- 
cation was sufficient to inhibit nighttime mixing. The 
coincidence of the two events, reduced wind stress and 
increased stratification, means that the primary cause 
of the change in upper ocean structure cannot be de- 
termined. A fuller and more extensive series of mixed 

layer model experiments including a sensitivity study of 
model parameters will be reported in a later paper. 

Gaining an understanding of the mechanisms control- 
ling the surface mixing is important in predicting the 
response of the SST to atmospheric forcing events. Here 
we have shown that relatively small changes in the at- 
mospheric forcing or subsurface structure can have rel- 
atively large effects on the diurnal cycle of mixing and, 
more importantly, the sea surface temperature. 

The estimated net surface heat flux from the atmo- 

sphere to the ocean was found to be not significantly 
different from zero at 10 W rn -2. This is in agreement 
with the hypothesis that net oceanic heating in the re- 
gion is as low as 10 W m -2 [Godfrey et al., 1991]. The 
net surface heat flux during the period of the heat bud- 
get experiment, which took place on the equator, was 
substantially higher at 65 W m -2. Using the parame- 
terization of the turbulent diffusion coefficient suggested 
by Peters et al. [1988], the surface heat flux is found 
to be balanced by vertical turbulent diffusion to within 
10%. However, the heat budget calculation shows the 
importance of horizontal advection and the need to take 
advection into account when studying the changes to 
the upper ocean structure. 

The estimated vertical velocity is found to be of or- 
der t0 m d -•. The sign of the vertical velocity (except 
in the 75- to 100-rn layer) is consistent with a shear 
flow (westward above 50 m, eastward below) along den- 
sity surfaces sloping up toward the east. The east-west 
slope of isopycnic surfaces is probably due to an equa- 

torially trapped wave (because of the short time and 
space scales of the survey, the type of wave cannot be 
identified). This leads us to speculate that the uplift- 
ing of density surfaces may cause the surface waters to 
become cooler, and this cooler water, advected west by 
the surface current, may affect the diurnal response and 
hence SST. 

It is interesting to compare our results with those 
of Sprintall and McPhaden [1994] who consider a pe- 
riod of similar prevailing conditions but over a much 
longer time. Averaged over the period November 1988 
to November 1989, they find that the SST and sea sur- 
face salinity were influenced by both upwelling and hor- 
izontal advection. In their case the upwelling is a con- 
sequence of local Ekman divergence caused by the pre- 
dominantly easterly wind. They estimate a standard 
deviation wind-driven upwelling of 0.4 rn d -• and at 
125 m the rate of change of temperature due to wind- 
induced upwelling to be 1.8 x t0-7øC s -1. From Table 
4 we find the vertical velocity induced by the flow along 
isopycnic surfaces to be an order of magnitude higher 
and the rate of temperature change due to wcqT/cgz to 
be 7 x 10-6øC s -• (converting from the buoyancy units 
given in the table). At the surface we find both the ver- 
tical velocity and rate of change of temperature are of 
opposite sign because of the change in direction of the 
zonal current with depth. With regard to lateral ad- 
vection the zonal temperature gradient averaged across 
our survey area was typically 4 x 10-6øC m -• a fac- 
tor of 5 greater than that reported by Sprintall and 
McPhaden [1994] for the large-scale gradient during the 
prevailing La Nifia conditions. On the other hand, the 
average time rate of change of temperature in the depth 
range 100-150 m given in Table 4, which is equivalent 
to 1.8 x 10-SøC s -•, is comparable to Sprintall and 
McPhaden's value of 0.8 x 10-SøC s -• for the variabil- 

ity of cqT/cgt at 125 m during their longer sampling pe- 
riod. This shows that the conditions during our sur- 
vey were not particularly anomalous. We find therefore 
that changes to the temperature structure of the up- 
per ocean induced by motions with a timescale of a few 
days (possibly planetary waves) are found to be signifi- 
cantly greater than longer-term wind-induced upwelling 
or advection. Lastly, it is noteworthy that the variation 
in near-surface temperature and the magnitude of the 
vertical velocity are both greater than those reported 
by McPhaden et al. [1992] of the ocean response to a 
westerly wind burst. 

The relevance and significance of the results pre- 
sented here to the atmosphere-ocean interaction in the 
western equatorial Pacific need to be clarified. The re- 
sults of TOGA-COARE will help to put the present 
results into context, while a comparison between the 
two will shed light on the differences in response of con- 
trasting upper ocean regimes. 
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