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The heat budget of tropical ocean warm-water pools 

by Peam Niiler 1 and James Stevenson1 

ABSTRACT 
In the tropics, large warm pools of near-surface water are enclosed by continental land 

boundaries and constant annual mean temperature surfaces at depth. Water which enters such 
a volume is of the same temperature as the water which leaves it and hence no net heat can 
accumulate by mean advection; the ocean surface heat flux into this volume is balanced by 
turbulent transport out of it. An annual mean net heat flux of 7-22 W /m2 from the atmosphere 
through the sea surface into the warm pools in the tropical Atlantic and Pacific Ocean is found. 
From a comparison of the annual mean surface heat flux to estimates of vertical turbulent heat 
transports it is discovered that turbulent diffusion is the principal mechanism by which this 
thermal energy is transferred out of these pools to the top of the inain thermocline. Horizontal 
turbulent transports are simply too small. A vertical transport implies that warm water is 
mixed with depth and a net rate of working, and subsequently, mechanical turbulent dissipa-
tion must occur. It is shown that a large area average tropical turbulent dissipation rate of 
1-5 X 10----<cm2/ sec2 is needed and is indeed found. 

1. _ Introduction 
The major portion of the annual net heat fluxes across the ocean surface occurs 

in rather active, but limited geographic areas. The equatorial and coastal upwelling 
ocean areas are heated, and the western boundary current areas and the polar 
oceans are cooled. As delineated by published estimates of the net flux, these pat-
terns are somewhat different in each ocean, both in amplitude of different flux 
components and the specific spatial distribution of the location of the heated and 
cooled areas. Between these areas of intensive heating and cooling are more quies-
cent regions in which the net radiative influx nearly balances the latent and sensible 
cooling of the ocean surface. A detailed comparison between different techniques of 
estimating the annual net heat flux over global areas is made by Bunker (1980) and 
Weare et al. (1981). In the tropical ocean, between the± 20° parallels, the different 
estimates of net annual beat exchange agree within a factor of two and all estimates 
agree that the tropical ocean is heated in the annual mean. 

The next question is what processes distribute this influx vertically and horizon-
tally in the tropical ocean. In any finite volume of ocean, in which the water 

1. Joint Institute for Marine and Atmospheric Research, University of Hawaii, 2525 Correa Road, 

Honolulu, Hawaii, 96822, U.S.A. 
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temperature does not vary with time and for which the ocean surface forms the 
upper boundary, only three processes can contribute to the thermal energy balance: 
(i) the net heat influx across the ocean surface is balanced by (ii) net mean advective 
flux and (iii) the " turbulent" flux across the surface which encloses the fixed volume 
of water with depth. Since there is no net accumulation of mass within a fixed volume, 
a net advective depletion of thermal energy can occur only if the water which enters 
the volume is on the average at a lower temperature than the water which leaves the 
volume. "Turbulent" heat transport can be caused by a variety of processes, as an 
"eddy heat flux" due to time-dependent ocean motions on scales of tens to hundreds 
of kilometers (Bryden, 1979) or by a "turbulent diffusion" which operates on scales 
of a few meters to a few millimeters (Gregg et al., 1973). If the three-dimensional 
surface which encloses the subsurface volume is at a constant temperature, then the 
water which enters the subsurface volume is on the average at the same temperature-
at which it leaves this volume, and no net advection of heat is accomplished by the 
mean motions. In the tropical Atlantic and Pacific Oceans, it is possible to construct 
rather simple, fixed volumes which are bounded at depth by three-dimensional sur-
faces of constant mean temperature. Many of these surfaces (together with insulating 
land boundaries) enclose from below a net heated ocean surface area. Therefore, on 
a global basis, turbulent transport of heat out of the tropical upper ocean is the 
principal mechanism by which the surface influx is removed into deeper levels. Of 
course, on a local balance of infinitestimal volume or in a volume of fixed longitude, 
latitude and depth, advective heat transport, such as equatorial and coastal up-
welling, can also play a role. 

The principal point of this calculation is to compare recent estimates of annual 
mean ocean surface heat fluxes in the tropical Atlantic and Pacific Oceans (e.g., 
Hastenrath and Lamb, 1978 and Weare et al., 1981) to the recent estimate of 
vertical turbulent transports implied by tropical ocean microstructure (Crawford and 
Osborn, 1981 b ). It is found that vertical turbulent diffusion is important locally in 
the Equatorial Undercurrent and globally on top of the main tropical thermocline. 
Although a closed budget is not achieved, because of the uncertainty in the deter-
mination of the intensity of mean surface heat flux (with a factor of two) or the 
intensity of the mean vertical diffusion (within a factor of four), we could not 
find evidence, theoretically or experimentally, for other significant components of 
eddy fluxes. 

2. The tropical heat budget 

In the upper layers of the ocean the beat and mass conservation equations on the 
annual mean2 are, 

• The annual mean in the ocean is usuallv computed for the entire historical ocean data sel, for 
example the 1911-1970 year mean as used in Figure 3. 
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EQUATOR 

Figure 1. Schematic of the tropical heat conservation volume. For the designation of symbols, 
see text. 

cp['v • (VT) + 'v • V'T'] = {)zq 

'v•V=O, 

(1) 

(2) 

where T is the mean temperature, cp is the specific heat capacity per unit volume, 
and Vis the mean velocity. The primed quantities represent the deviations from the 
mean conditions and -cp V'T' is the "turbulent" heat flux to which contributions 
come from a variety of space and time scales of motion. On the right-hand side,_ 
iJ,,q is the absorption rate of solar radiation flux , which is a function of depth. 
Molecular diffusion has been neglected. The net surface heat exchange rate is 

-cpW'T'lz=o + q(O) = Qo (3) 

Integrate equations (1) and (2) over an enclosed volume of the ocean which is 
bounded above by the sea surface A., continental land masses Ac and at depth, by 
a smooth three-dimensional surface AT (Fig. 1). The result of this integration is, 
using Gauss' theorem and Eq. (3), 

ff Q.dA (4) 

A,- A,- A, 

(5) 

A,-
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In deriving (4) and (5) the evaporative mass flux from the sea surface has been 
neglected as has the heat and mass flux from the continental land masses; Vn is the 
normal velocity component and ds and dA are the three-dimensional subsurface 
and two-dimensional ocean surface area elements, respectively. Now let AT be a 
surface of constant mean temperature T0 , then by virtue of (5) the first term on the 
left-hand side of (4), or net advection by mean ocean circulation vanishes, 

cp ff VnTds = Tocp ff Vnds = 0, and 

cp ff V'nT'ds =ff Q0dA . (6) 

A, 

Eq. (6) states that the surface heat flux into a volume of ocean, which is bounded 
by coasts and at depth by a constant temperature surface is, transported out of the 
volume by "turbulent" processes only. Models for estimating the surface heat flux 
from routine marine observations have been developed from parameterizing direct 
flux measurements in the atmospheric boundary layer. The models of the turbulent 
flux in the ocean are more speculative, because direct measurement of the fluxes have 
not been made. Eq. (6) sets a rigorous constraint on the strength of the required 
"turbulent" transports, without introducing the complications due to the three-
dimensional, mean ocean circulation (about which even less is known). It is a useful 
equation because in the tropical oceans there are many subsurface areas, AT

0
, which 

enclose from below surface areas of significant positive Qo. To balance the net ocean 
surface heating, the "turbulent" transport of heat across such a tropical volume 
boundary should be from warmer water to colder water, a diffusive flux, because 
cold water surrounds the warm-water pools on all sides. 

The turbulent flux V' nT' receives a contribution from a broad temporal spectral 
band of motions. Here contributions from the seasonal and microstructure spectral 
bands are considered, because there is at least limited data to make an estimate of 
the magnitude of these contributions. The surface of our volume follows the mixed 
layer near the surface and here T' is constant with depth and V' is · the time-
dependent horizontal current in the mixed layer. Let this area be denoted by AMa• 
The remaining portion of the surface area is approximately horizontal, and V' nT' =a! 

W'T'. Let this area be denoted by Aw 
0

• Figure 2 is a schematic, two-dimensional 
mean vertical temperature section across the central tropical Atlantic and Pacific 
oceans, on which is shaded the volume of water from which turbulent flux must 
carry away the net surface flux and on which AM

0 
and Aw

0 
depict areas across 

which horizontal or vertical turbulent processes carry the heat. 
· On the mixed layer portion of the surface, the fluctuating seasonal velocity com-
ponent is partly due to the fluctuating Ekman component, and, because T' is 
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Figure 2. Schematic of a vertical mean temperature section across the central tropical upper 
ocean. From the volume which is shaded, only turbulent fluxes_ can carry out the net sur-
face flux. 

independent of depth in the mixed layer, we use Ekman theory for estimating V',.. 
Therefore, 

T' ~•els 
fp 

(7) 

In equation (7), -r' is the monthly anomaly of the surface wind stress, T' is the 
monthly temperature anomaly, f is the Coriolis parameter, ds is the line element 
along the path CT0 where the mean sea-surface temperature, or mixed layer tem-
perature, is a constant. The geostrophic component of V' is neglected, simply be-
cause there is no simple way to compute it (at least without a numerical model). 
However, since (7) can be computed and as shown in Section 4, it is small compared 
to the surface flux (right-hand side of (6)) and since seasonally varying geostrophic 
transports in the mixed layer are not expected to be much larger than the Ekman 
transports in the mixed layer, we do not expect a large contribution from the 
geostrophic portion. Using temperature and velocity measurements reported by 
Niiler and Richardson (1973) " turbulent" transport through 25°C temperature sur-
face in the Florida Strait is estimated to be 4 x 1012 W which is smaller than the 
surface heat flux into the volume (cf. Table 1). If we assume that in the mixed layer 
of 50 m depth eddies have an r.m.s. current of 0.3 m/ sec and a correlated tempera-
ture variability of 1/ 4°C, then over a distance of 100° longitude cpf fV'T'dzds 



Table 1. Net surface heat flux into tropical warm-water pools. 

Atlantic water 
warmer than 
(Hastenrath and 
Lamb, 1979) 

T, = 24'C 

T, = 25'C 

T, = 26°C 

Pacific water 
warmer than 
(Weare et al., 1981) 

T, = 26'C 

T. = 28'C 

f fQ ,dA(WXl0") ff dA(m'X lO") f fQ,dAI ff dA(Wlm') cp fT'-r.' / f • ds(WX lO'') 
Ar0 Ar0 A r0 Ar0 Cr0 

1.9 

2.0 

1.3 

10.9 

5.5 

0.28 

0.26 

0.16 

0.62 

0.25 

7 

8 

8 

. 18 

22 

-0.042 

cp f fW'T'dA/ ff dA(W/ m2) 

Ar0 A r0 

6-20 

5-17 

5-19 
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± .4 X 1014 W. Of course, presently, direct measurements are not available for 
determining whether such a flux occurs and what is its sign. 

Gill and Niiler (1973) show that the large horizontal scale, seasonally varying 
component of temperature, T'., and vertical velocity, w',, obey the balance iJT',/iJt 
+ w',aT /az = 0. Whether such motions are directly driven or are free waves, they 
do not transfer any heat vertically because W',T', = 0 is an immediate consequence 
of multipyling the above balance by T', and integrating over the seasons. Of course, 
baroclinic instabilities, nonlinear internal waves, eddies, etc. can transfer heat ver-
tically, but lacking a model or observations appropriate for the tropical area, we 
cannot estimate the flux from this part of the spectrum; 

Vertical mixing, produces a net value of W'T' and a transfer of heat down the 
mean temperature gradient can occur by this process. Because presently W' cannot 
be measured directly, a model for W'T' due to the irreversible processes is used in 
terms of other measurables. Caldwell et al. (1980) note that if in the upper ocean, 
the local turbulent kinetic energy balance and temperature variance balances are 
(with E the mechanical energy dissipation per unit volume and x the temperature 
dissipation per unit volume), 

W'V'. av /az-agW'T' = -E ' · 

W'T' _!!_ = - _1_ X 
az 2 

(8) 

(9) 

and with the flux Richardson number R1c = agW'T' /(W'V' • av I az), then using (8) 
and (9), the following relationship exists between E and X, 

ag 
aT/az 

·( 1 -R,c) _ 
R X-E. 

fc 
(10) 

Simultaneous determination of E and x by microstructure probes by Caldwell et al. 
(1980) demonstrates the trend implied in (10), as if R1c were a constant. Although 
the scatter is large, as with all 'turbulence' measurements, the best fit value of Rte = 
0.42, with a rather large uncertainty. This implies that in the upper ocean 

-cpW'T' '=' cp(0.1 -0.2) (E/ag) (11) 

and that vertical heat transport is directly proportional to dissipation. In expression 
(11) the coefficient 0. 7 is the best fit to Caldwell et al. (1980) data, while Osborn 
(1980) suggests the coefficient in front of (11) should be 0.2, based largely on 
arguments on the efficiency of mixing of stratified fluids in the laboratory, in which 
case R1c '=' 0.17. Based on today's measurements, R1c is determined within a factor 
to two or three. 

Crawford and Osborn (1981a) have made vertical profiles of E in the tropical 
Atlantic and Pacific oceans and in Section 4 these measurements are used to esti-
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mate the vertical heat flux due to turbulent small scale overturning or mixing 
motions. Eqs. (7) and (11) are used to estimate the left-hand side of Eq. (6) and the 
right-hand side is computed from heat flux atlases of the tropical Atlantic and 

Pacific oceans. 

3. The tropical Atlantic and Pacific surface heat fluxes 
Hastenrath and Lamb (1978) recently produced an atlas of the tropical Atlantic 

net heat exchange and momentum flux per unit area between the ocean and atmos-
phere, computed from the 1911-1970 marine observations. We obtained from them 
a magnetic tape of the monthly mean values of the sea-surface temperature and the 
surface wind field on a 1 ° lat. x 1 ° long. grid in the Atlantic area, 30N-30S. Figure 
3(a) is the annual mean sea-surface temperature, computer contoured, on the same 
size as their Atlas, after Gaussian smoothing of the data; and Figure 3(b) is the net 
annual mean surface heat flux reproduced from their Atlas. As discussed in .the 
previous sections, the volume of water which is warmer than, say 25°C, contains 
areas of significant net heating near the equator and weak cooling in the trade-winds 
and Gulf of Mexico. The dotted curve on Figure 3(a) is the location of the mean 
25°C isotherm. A better way to see this is to make a transparent overlay, of course 
not possible in publication. The similar pictures of the tropical Pacific are on Fig-
ures 4(a) and (b) and these are copies directly from Weare et al. (1981). From these 
figures, it is clear that the surface area warmer than 28°C (or 26°C) in the Pacific 
is heated on the mean. 

To estimate the net flux into the tropical surface areas which are bounded by 
constant values of mean temperature, (on right-hand side of Eq. (6)) a graphical 
integration of the net flux from enlarged versions of the.se figures is made. The heat 
flux into the part of the volume north of 30N was determined from SST in Stommel 
(1965) and Bunker's (1980) heat flux estimate. Table 1 presents the net flux into the 
areas of the Atlantic warmer than 24°C, 25°C, 26°C, and the flux into the Pacific 
areas warmer than 28°C (only the large western Pacific pool) and 26°C. In the 
North Atlantic areas a net cooling occurs north of about l lN (also see Bunker, 
1980), however the net heating equatorward of that latitude is about twice as large 
as net cooling. Based on the Atlases of annual mean heating, the net fluxes are not 
a small difference between two large numbers. It should be noted that Figures 3(b) 
and 4(b), which display net heating are a result of obtaining a small difference b~--
tween a large solar influx and nearly equal latent cooling. In the Pacific areas, th~ 
net area average cooling is a small fraction of net heating. 

The general conclusion from Table 1 is that large tropical warm-water pools are 
heated at a rate of about 2-11 x 1014 W. Because in the Pacific, warmer pools are 
·heated more per unit area, turbulent transfer near the equator must be more intense 
so the thermal energy is extracted from the warmer water pools. In the warmer 
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pools larger fractions of the areas AT
0 

are occupied by the Equatorial Undercurrent 
circulation, an area where intense vertical transfer is thought to occur. 

As an interesting and useful comparison, the total northward heat transport by 
the Atlantic Ocean circulation at 25-30N (about the same latitude as the northern 
boundary of the 25°C volume) is estimated to be about 1.1 x 1015 W, (Bryden and 
Hall, 1980; Bunker, 1980). This is three times as large as the heat added to the 
surface between 30W and 30S (estimated from Hastenrath and Lamb's (1978) data 
or twice as large as the value estimated by Bunker (1980)). The tropical Atlantic 
circulation acts like a flow in a pipe which both passes heat by advection from 
the circumpolar circulation and absorbs heat by diffusion from the upper ocean. The 
total excess heat is then deposited into the northern temperature latitudes. In the 
Pacific, if the northward heat flux at the northern boundary of the 26°C water mass 
is comparable to the Atlantic values, the tropical heat absorption of 1.1 x 1015 W, 
and its stirring across the 26°C surface is nearly half of the net heat budget of the 
Northern Pacific basin. 

Of course, a strong word of caution is in order about the significance of our 
conclusions. From Table 1 it is apparent that the average surface heating per unit 
area in the specific tropical areas considered is between 7-22 W /m2

• As pointed out 
by Bunker (1980) and Weare et al. (1981), these means are the same size as the 
bias which might occur in the bulk methods used in estimating the flux components 
(the uncertainty due to .random errors is smaller because spatial averages reduce 
these dramatically). However, these small net positive values are remarkably con-
sistent with the budget of the atmospheric column, determined from independent 
data sets (e.g., Weare et al. (1981) discuss the moisture convergence of the at-
mosphere and show it to be consistent with a bulk estimated oceanic humidity 
divergence). Also, in the Pacific pool of water warmer than 29.0°C, which is yet 
closer to the equator (Robinson, 1976) and which has higher net flux into its upper 
surface than the 28 °C pool, does have a significant positive mean flux (here esti-
mated to be in excess of 30 W /m2

). The point of our calculation as it continues in 
Section 4 is to show that a net equatorial heating of this magnitude is also con-
sistent with the oceanic upper ocean budget, where the volume is carefully defined 
so net advective effects vanish and where vertical turbulent diffusion acts to remove 
this heat. 

4. The turbulent fluxes in the tropical thermocline 

As schematically depicted on Figure 2, the warm-water pools are bounded on the 
side by a mixed layer of 50 to 75 m depth. From a northern mixed layer the surface 
of constant temperature glides through the top of the tropical thermocline to emerge 
to the surface in the southern mixed layer. Near the equator, the water which is be-
tween 28 °C and 24 °C on the average, is in the upper portion of the Undercurrent, 
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Figure 3. (a) Annual mean surface temperature distribution in the tropical Atlantic, (b) An-
nual mean surface heat flux, Q.(W Im') (from Hastenrath and Lamb, 1978). The dotted line 
on (b) is the 25°C distribution from (a). 

a region of intense vertical mixing. We estimate the seasonal and microstructure 
components of "turbulent" flux across this subsurface boundary. 

The 'turbulent Ekman' component is equal to 

0 

cp ff V'nT'dzds '=" cf T' ; ' • ds , (12) 
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Figure 4. (a) Annual mean surface temperature in the tropical Pacific, (b) Annual mean sur-
face heat flux , Q,(W Im") (from Weare et al., 1981). 

where the integral is taken counterclockwise over the path of a constant mean sur-
face temperature. This flux is estimated only along the 25°C path in the Atlantic, 
because this path does not cross the equator and data are readily available for the 
computation from Hastenrath's data bank. First, the annual average value of the 
surface temperature T and wind stress "l' are computed ("t' = 1.4 X 10-a Pa I U 0 I Ua, 
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Figure 5. (a) The annual mean value of 'turbulent Ekman' heat transport in (WI° longitude) 
out of the 25°C pool of the tropical Atlantic (-•-•-•- northern boundary, -x-x- southern 
boundary). 

where Pa is air density and U a is surface wind) and then the monthly anomalies of 
T', -r' If are graphed on an identical scale as T. The values of T' and -r' If are 
graphically read along the path of the T = 25°C isotherm. The time averaging and 
the spatial integration were done using the trapezoidal rule. 

Figure 5(a) is the integrand of the right-hand side of expression (12) graphed as 
a function of longitude along the northern and southern sections of the 25°C mean 
isotherm path. On this graph a negative value is equivalent to a heat flux per unit 
longitude into the warm-water pool. On the northeastern leg, the 'turbulent Ekman' 
transport heats the ocean and on the northwestern side it is cooled about the same 
amount. The net flux is the area under the curve. The total contribution from the 
northern side is a net flux into the warm-water pool of .009 x 1014 W. Along 
the entire southern side, there is a net flux into the pool, with a magnitude of 
.033 x 1014 W. Viewed in the time frame, where the spatial integral is taken before 
the time average, on the northern side there is a net flux out of the volume in the 
February-March period and a net flux of about equal value in through the northern 
boundary in August-September-October period. On the southern side, two net heat-
ing pulses occur--one in February-March-April period and another in the months 
of July-August. This time variability off (T'-r' If• ds) is graphed in Figure S(b). 

The net heating of the 25°C pool due to seasonally varying wind-driven currents 
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Figure 5. (b) The 'turbulent Ekman' heat transport out of the 25°C pool of the tropical At-
lantic as a function of time (-•-•-•- northern boundary, -x-x- southern boundary). 

is .042 x 10a W as presented in Table 1. In comparison with the surface flux into 
the 25°C water pool, it is about 2% and of the same sign as the surface flux. 
·Therefore, seasonally· time-dependent Ekman transports act to move net hot water 
into the 25°C warm.:.water pool or extract net cold water, a process which works 
against the usual down gradient direction of turbulent transports. However, it is 
about an order of magnitude too small to contribute significantly to the 25°C water 
heatbalance. We did not make the Ekman computation for the Pacific volume be-
cause the appropriate 26°C and 28°C water pool boundaries cross the equator, 
where Ekman dynamics is not appropriate. We could not locate appropriate data 
set for T', -r' on a sufficiently high horizontal resolution, although a rather coarse 
estimate along the section 90W-180W, 5S yields heating of 0.3 x 1014 W (Niiler, 
1981). 

In summary, the seasonal Ekman driven heating contribution is much smaller 
than the net surface flux and it tends to accumulate heat in the tropics. 

To estimate the vertical turbulent flux due to small scales of motion in the low 
latitudes, Crawford and Osborn's (1981a) measurements of E are used in expression 
(11). In the Pacific, data from vertical averages of e, averaged over the profile 
ensemble, as a function of depth, through the tropical thermocline, (greater than 
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Table 2. Low latitude (beyond 1 • from the equator) Pacific ensemble average dissipation rate 
in the thermocline (Crawford and Osborn (1981a)). 

Depth interval 
m 

180-160 
160-140 
140-120 
120-100 
100-80 
80-60 

Dissipation rate per unit mass 
E(cm'/sec• X 10-<) 

1.7 
0.9 
1.2 
0.6 
1.0 
1.7 

mean 1.2 

± 1 ° latitude from the equator), 60-180 m, in 20 m intervals are presented in Table 
2. The average dissipation, in the thermocline, in low latitudes is E = 1.2 X 10-4 

cm2/sec3• Since (cp/ag) 14.7 x 104 (W /m2
) x (sec3/cm2

), the vertical flux due 
to small scales of motion is (4-12) W /m2 (depending upon which model coefficient 
is used in Eq. (11)). 

Within ± 1 ° latitude of the equator, the dissipation above the core of the Un-
dercurrent is much larger. From Crawford and Osborn (1981b) (their Fig. 2) we 
estimate an average Atlantic and Pacific value of E -~ 1.5 X l0- 3 , which translates 
to (44-154) W /m2 (depending upon which model coefficient is used in Eq. (11)). In 
the equatorial Atlantic the area occupied by the Equatorial Undercurrent is about 
5.8° long. X 2° .014 x 1014 m2

• There the area weighted mean of the vertical heat 
transport of the 25°C pool is (6-20) W /m2 • In the Pacific the Undercurrent area 
within the 28°C pooUs 50° long. x 2° lat. = .012 x 1014 m2 an_d within the 26°C 
pool is 90° long. x 2° lat. = 0.022 x 1014 m2

• The area weighted means of the 
28°C and 26°C vertical heat transports are (5-19) W /m2 and (5-17) W /m2, re-
spectively. About one third of .the vertical transports comes from the Equatorial 
Undercurrent band. These inferred vertical turbulent transports are tabulated in 
Table 1. 

On a worldwide basis, the net surface heat flux ~ust vanish. Joyce (1980) has 
shown that, within the assumptions which make Eq. (6) valid, but independent of 
the eddy processes which transport heat around the oceans, 

ff TQodA=+ ff fxdv, (13) 

Aw w 

where A w is the entire surface area of the oceans and W is the oceans' total volume. 
Therefore, a worldwide constraint on x is obtained in terms of the surface tem-
perature and surface heat flux. In our model of the tropical upper ocean turbulent 
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thermal energy balance, as suggested by Eq. (9), and the assertion that in the 
tropical warm-water pools the process is vertical turbulent mixing, it follows that 

(14) 

Eq. (14) sets another constraint on thermal dissipation rates at the top of the low-
latitude thermocline. Because the area average value of Q0 is 7-22 W /m2 (Table 1), 
and the area average value of (aT /az) in the tropical ocean is about 10°C/150 m, 
the area average thermocline value of thermal dissipation is x ="' (1.1 -3.5) X 10- 1 

°C2/ s, a number a bit larger but consistent with the global estimate of 10-1 °C2/s 
computed by Joyce (1980). 

In summary, the largest component of the turbulent flux which removes heat from 
the tropical warm-water pools is due to the vertical transport due to small-scale 
motions. The 'turbulent Ekman' transport is by comparison small, and tends to add 
thermal energy to the equatorial pools. Presently, we do not have the data to esti-
mate this flux due to 'mesoscale' motions with periods of a few days to a few 
months. The estimated magnitude of the small-scale flux is commensurate with the 
mean heating rate of the tropical oceans. Along the equator it can be as large as the 
net local surface flux from the ocean surface. These budgets, however tentative, 
because of the poor accuracy of the surface data, too simple modeling, and poor 
sampling of the turbulent flux data, can balance within the factors of uncertainty. 
And that was the biggest surprise of our investigation. 
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