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ABSTRACT 
The oceanic heat budget is studied on the basis of ship observations during 191 1-70 compiled 
by one degree square areas. The clockwise turning cross-equatorial surface air flow is conducive 
to upwelling to the South and downwelling to the North of the Eastern Pacific and Atlantic 
Equator, particularly during Northern summer. The wind-induced vertical motion field is 
considered a factor in maintaining the cold water tongues immediately to the South, and the 
strong temperature increase northward across the Equator. Net radiation is only slightly higher 
in the Southern hemisphere equatorial zone, but sensible and latent heat flux are greatly 
reduced in the cold water regions, especially in Northern summer. As a result, the ocean exports 
heat at the rate of 53 and 62 W m-2 to the South of the Atlantic and Pacific Equator, 
respectively, compared to an export of only 29 and an import of 3 W m-* in the Northern 
hemisphere equatorial zone. 

1. Introduction 

The vast tropical seas have traditionally been 
thought of as horizontally uniform in thermal 
pattern and hydrospheric heat budget. The coarse 
spatial resolution of earlier maps (Budyko, 1963) 
conveys this notion for the equatorial belt in 
particular. Long-term ship observations in the 
tropical Atlantic and Eastern Pacific permitted an 
analysis of key meteorological elements and of the 
oceanic energy budget in considerable detail. Some 
implications for the heat budget of the equatorial 
oceans are discussed in the present paper. 

2. Data 

Ship observations taken over the tropical Atlan- 
tic and Eastern Pacific during 1911-70 were 
obtained from the National Climatic Center at 
Asheville, North Carolina, and compiled into a 
climatic atlas (Hastenrath & Lamb, 1977), with 
data being processed by one degree square areas. 
An atlas of the oceanic heat budget is in prepara- 
tion. Some 3.5 million ship observations are 
available for the ocean areas depicted in Figs. 1-8. 

3. Surface wind field and sea temperature 

Fig. 1 depicts the lower tropospheric flow at the 
height of the Northern summer by way of example. 
For a complete ensemble of monthly charts of key 
observed elements and derived quantities, reference 
is made to the atlas (Hastenrath & Lamb, 1977). 
Over both the Eastern Pacific and Atlantic, the 
Southern hemisphere trades cross the Equator, 
recurve to Southwesterly, and meet the Northeast 
trades along an extended discontinuity in the 
Northern hemisphere. The discontinuity reaches its 
northernmost position in Northern summer, and 
recedes equatorward towards winter. Of impor- 
tance in the following, negative vorticity occupies a 
broad band extending to either side of the Equator. 
The curl of the wind stress has a similar pattern. 

Various mechanisms may cooperate in maintain- 
ing the sea surface temperature pattern depicted in 
Fig. 1. This is characterized by a band of cold 
water to the South of the Eastern Atlantic and 
Pacific Equator, and steep meridionial tempera- 
ture gradient across the Equator into the Northern 
hemisphere. First, lateral advection may be a factor 
both in the downstream portion of the Canary 
Current and in the cold water region of the South- 
eastern Equatorial Atlantic. Further, wind-induced 
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Fig. 1. July/August. Top, surface wind field, isotachs in m s-I: bottom, sea surface temperature, in degrees C .  

large-scale upwelling may play a role in the cold 
tongue immediately to  the South of the Equator. 
Two separate mechanisms are considered in the 
following. 

For steady-state ocean conditions away from the 
immediate vicinity of coasts and the Equator, 
vertical motion near the bottom of the mixed layer 
can be estimated from (Yoshida & Mao, 1957): 

Following conventional notation, p denotes density 
(of sea water), f Coriolis parameter and r, and t,, 
are the zonal and meridional components of 
surface wind stress Z It is noted that negative wind 
stress curl calls for upwelling in the Southern and 
for downwelling in the Northern hemisphere with 
largest values near the Equator, shear terms 
neglected in the derivation of eq. (1) conceivably 
accounting for continuity. For computational 
details reference is made to the atlas. 

A third mechanism, also involving wind-induced 
vertical motion in the ocean, has been discussed in 
qualitative terms by Cromwell (1953). He showed 
that oceanic Ekman transport associated with 
Southeasterly wind could result in divergence and 
upwelling in a band extending from the Southern 
hemisphere to North of the Equator, and an 
oceanic convergence band at some low latitude in 
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Fig. 2. Eastern Atlantic latitudinal and seasonal 
variation of temperature difference sea minus air at I &  
30 W, in tenths of degrees C, with dot roster denoting 
negative areas. 

the Northern hemisphere. This mechanism is 
interesting in relation to the SST pattern in Fig. 1, 
which shows the strongest meridional variation 
North of rather than across the Equator. 

The observed SST pattern, Fig. 1, may result 
from some combination of the mechanisms 
reviewed above. The SST pattern in turn is 
expected to be relevant for processes in the lower 
atmosphere. 

The cold water tongues to the South of the 
Equator are best developed in Northern summer. 
The plots of temperature contrasts at the interface 
between ocean and atmosphere in Figs. 2 and 3 
further illustrate the large latitudinal and seasonal 
variations of the thermal pattern in the equatorial 
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Fig. 3. Eastern Pacific latitudinal and seasonal variation 
of temperature difference sea minus air at 8C100 W. 
Symbols as in Fig. 2. 

region. These have previously been discussed by 
Flohn (1972). The field of sea-air temperature 
difference is decisive for the hemispheric asym- 
metry of the oceanic heat budget. 

4. Basic theory of oceanic heat budget 

The heat budget equation for the oceanic water 
body can in approximate form be written: 

SWti + LWti = Q, + Q, + (Q, + Q,) (2) 

The left-hand terms are net shortwave and 
longwave radiation at the ocean surface, and the 
right-hand terms denote sensible and latent heat 
flux at the sea-air interface, heat export and storage 
within the ocean, respectively. 

For the computation of net shortwave radiation 
SWti a variety of empirical formulae has been 
suggested (e.g. Budyko, 1958), using total cloudi- 
ness C, and latitude as input. In the present study 
use was made of the theoretical framework pre- 
sented by Bernhardt & Philipps (1958). Pre- 
ference was given to Bernhardt & Philipps’ 
(1958) over Budyko’s (1958) method, because it 
allows for spatial variation of water vapor turbidity 
and would account for varying dust turbidity as 
pertinent information may become available. For 
comparison both procedures were applied to actual 
data, with the following results. Global radiation at 
cloudless sky computed from the Bernhardt and 
Philipps method is by about 15 W m-2 smaller than 
Budyko’s latitude-mean tabulation. However, 
variations along a latitude circle resulting from the 
humidity pattern are of the same magnitude, but 
are ignored by the Budyko procedure. For global 
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radiation at actual cloud cover, Bernhardt and 
Philipps’ method yields values only about 5-10 W 
m+, or a few percent, smaller than Budyko’s 
procedure: Budyko uses a somewhat stronger 
reduction of radiation due to cloudiness. Both 
methods assume the same value for the albedo of 
the ocean surface. Consequently maps of net 
shortwave radiation at actual cloud cover differ by 
a few percent. This is well within the uncertainty of 
either method. 

Net longwave radiation was computed from 
Brunt’s formula (Budyko, 1958) 

LWtl = ~~~(0.39-0.056\/;i)(l-0.53C2,) + 
4EUpw (T ,  - T,) (3) 

sea surface temperature T,  and air temperature T, 
being in degrees K, and surface specific humidity q 
in gm/kg, emissivity E = 1 and Stefan-Boltzmann’s 
constant u = 567 x lo-” W m-2 K-‘. 

Sensible and latent heat flux were calculated 
from the bulk-aerodynamic equations: 

Q,=K’Dcp(Tw- Ta)v (4) 

Q,= Pc&(qw-qa)v (5 )  

Values o fp  = 1.175 kg m-3 and C, = 1.4 x lop3 
were used for air density and drag coefficient, 
respectively. cp is specific heat at constant pressure 
and L latent heat of evaporation. The saturation 
specific humidity corresponding to the sea surface 
temperature T ,  was computed for q,,,, with refer- 
ence to a salinity of 35 per mille; and scalar mean 
wind speed was used for V. 

Of the observational data mentioned in Section 
2, the following elements thus served as input to the 
heat budget calculations: total cloudiness, dew 
point, and pressure, for SWti; sea surface and air 
temperature, dew point, pressure and cloudiness for 
LWti; sea surface and air temperature, dew point, 
pressure, and scalar wind speed for Q, and Q,. 

Time-averaged data were used in the present 
calculations. Covariance between elements can 
make the product of averages differ from the 
average of products, and C, depends on stability 
(Bunker, 1976; Bunker & Worthington, 1976). 
However, these effects may be of subordinate 
importance for the low-latitude oceans mapped 
here. In fact, Bunker’s (1976) annual maps of Q, 
and Q, for the North Atlantic are rather similar to 
the present charts: only in limited areas are his 
figures of Q, by about 15 W m-z larger than the 



Fig. 4. Annual mean maps of oceanic heat budget. Top, net radiation SWLWti; middle, sum of sensible and latent 
heat flux (Q, + QJ; bottom, residual divergence of heat transport and storage within the oceanic water body (Q, + 
Q,), with dot roster denoting export; all in W m-*. Broken line rectangles indicate areas referred to in Figs. 5-8, 
respectively. 

present ones, a difference of about 10 percent. 
However, Bunker's (1976) values of net radiation 
SWLWti, calculated from somewhat different 
empirical formulae, are systematically larger than 
in Fig. 1. Consequently, his residual (Q,  + Q,) 
differs from Fig. 4 towards larger positive values. 
Within the error limits of calculation methods this 
may be accounted for by a smaller emissivity and 
somewhat different coefficients in the various 
equations. The coarse grid of Budyko's (1963) 
charts, as discussed by Bunker & Worthington 
(1976), precludes a meaningful comparison of 
spatial patterns. In the present study, annual maps 
of heat budget components were constructed from 
the sets of twelve monthly computations. All maps 
were machine-isoplethed and then re-drawn by 
hand. 

5. Spatial pattern 

Fig. 4 maps the annual mean of oceanic heat 
budget components. Net radiation SWLWtl 
largely reflects the distribution of cloudiness apart 

from the broad latitudinal control. Spatial varia- 
tions are relatively modest with smallest values in 
the zonally oriented bands of abundant cloud cover 
in the Northern hemisphere, and larger radiative 
heat gain in the regions of scarce cloudiness 
immediately to the South of the Equator. 

Sensible heat transfer is small over much of the 
tropical oceans, and only the sum of sensible and 
latent heat flux (Q, + Q,) is shown in Fig. 4. Large 
amounts are found in the bands of high sea 
temperature in the Northern hemisphere, whereas 
the cold water tongues immediately to the South of 
the Equator stand out as regions of reduced 
sensible and latent heat transfer. 

The sum of divergence of heat transport and 
storage within the oceanic water body ( Q ,  + Q,), 
according to eq. (2), is obtained as a residual from 
budget components just discussed. For the year as 
a whole, the residual essentially represents Q,. The 
hemispheric asymmetry in the residual (Q,  + Q,) is 
conspicuous: the cold water tongues with reduced 
sea-air heat exchange to the South of the Equator 
are powerful export regions; by contrast, greatly 
reduced oceanic export or even import of heat is 
indicated for the zone to the North of the Equator. 
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Fig. 5 .  Seasonal march of heat budget components in 
the Eastern Atlantic North of the Equator. Net radiation 
SWLWti solid, sensible heat flux Q, dotted, latent heat 
flux Q, dash-dotted, and residual divergence of heat 
transport and storage within the oceanic water body 
(Q, + Q,) broken line. 
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Fig. 6 .  Seasonal march of heat budget components in 
the Eastern Atlantic South of the Equator. Symbols as in 
Fig. 5. 

6. Seasonal march 

Figs. 5-6 and 7-8 compare the seasonal march 
of oceanic heat budget components to the North 
and South of the Atlantic and Pacific Equator, 
respectively. 

As a reflection of the cloud pattern, net radiation 
is larger in the strips to the South, Figs. 6 and 8, 
than to the North of the Equator, Figs. 5 and 7. 
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Fig. 7. Seasonal march of heat budget components in 
the Eastern Pacific North of the Equator. Symbols as in 
Figs. 5 and 6. 
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Fig. 8. Seasonal march of heat budget components in 
the Eastern Pacific South of the Equator. Symbols as in 
Figs. 5-7. 

Furthermore, it is larger in the Atlantic than in the 
Pacific blocks. The annual range is small in all four 
areas. However, there are conspicuous inter- 
hemispheric contrasts in the latent and sensible 
heat flux and hence the residual heat storage and 
export. In the Northern hemispheric areas, Figs. 5 
and 7, the maximum of latent heat flux occurs in 
Northern summer with high wind speed and large 
sea-air temperature difference, and the minimum in 
winter when the opposite environmental conditions 
prevail. Sensible heat flux is small, and directed 
upward throughout the year. In the regions to the 
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South of the Equator, Figs. 6 and 8, latent and 
sensible heat flux for the year as a whole are 
drastically reduced as a direct result of the low sea 
temperatures. Comparatively small values are 
found during Southern summer. Particularly con- 
spicuous, however, is the broad main minimum of 
evaporation around the middle of the Northern 
summer to the South of the Atlantic Equator, Fig. 
6, paralleled by a weak downward directed sensible 
heat flux. Over the Equatorial Eastern Pacific, Fig. 
8, where seasonal variations of sea temperature are 
less pronounced, evaporation during Southern 
winter is not much higher than in summer, 
although a broad minimum as in Fig. 6 does not 
develop. The cold water tongues to the South (Figs. 
6 and 8) and the regions of higher sea temperature 
to the North (Figs. 5 and 7) of the Atlantic and 
Pacific Equator further stand out in the residual 
heat storage and export, essentially as a result of 
the evaporation pattern. For the year as a whole, 
the cold water regions, Figs. 6 and 8, are strong 
exporters of heat. By comparison, the energy 
surplus is more moderate to the North of the 
Atlantic Equator, Fig. 5, and essentially nil in the 
area represented in Fig. 7. At the height of the 
Northern summer in particular, the contrast be- 
tween heat excess to the South and deficit to the 
North of the Equator becomes most conspicuous. 

7. Concluding remarks 

Positive and negative areas of residual (Q, + Q,) 
can be partly related to major surface currents. 
Thus, the extensions of the cold Benguela and 
Humboldt Current systems would contribute in the 

right sense to maintain low sea surface tempera- 
tures and small sea-air temperature differences to 
the South of the Eastern Atlantic and Eastern 
Pacific Equator. However, Bunker & Worthington 
(1976) and Emery (1976) have given examples 
for large regional heat export/import to take 
place by mechanisms other than organized surface 
currents. 

The long-term ship observations that have 
recently become available warrant an unprece- 
dented spatial resolution in the analysis of atmos- 
pheric and hydrospheric fields. Cold water tongues 
immediately to the South of the Eastern Pacific and 
Atlantic Equator stand out sharply against high sea 
surface temperature and sea-air interface contrasts 
in the Northern hemisphere equatorial zone, 
especially during Northern summer. As a conse- 
quence of the thermal pattern, sensible and latent 
heat flux is reduced in the cold water band to the 
South of the Equator and remarkably so in 
Northern summer. For the year as a whole, this 
leaves an annual surplus of 62 and 53 W m-2 
to the South of the Eastern Pacific and Atlantic 
Equator, contrasting with an oceanic import 
of 3 and an export of only 29 W m-* in the 
corresponding blocks to the North of the Equator. 
Hemispheric asymmetry in the oceanic heat budget 
vanishes towards the Western part of the oceans. 
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lTOJIYCQEPHAH ACMMMETPMH EIoAXETA TEnJIA B OKEAHE B 3KBATOPHAJIbHOfi 
ATJIAHTWKE W B BOCTOYHOfi YACTM TMXOrO OKEAHA 

TeMnepaTypbi K ceBepy qepe3 s r ~ a r o p .  Pesynb~upym- 
U a l  pa.4HaUHfl Jllllllb CnerKa BbIUle B 3KBaTOpH~bHOk 
3 0 H e  IOXHOr0 nOJlylUapH5l, HO nOTOKH OIllYTHMOrO H 
CKPbITOrO Tenna CRnbHO YMeHbllleHbl B o6nac~ax  
XOnOAHOfi BOAbI, OCO6eHHO neTOM B CeBepHOM 

TennO CO CKOpOCTbIO 53 H 62 BT/Mz K lor)' OT 3KBaTOpa 
B ATnaHTHKe B TUXOM OKeaHe, COOTBeTCTBeHHO, 
no CpaBHeHHIO C 3KCnOPTOM B 29 H HMnOPTOM B 3 
BT/M2 B 3KBaTOpUanbHOft 3 0 H e  CeBepHOrO nOny- 

nonymapse. B p e 3 y n b ~ a ~ e  oKeaH 3 ~ c n o p ~ u p y e ~  

mapua. 
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