
Climate Dynamics (1994) 10:107-134 

 limut¢ 
Uynnmia 

© Springer-Verlag 1994 

The global heat balance: heat transports in the atmosphere 
and ocean 

Kevin E. Trenberth, Amy Solomon* 

National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO 80307, USA 

Received: 13 August 1993/Accepted: 22 December 1993 

Abstract. The heat budget has been computed locally 
over the entire globe for each month of 1988 using 
compatible top-of-the-atmosphere radiation from the 
Earth Radiation Budget Experiment combined with 
European Centre for Medium Range Weather Fore- 
casts atmospheric data. The effective heat sources and 
sinks (diabatic heating) and effective moisture sources 
and sinks for the atmosphere are computed and com- 
bined to produce overall estimates of the atmospheric 
energy divergence and the net flux through the Earth's 
surface. On an annual mean basis, this is directly re- 
lated to the divergence of the ocean heat transport, 
and new computations of the ocean heat transport are 
made for the ocean basins. Results are presented for 
January and July, and the annual mean for 1988, along 
with a comprehensive discussion of errors. While the 
current results are believed to be the best available at 
present, there are substantial shortcomings remaining 
in the estimates of the atmospheric heat and moisture 
budgets. The issues, which are also present in all pre- 
vious studies, arise from the diurnal cycle, problems 
with atmospheric divergence, vertical resolution, spu- 
rious mass imbalances, initialized versus uninitialized 
atmospheric analyses, and postprocessing to produce 
the atmospheric archive on pressure surfaces. Over 
land, additional problems arise from the complex sur- 
face topography, so that computed surface fluxes are 
more reliable over the oceans. The use of zonal means 
to compute ocean transports is shown to produce mis- 
leading results because a considerable part of the im- 
plied ocean transports is through the land. The need to 
compute the heat budget locally is demonstrated and 
results indicate lower ocean transports than in previous 
residual calculations which are therefore more compa- 
tible with direct ocean estimates. A Poisson equation is 
solved with appropriate boundary conditions of zero 
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normal heat flux through the continental boundaries to 
obtain the ocean heat transport. Because of the poor 
observational data base, adjustments to the surface 
fluxes are necessary over the southern oceans. Error 
bars are estimated based on the large-scale spurious re- 
siduals over land of 30 W m -2 over 1000 km scales 
(1022 m2). In the Atlantic Ocean, a northward trans- 
port emerges at all latitudes with peak values of 
1.1 + 0.2 PW (1 standard error) at 20 to 30°N. Compar- 
able values are achieved in the Pacific at 20 °N, so that 
the total is 2.1 + 0.3 PW. The peak southward transport 
is at 15 to 20°S of 1.9_+0.3 PW made up of strong com- 
ponents from both the Pacific and Indian Oceans and 
with a heat flux from the Pacific into the Indian Ocean 
in the Indonesian throughflow. The pattern of pole- 
ward heat fluxes is suggestive of a strong role for Ek- 
man transports in the tropical regions. 

Introduction 

It is widely recognized that the differential heating be- 
tween the low and high latitudes is the primary driving 
force for the the atmospheric circulation on all time 
scales. Satellite measurements of the Earth radiation 
budget have clearly revealed the surplus of incoming 
absorbed solar over outgoing longwave radiation in 
low latitudes, while the reverse is true at high latitudes 
on an annual mean basis (e.g., Fig. 1). Thus, radiative 
processes are continually acting to cool the high lati- 
tudes and warm the low latitudes, and it is only the po- 
leward heat transport by the atmosphere and the 
oceans that serves to offset this. Beyond these general 
statements, our detailed knowledge of the exact distri- 
bution of heating, how that breaks down into radiative, 
sensible and latent heating components, and the proc- 
esses involved in redistributing heat is far from com- 
plete. 

The critical poleward transports of heat are parti- 
tioned between the atmosphere and the ocean. Con- 
ventional wisdom has maintained that our knowledge 
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Fig. 1. Zonal mean top-of-the-atmosphere radiation from E R B E  
for 1988 as a function of latitude in W m-2.  Shown are the ab- 
sorbed shortwave and outgoing longwave radiation, with their 
difference highlighted to show the excess in the tropics and defi- 
cit at high latitudes 

of the atmospheric transports is sufficient that it can be 
combined with satellite measurements of the radiative 
components to deduce the ocean heat transports as a 
residual. Yet results do not correspond well with the 
few independent estimates of the ocean heat transport. 
In this study, therefore, we critically reexamine the 
heat balance locally over the entire globe for the year 
1988 and we attempt to assess what confidence can be 
placed in the heating and heat transport in the atmo- 
sphere, and thus assess how well we can establish the 
net heat flux through the bottom of the atmosphere 
that implicitly determines the oceanic heat transport. 

Communication between the atmosphere and ocean 
is through the fluxes of heat, fresh water and momen- 
tum and knowledge of the atmospheric-ocean ex- 
changes is critical for atmosphere-ocean modeling. At- 
mospheric GCMs (general circulation models) are de- 
veloped using specified lower boundary conditions [sea 
surface temperatures (SSTs), etc.] which provides a 
strong constraint on the modeled atmosphere. Ocean 
GCMs are developed with either a specified surface at- 
mosphere, specified fluxes and/or relaxation to ob- 
served surface temperature and salinity. These provide 
a strong constraint on the ocean component. Thus, the 
component models have their own systematic errors 
and consequently coupled atmosphere-ocean models 
drift to a new model climate if left alone. Even small 
errors in one component model can be amplified by 
feedbacks. Widespread use has been made of unphysi- 
cal "flux correction" to offset such drift and keep the 
modeled surface conditions similar to observed. The 
fluxes corrected include heat, fresh water, and momen- 
tum (or a subset of these). However, the observational 
evidence to evaluate the models and the corrections is 
insufficient at present. It is, therefore, important to im- 
prove knowledge of "observed" surface ocean fluxes to 
increase our understanding of the coupled system and 
improve coupled models. 

Atmosphere-ocean fluxes may be inferred using 
bulk methods and observed surface variables (for in- 
stance Hastenrath 1980, 1982; Hsiung 1985; Isemer and 
Hasse 1987; Oberhuber 1988). From these methods it 
is possible to obtain reasonable estimates of patterns of 
sensible and latent heat exchange, but substantial (sev- 
eral tens of W m-2)  systematic errors arising from the 
parameterizations, sampling and uncertainties in the 
exchange coefficients are probable (e.g., Weare and 
Strub 1981; Weare 1989). Estimates of surface radia- 
tion depend heavily on ship cloud observations which 
are poor from the surface, and the various empirical 
formula can err by up to 32% (Dobson and Smith 
1988), so this component is quite uncertain. Estimates 
of surface wind stress also appear to be reasonable, but 
again systematic errors exist (e.g., Trenberth et al. 
1990). All these fluxes strongly depend on adequate 
sampling, and insufficient sampling exists over most of 
the southern ocean in particular (Trenberth et al. 
1990). 

As noted above, an alternative method, to be ex- 
ploited here, relies on indirect estimates of the surface 
heat exchange as a residual of the top-of-the-atmo- 
sphere satellite observed net radiation and the diver- 
gence of the energy transports from global atmospher- 
ic analyses from the atmospheric heat and moisture 
budgets. Given the surface flux, ocean heat transports 
may also be estimated. Errors exist in both compo- 
nents but the Earth Radiation Budget Experiment 
(ERBE) has allowed the radiation errors to be much 
better quantified. In principle the errors in this method 
as a whole can be quantified by carrying out analysis 
over land where below ground energy transports must 
be small. In practice, however, the added complica- 
tions of complex orography and treatment of the atmo- 
spheric lower boundary mean that conclusions drawn 
from land residuals do not necessarily apply over the 
oceans (see third section). 

The focus, therefore, is on the annual mean atmos- 
pheric heat budget to provide updates to the earlier 
studies of Vonder Haar and Oort (1973), Oort and 
Vonder Haar (1976) for the Northern Hemisphere 
(NH) and Trenberth (1979) for the Southern Hemis- 
phere (SH). These studies and more recent estimates 
by Carissimo et al. (1985) and Savij~irvi (1988) made 
use of radiosonde data, but the uncertainties in the at- 
mospheric heat transports are substantial. This is ob- 
vious at 70°S in the Carissimo et al. (1985) and Savij~ir- 
vi (1988) results, for instance, where there is no ocean 
but their residuals imply a large poleward heat trans- 
port by the ocean. Problems are especially evident aris- 
ing from estimates of atmospheric divergence in low la- 
titudes in the rawinsonde-based analyses, but this as- 
pect seems to be improving steadily in global ana- 
lyses. 

Thus, an alternative approach is to use state-of-the- 
art global analyses to assess the atmospheric heat 
transports (Boer 1986; Masuda 1988), as has been re- 
cently done by Michaud and Derome (1991). The qual- 
ity of atmospheric analyses produced from four-dimen- 
sional data assimilation systems has continued to ira- 
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prove in spite of observational losses (e.g., Trenberth 
1992; Trenberth and Olson 1988). Consequently it is 
generally considered desirable to use the most recent 
analyses available to compute the atmospheric heat 
transports. Top-of-the-atmosphere heat budget infor- 
mation derived from satellite is necessary to complete 
the atmospheric heat budget and it is important to 
have data for the same months for the results to be val- 
id locally. Therefore use is made of ERBE results for 
which the most recent year with sufficient quality is 
1988 (see fourth section). 

Stone and Risbey (1990) have examined atmospher- 
ic GCM heat transports and compared with "ob- 
served" as given by Carissimo et al. (1985), and con- 
cluded that most atmospheric GCM heat transports are 
deficient. However, an alternative conclusion is that 
the "observations" are deficient. We believe this to be 
the case (see Boer 1986), although it does not exclude 
the possibility that GCM transports may also be 
flawed. In this study we provide an update of recent 
heat transport estimates and an assessment of the 
sources of errors. 

The approach uses the global analyses for 1988 from 
the European Centre for Medium Range Weather 
Forecasts (ECMWF) but with assessments of the im- 
pacts of changes in the analysis system and the charac- 
teristics of the analyses on the implied transports. 
There are major uncertainties at low latitudes owing to 
the ever-changing character of the global analyses 
(Trenberth 1992), which is manifested, in particular, in 
the changing strength of the analyzed mean meridional 
circulation. Substantial changes have occurred since 
1988. Other issues include differences among analyzed 
data sets, such as those from different centers, two ver- 
sus four times per day analyses which determine how 
well the diurnal cycle is resolved, whether the analyses 
are initialized or uninitialized, and issues of vertical re- 
solution, and these are all discussed later. It appears 
that no past studies have carried out a proper treat- 
ment of the lower boundary as described in Trenberth 
(1991). The goal is to gain a better appreciation for 
where the uncertainties lie and which aspects we can 
trust. 

Data sets 

The radiation data and its processing is discussed in the 
fourth section. Use is made of the ERBE dataset of 
monthly means which has been processed onto a T42 
Gaussian grid by Hurrell and Campbell (1992). 

Global analyses of various quantities are needed to 
carry out the diagnostic studies. The most convenient 
global data sets for this purpose are the global analyses 
produced operationally for weather forecasting pur- 
poses (Fortelius and Holopainen 1990). These are pro- 
duced using a four-dimensional (4-D) data assimilation 
system in which multivariate observed data are com- 
bined with the "first guess" using a statistically opti- 
mum scheme. The first guess is the best estimate of the 
current state of the atmosphere from previous analyses 
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produced using a numerical weather prediction (NWP) 
model. 

The global atmospheric analyses produced as a re- 
sult of four-dimensional data assimilation operational- 
ly consist of global fields of northward and eastward 
wind components (u, v), geopotential height (z), tem- 
perature (T), and relative humidity (RH) or, equival- 
ently, specific humidity (q) each of which are a func- 
tion of pressure (p). w (vertical p-velocity) fields are 
produced diagnostically from the equation of continui- 
ty. In recent times, these quantities have been analyzed 
on the levels of the numerical weather prediction mod- 
el used in the 4-D data assimilation to provide the first 
guess for the analyses. Generally, these are o-levels 
where o-=p/ps, and p~ is the surface pressure defined 
on the model surface topography. Alternatively, a hy- 
brid between ~r and pressure coordinates is used which 
typically reverts to constant pressure above about 
100 mb. Analyzed fields on standard constant pressure 
levels are produced by interpolation. Actually, the 
changes in the analysis from one synoptic observation 
time to the next are interpolated to update the stand- 
ard pressure level fields (after November 1984 at 
ECMWF), though the details as to how this has been 
done have changed with time. Once the fields have 
been analyzed, they are typically initialized to bring 
the mass and temperature fields into a dynamical bal- 
ance with the velocity fields consistent with the pre- 
dominant low frequency motions in the atmosphere. 

It must be emphasized that the operational analyses 
are performed under time constraints for weather fore- 
casting purposes and not for climate purposes. 
Changes in the NWP model, data handling techniques, 
initialization, and so on, which are implemented to im- 
prove the weather forecasts, may disrupt the continuity 
of the analyses (Trenberth and Olson 1988; Trenberth 
1992). Two datasets have been used, one with twice- 
daily initialized analyses at seven levels in the vertical 
(1000, 850, 700, 500, 300, 200 and 100 rob), the other 
with four-times daily uninitialized analyses at 14 levels 
(1000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 
30, 10 rob). Data are on a T42 grid and their character- 
istics have been described by Trenberth (1992). Tren- 
berth (1991) examined how well these analyses satisfy 
the equation of continuity and concluded that although 
14 levels is superior for diagnostic studies, the initial- 
ized analyses contain much less noise and much more 
closely satisfy the mass balance. However, the four- 
times daily analyses better capture the diurnal cycle. 

Methodology 

Energy equations 

The methodology is related to that used in several oth- 
er studies but with some important differences. The in- 
tent is to obtain the diabatie heating in the atmosphere 
and use the observed top-of-the-atmosphere radiative 
fluxes to deduce the flux of heat through the bottom of 
the atmosphere. One such method uses the apparent 
heat source Q1 and apparent moisture sink Q2 arising 
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from the thermodynamic and moisture equations (e.g., 
Yanai et al. 1973, 1976, 1992; Fortelius and Holopainen 
1990). The term "apparent" is used because Qa and Q2 
include contributions from unresolved eddies. Other 
methods use the full energy equations in one form or 
another (e.g., Boer 1982, 1986; Boer and Sargent 1985). 
In fact there are several options available and, with 
perfect data, all should be equivalent. In practice, how- 
ever, large differences arise from the differing formula- 
tions because of assumptions made about the data, 
such as the equation of continuity being satisfied, and 
it is desirable to explicitly spell out those assumptions 
to help understand the results and devise the best prac- 
tical method for obtaining such estimates with minimal 
contamination from flaws in the data. 

Although we have performed diagnostic calcula- 
tions of the heat and moisture budgets at all levels in 
the atmosphere, parallel calculations of the mass bud- 
get reveal that mass is not conserved by the analyses 
(Trenberth 1991) and this lack of conservation consti- 
tutes a major error component in the other budgets. 
We have now devised variational approaches to adjust 
the analyses so that mass is conserved in three dimen- 
sions (which will be reported on elsewhere), but the 
simplest approach and the one pursued here, is to 
make the corrections and computations through the 
vertically integrated energy budget as given by Tren- 
berth (1991). 

Energy in the atmosphere is usually considered in 
the form of kinetic energy k, internal energy I=c,,T, 
and potential energy Pe, (e.g., see Boer 1982). The ver- 
tical integral of Pe, for example, will be indicated as/5,  
and is given by 

Pe : ~ gzpdz  = (RT+ CPs)dp 
o g o  

after integrating by parts and using the equation of 
state and hydrostatic equation, and where ¢~, the sur- 
face geopotential, is not a function of pressure. 

The thermodynamic equation can be written as 

cp L Ot v.VT+co \OP p ] ]  = Q1 (1) 

where Q1 is the diabatic heating. Strictly speaking, k, 
R, and Cp vary with the amount of moisture in the at- 
mospheric but it is a good approximation to treat them 
as constant for our purposes. Using the hydrostatic 
equation, the equation of continuity and the kinetic en- 
ergy k equation gives 

3__Ot (cp T+ k) + V. (s + k) v + ~--~ (s + k) co = Q1 + Qf (2) 

where s=cp T+ q)is the dry static energy and Qf is the 
frictional heating. The latter is small and will be ne- 
glected. It is readily shown from (2) after some manip- 
ulation involving vertical integrals and properly ac- 
counting for the variability of Ps that E=I+k+Pe  
when integrated over the entire mass of the atmo- 
sphere is conserved in the absence of heating and fric- 
tion. 

The moisture conservation expressed in flux form as 
a heating is 

L ~ - + V . q v +  qco = L ( e - c ) = - Q 2 .  (3) 

where e is the rate of re-evaporation of cloud and rain- 
water and c is the rate of condensation per unit mass, 
which together produce the precipitation rate, the role 
of liquid water in the atmosphere is ignored, and Q2 is 
the latent heat released through evaporation and con- 
densation (Yanai et al. 1973). 

Combining Eqs. (2) and (3), gives an expression for 
the total atmospheric energy transport 

3 ( c p T + k + L q ) + V ' ( h + k ) v  + 
Ot (4) 
_~0 (h + k) co = 01 - Q2 
Op 

where h =s  + L q is the moist static energy. 
The vertical integral through the atmospheric co- 

lumn of Q1 allows the heating to be broken up into 
components 

O.I=RT-R,+H,+LP+O.d  (5) 

where RT and R~ are the net downwards radiation 
through the top of atmosphere and the earth's surface, 
H~ is the sensible heat flux through the surface, and P 
is the precipitation rate. Ignoring Q;, then 

Q I = R r + L ( P - E ) + F ~  (6) 

where E is the surface evapotranspiration and 

F ~ = L E + H , - R s  (7) 

is the net upwards flux through the surface. As 
02=L(P-E) 

- = + / 7 , .  ( 8 )  

Vertically integrating Eq. (4) through the atmos- 
0 

pheric column, and taking the ~ and divergence oper- 

ators outside the integral while accounting for the var- 
iability of p,, gives 

0 1 "( (c T+k+Cq+ ¢,,)dp+ 
at g o (9) 

V. l-  (h+k)vdp=RT+ Fs. 
g o  

The first term in Eq. (9) is the change in storage in the 
atmosphere of internal, potential, kinetic, and latent 
energy, the second term is the total atmospheric heat 
transport divergence. In Vonder Haar and Oort (1973) 
and Oort and Vonder Haar (1976) the k term is drop- 
ped from Eq. (9). On an annual mean basis, the 
changes in storage terms are small and often negligible, 
so that Eq. (9) may be written as 

7"FA =RT+F, (10) 

where FA = l P s  (h + k) vdp is the atmospheric energy 
g o  

transport. Over land Fs should be close to zero so 
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V 'F~nd=Rr  (11) 

and the balance lies between the atmospheric energy 
divergence and the net top-of-the-atmosphere radia- 
tion. Within the ocean 

V ' F o =  - F s  (12) 

where Fo is the vertically integrated divergent ocean 
heat flux. 

In using atmospheric data to evaluate Q1 from Eqs. 
(1) or (2) it is important to realize the characteristics 
and shortcomings of the data. If fields are analyzed 
univariately, as is commonly the case using rawinsonde 
data, there is no guarantee that the hydrostatic equa- 
tion is satisfied and other dynamical constraints, such 
as the winds being close to geostrophic balance, can be 
grossly violated (Trenberth 1987). However, in that ap- 
proach the oJ field is derived so that the equation of 
continuity is satisfied. Moreover, it is possible to intro- 
duce some dynamical eontraints (Savij~rvi 1988). The 
global analyses from operational centers resulting from 
four dimensional data assimilation have different char- 
acteristics. For instance, in the pressure-level archive 
from ECMWF, the fields are interpolated from model 
levels and neither the hydrostatic equation nor mass 
conservation are exactly satisfied in the analyses 
(Trenberth !991). The equation of continuity, in parti- 
cular, can contain residuals exceeding 50% of either 
term. As a consequence there is no equivalence be- 
tween Q1 from Eqs. (1) versus (2) when evaluated 
from the analyses (see also Ponater and Frenzen 
1987). 

An attraction to using Eqs. (9) or (10) is the appar- 
ent absence of the difficult-to-calculate terms. Howev- 
er, the fluxes are critically dependent on the divergent 
wind. Consequently, there appear to be considerable 
advantages to using the advective forms of the equa- 
tions as in Eq. (1), as they avoid the problems with im- 
balances in the continuity equation and are much less 
critically dependent on V'v being correct. Instead 
problems come from the oJ terms and results depend 
critically on the reasonableness of w. Because Eq. (10) 
is vertically integrated, it is easily corrected for any 
overall mass imbalance that exists using methods given 
in Trenberth (1991), whereas this is much more diffi- 
cult to do using Eq. (1) where decisions about the ver- 
tical structure of corrections and how to adjust w have 
to be faced. 

Another advantage of Eq. (10) is that given esti- 
mates of Rr  from satellite measurements and using 
computed values for terms on the left hand side, then 
Fs can be estimated as a residual. Over the oceans, Eq. 
(12) then allows estimates to be made of the ocean 
heat transport. Moreover Fs can be compared with in- 
dependent estimates made using bulk flux formula- 
tions of the surface fluxes. 

Most commonly, this approach has not been fol- 
lowed locally and instead Eqs. (10) and (12) have been 
zonally averaged to obtain total meridional ocean heat 
transport as residuals (Vonder Haar and Oort 1973; 
Oort and Vonder Haar 1976; Trenberth 1979; Masuda 
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1988; Carissimo et al. 1985; Savij~irvi 1988; Michaud 
and Derome 1991). This assumes that Eq. (11) holds 
and nearly all studies have made this assumption. In 
fact, it is clear that Eq. (11) is often violated by several 
tens of W m-2  (e.g., this is implied by the results of 
Fortelius and Holopainen 1990). Firstly, the spurious 
residual from Eq. (11) may indicate how well this 
method is actually performing. Secondly, the implica- 
tion is that some of the "ocean" transport is occurring 
over land. If, instead, we insist that Eq. (11) holds and 
then compute the zonal mean ocean transport, rather 
different results ensue. Alternatively, we can solve for 
the horizontal heat transport locally and then insist 
that it should be zero over land. This gives yet another 
result for the zonal mean. More properly, Eq. (12) 
should be solved for the ocean region only with appro- 
priate boundary conditions, and this is done here. It is 
therefore desirable to examine F, and Fo regionally 
much more carefully and critically than has generally 
been the case in the past. 

Practical aspects 

We define an overbar to be a finite time average and a 
prime to denote the departure from that mean, so that, 

1 N 
= - -  ~ Ui where there for instance, u = ~ + u ' .  Thus ~ N i=1 

are N individual values ui in the mean. Accordingly, 
when time averages are taken, the energy fluxes may 
be divided into stationary and transient components of 
dry static energy s, moist latent energy L q and kinetic 
energy k 

V.~v(h+k)=V.~(~+ Lq+JQ+ V.v'  (s' + Lq '  +k ' ) .  (13) 

and the same applies to the corresponding vertical in- 
tegrals. 

We take the means to correspond to monthly means 
and the transients correspond to departures from the 
monthly means. The atmospheric terms, including the 
tendency terms, have been evaluated for each month 
and the yearly mean is computed from the average of 
the individual monthly means. The tendency term is 
small. 

The mass weighted vertical integral of any quantity 
M 

Ps 
I = ~ Mdp/g (14a) 

Pt 

can be written as 

i = !  p° /3 M dp (14b) 
g p~ 

where po is now some fixed value of pressure greater 
than Ps everywhere, and we define/3=0, p >p~;/3=1, 
P <-Ps. This has the potential advantage of having fixed 
integration limits (e.g., Boer 1982). 

Because data are available only at fixed pressure 
levels, Eq. (14) must be replaced with finite differ- 
ences. In each case, the vertical integral will be carried 
out using a trapezoidal rule. We set Po = 1100 nab say, 
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and pzf=pt. Then for Eq. (14b) we define the layer 
thickness Apj=pi_l-pj+l, j = l ,  3,. . .  2 J - 1 .  With 
these definitions, the trapezoidal rule of integration is 
exactly equivalent to 

1 
I = - E (/3M)j Apj (15) 

g j~l, 2J-l. 2 

and we define 

fij = 1 if Pj-a<Ps 
/3j = 0 if Pj+I>P, (16) 

fij_ Ps-Pj+l if Py-t>P~>Py+l 
Pj-1 -Pj+I 

so that 0_</3 <_ 1. This is more accurate than the defini- 
tions used for/3 by Boer (1982). 

This approach correctly weights the values at each 
level in the vertical with the appropriate mass of the 
layer and gives exact results in the case where M is a 
constant, for example. Note, however, that because of 
the missing data in the stratosphere in the seven level 
case, we will generally prefer to use Pt = 50 mb rather 
than zero as the upper limit for integration. 

Generally we have found by changing the number 
3A 

of p-levels used that for any A, the - -  terms are bet- 
Op 

ter evaluated in finite difference form in Inp coordi- 
1 8A 

nates as - -  using centered differences where pos- 
p 61np 

sible. 
If lnp is chosen for the vertical coordinate, an equi- 

valent set of expressions to Eqs. (13) to (16) exists ex- 
cept then the vertical integral in Eq. (14) becomes 

P~ dp z,~p. dlnp 1 Znpo 
] M  "-~-: ~ p M - - -  ~ p /3Mdlnp .  
0 g 0 g g l~p~ 

Then Eqs. (15) and (16) must also be appropriately 
modified to correspond to the new coordinate. 

Several approaches were tried in properly dealing 
with the lower boundary and the p~ values. The latter 
were computed for the real world orography (Tren- 
berth 1992) and were also available from ECMWF for 
the analyses on the artificial model surface which cor- 
responds to an enhanced envelope orography, often 
with p~ values lower by 50 to 100 mb or more in the 
vicinity of complex high mountains (Trenberth 1992). 
On p-levels, therefore, values as archived are extrapo- 
lated below the envelope orography as part of the post 
processing at ECMWF. There is no "correct" way to 
do this and our experience indicates that all such val- 
ues are somewhat contaminated. It is therefore neces- 
sary to use the ECMWF p~ values and neglect that part 
of the real atmosphere below the artificial surface. 
Moreover, we have found that it is also desirable to 
ensure that no part of the extrapolated values enters 
into the calculations or else extremely noisy fields re- 
sult in the vicinity of mountains. Therefore, in all cases, 
the lowest layer was treated very conservatively and 
sometimes omitted. This practical difficulty in obtain- 
ing reasonable results near complex terrain is a corn- 

pelling reason why it may be better to carry out diag- 
nostic analyses in model coordinates, but interpolating 
from p to model coordinates only compounds the 
problems, so it is necessary to obtain the original mod- 
el-level data. For the present diagnostics, however, it 
means that results cannot be considered accurate near 
mountains and this aspect will make results over land 
less reliable than over the oceans. 

Most results presented here are for the 7-level ini- 
tialized ECMWF analyses. Later we comment on re- 
sults using other datasets. All calculations were per- 
formed at T42 resolution but results have generally 
been truncated to T31 resolution for presentation pur- 
poses. On the vector plots (Figs. 4-9) only every sec- 
ond gridpoint vector is shown. 

Top-of-the-atmosphere radiation 

Comprehensive analyses of the earth radiation budget 
using satellite data have been presented in the past, for 
instance Stephens et al. (1981) summarized results 
from all measurements prior to 1980. Hartmann et al. 
(1986) summarized shortcomings in radiation budget 
data at that time and noted the presence of unaccepta- 
bly large uncertainties in top-of-the-atmosphere radia- 
tion data for use in the heat budget, but that the ERBE 
was expected to substantially reduce those uncertain- 
ties. In particular, ERBE has had an objective of im- 
proving measurements of the diurnal variations in the 
radiation budget so that more accurate radiation prod- 
ucts can be derived. This has been achieved by using 
three satellites (ERBS, NOAA 9 and NOAA 10) 
carrying identical instrument packages. Barkstrom et 
al. (1989) made estimates of the uncertainties in ERBE 
scanner data on a monthly mean regional basis as 
about +5 W m -2 for both the shortwave and long- 
wave radiation. Global-mean average-annual radiation 
was also estimated to have uncertainties of _+ 5 W m-2 
More comprehensive error estimates were made by 
Rieland and Raschke (1991). Average root mean 
square (rms) sampling errors due to diurnal sampling 
for outgoing longwave radiation (OLR), absorbed so- 
lar radiation (ASR), and net radiation were 0.9, 3.4 
and 3.5 W m -2 respectively for the three satellites 
combined. However, these numbers increase to about 
3, 8 and 9 W m -2 for just one satellite. In addition, 
when other uncertainties from data inversion proce- 
dures are included, the final ERBE rms uncertainty es- 
timates are 7.8 W m -2 for the three satellite combina- 
tion versus 11 W m -2 for one satellite. 

Use is made of the ERBE data for the year 1988, by 
which time NOAA 9 had failed. [As the NOAA 10 
scanner failed in May 1989, it is not practicable to use 
more recent data unless major compromises are made 
in sampling, or non-scanner data are substituted 
(which is not recommended by the ERBE science 
team). The ERBS scanner failed in February 1990.] 
Overall rms error estimates are + 9 W m-2 for two sa- 
tellites, with larger errors coming from the ASR than 
OLR. Because the global mean net radiation averaged 
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Pig. 2. Mean top-of-the-atmosphere 
radiation from ERBE for 1988 in 
W m -z. Shown are the absorbed 
shortwave radiation (ASR), the 
outgoing longwave radiation 
(OLR), and the net Rr. Values 
greater than 250 W m -2 are stip- 
pled in the top two panels, and val- 
ues exceeding -+50 W m-2 are 
either stippled or hatched in the 
bottom panel 

over  one  year  does  no t  in tegrate  to zero,  correc t ions  
need  to be  applied to r e m o v e  this bias. The  global 
m e a n  value may,  of  course,  depar t  slightly f r o m  zero  if 
there  is a change  in hea t  s tored by the Ea r th  system, 
but  this is be l ieved to be  - 1 W m - 2  at most.  S tandard  

deviat ions of  global  net  radia t ion f rom Nimbus  7 are 
0.5 W m - 2  ( A r d a n u y  et al. 1962). As  the main  uncer-  
tainty in the net  radia t ion  arises f r o m  the A S R ,  we 
have m a d e  a slight ad jus tment  to the E R B E - d e r i v e d  
a lbedo in o rder  to achieve a global  annual  balance  in 
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Fig. 3. Outgoing longwave radiation 
from ERBE in W m-2, for January 
and July 1988. Values less than 
240 W m -2 are stippled and indicate 
regions of convection (high cloud 
tops) in the tropics 

radiation. Thus, the correction is not uniform in net ra- 
diation over the globe as has typically been the case in 
past studies, but is weighted by the solar radiation dis- 
tribution. For 1988, the global imbalance is 
4.1 W m - 2  

Figure 1 shows the zonal mean ASR and OLR with 
the difference, which constitutes the net radiation, 
highlighted by shading. It reveals the excess of ASR 
over OLR in the tropics and the deficit at high lati- 
tudes. The spatial patterns of the 1988 annual mean 
ASR, OLR and net radiation are presented in Fig. 2. 
OLR in the tropics is dominated by the presence or 
otherwise of high cold cloud tops, and is often used as 
an index of convection. Thus values less than 
250 W m -2 show the main annual mean convergence 
zones and these can also be seen in the ASR as regions 
of higher albedo. Features are qualitatively similar to 
those from previous studies but the small quantitative 
regional differences that are present from previous 
studies, arising in part because this is for a specific 
year, are important in the current context. 

The year 1988 featured strong circulation anomalies 
associated with the end of the 1986-87 E1 Nifio-South- 

ern Oscillation (ENSO) event, which ended by March 
1988, and the very strong 1988 La Nifia event that de- 
veloped in April and May 1988, and persisted through- 
out the rest of the year. In January 1988, tropical Pa- 
cific SSTs were above normal and convection was dis- 
placed eastward along the equator to the vicinity of the 
dateline. By July, SSTs were substantially below nor- 
mal along the equator and the dry zone along the 
equator was enhanced although above normal activity 
occurred in the South Pacific Convergence Zone 
(SPCZ) (Trenberth and Branstator 1992). These as- 
pects are revealed by the OLR for January and July 
1988 in Fig. 3 and should be kept in mind in interpret- 
ing the maps presented later for these two months. 

A t m o s p h e r i c  heat  transports 

The atmospheric heat transports have been broken up 
into rotational and divergent parts, and also into time 
mean "stationary" and transient components. The ro- 
tational transports are the nondivergent part and, al- 
though much larger than the divergent component, are 
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Fig. 4. Rotational component of the 
total and transient total energy flux 
for January 1988. For the mean, the 
scaling vector is 0.2 x 1012 
J m-1  s-1 and the streamfunction is 
in 1015 J s - I  while for the transient 
component the scaling vector is 
0.2x109 J m -~ s -~ and the stream- 
function is in 1013 J s  -1 

not tied to the sources and sinks of energy (Boer and 
Sargent 1985; Boer 1986). The contributions from the 
dry static energy, latent energy and kinetic energy have 
been evaluated for each month of the year. It is not 
possible to show all of these here but it is useful to 
show the dominant contributions for January and July 
to illustrate the most important terms and mechanisms, 
and their seasonal variation. 

Figures 4 and 5 show for January and July the rota- 
tional component of the energy transport for the total 
and transient contributions in the form of vectors and 
the stream-function. Their difference is the contribu- 
tion from the stationary component but, as the latter is 
two orders of magnitude larger than the transient com- 
ponent, it looks very like the total field• The rotational 
transports are dominated by the contribution from the 
rotational part of the wind (Boer and Sargent 1985) 
and the results given here, while quite similar to those 
of Boer and Sargent for 1979, also reflect the interan- 
nual variations noted above. 

The divergent kinetic energy transport is an order 
of magnitude less than any other component and will 
not be shown. Also, as the time mean component dom- 
inates the transient component, so that it looks some- 
what like the total field, it will not be presented. 

Figures 6 and 7 show the total and transient compo- 
nents of the divergent energy transports for January 
1988 and Figs. 8 and 9 show the same for July 1988. 
The three panels in each figure correspond to the total 
energy, the dry static energy, and the latent energy, 
where the total includes the kinetic energy component. 
The zonally integrated transports are given in Fig. 10. 
Although the transient component is smaller than the 
stationary component, it is quite significant, especially 
in midlatitudes and it becomes relatively much more 
important in the zonal integral. Boer and Sargent 
(1985) and Boer (1986) have previously presented sim- 
ilar results for the dry static energy for 1979. 

In January, the transient poleward fluxes (Fig. 7) 
are strong in both hemispheres and the dry static ener- 
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Fig. 5. Rotational component of 
the total and transient total ener- 
gy flux for July 1988. The scaling 
vector is 0.8x101~ Jm -1 s -~ and 
the streamfunction is in 1015 
J s-1, while for the transient 
component the scaling vector is 
0.2x109 Jm -1 s -1 and the 
streamfunction is in 10 t3 J s-1 

gy component  is roughly double that of the latent ener- 
gy. The latter is also true in July (Fig. 9), but  the N H  
transports are much weaker than in the SH and in Jan- 
uary. For  the mean and total fields (Figs. 6, 8), it is 
noticeable that part  of the energy flux in the tropics in 
the form of dry static energy is cancelled by the latent 
component .  This occurs as the convergence of mois- 
ture in the low levels is realized as latent heating, so 
that the net total transport  is somewhat less than that 
for dry static energy alone in the tropics. In fact, any 
inconsistency between the moisture and heat trans- 
ports in the tropics which should result in strong can- 
cellation between these two terms means that errors in 
the small residual can be large. 

While part of the mean transport  occurs as a sta- 
t ionary wave transport  in the NH in January, most 
comes from the large-scale overturning in the atmo- 
sphere associated with the divergent wind component  
as manifest in the Hadley and Walker  circulations. 
Note the strong seasonal global-scale monsoon 

changes from January to July in Figs. 6 and 8. The 
dominant  energy outflow center coincides closely with 
the region of highest SSTs in the oceans. The anoma- 
lous convection in the tropical Pacific (Fig. 3) has its 
signature in Fig. 6 as well. The  zonally symmetric Had- 
ley component  is clearer in the dry static energy panel 
of these figures but  with dominant  contributions from 
the eastern hemisphere. The east-west outflow is best 
seen across the Pacific. However ,  it is clear that the 
zonal and meridional outflows are combined and any 
depiction with Hadley and Walker-type breakdowns is 
an oversimplification. 

It is the divergent part of the flow and its associated 
transport  which is most uncertain and which has 
changed quantitatively with time, e.g., since 1979 (see 
Boer  and Sargent 1985). Trenber th  (1992) shows how 
the zonal mean Hadley circulation has changed at 
ECMW F  with the changes in the data assimilation sys- 
tem. Consequently, the transports shown in Figs. 6-10 
are improved and substantively different than in pre- 



Kevin et al.: The global heat  balance 117 

90N 

SON 

5aN 

0 

505 • 

60S. 

90S 

Jan 1988 Total Div Energy Transport  (XlOSj-m-ks - ' )  
: , , ,_, ! j j . l . , ,  l , , , , ,  ~ i , , . I . , S J , _ , . I , . ~ J . , . , . I . ' .  : , l , ' , ' ,  

~ ~ - . w _ . _ ,  ,--,,..,,.. _ l -"--.-4- . , '~ .  , ~ , - r ~ r - ' - -  

-k- -( *J',.-s_.--.->,-- -~, ~ . . ~ % ~ - -  ; ' ~ . '  ' ; [ Y ? "  i [  

": i  }D-LJ" --: : '  I 

; . , . , . , - ;  ~ , . , . , ,  : ~ . ,  " , ' , - ,--  ~-,'->>-1," 
0 30E 60E gOE 120E 150E 180 150W 120W 90W 60W 30W 0 

Jan 1988 Total Div DSE Transport  (XlOgJ'm-Ls -~) 

90N  ~ . . . . . . . .  _ ,  . . . .  

60N 

3oN ~ ~ , ~ . . ~ . , .  t - - : ( \ ~ f "  r 

o; 

30S 

90S 
3 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0 

Jan 1988 Total Div LE Transport  (XlO~J-m-I-s -~) 
j , I i i I i , I i = I = , I i i I , i I t , I , , I , , I , 1 I r 

o 

J 

~ 0 S ] ~ . . . .  K " " -- ~ -- / ~ . 1 ] - - ~ i ~ I X l  / ' r  } - - ~ ' '  [ /--l--;k 
- t - . - . l ~ ~ ~ "  " - W -  ;.P : " - - t - -> ' , < . , "  ,~v- l -N) "->'-" 

sos-? ' ~ i _- " \ ' / / 1  r T m ' r w a , - ' "  ' 'l- 

90S 
0 30E 60E 90E 1 2 0 E  150E 180 150W 120W gOW 60W 50W 0 

SCAUNG VECTOR ~ 0 .4  

Fig. 6. Total (stationary plus tran- 
sient) divergent energy transport  
component  for the total, dry static, 
and latent energy components  for 
January 1988. The scaling vector is 
0.4 x 10 9 J m -1 s -1 and the potential  
function is in 10 ~3 J s -1 



118 Kevin  et  al.: The  global hea t  balance 

J a n  1988  T r a n s i e n t  Div E n e r g y  T r a n s p o r t  ( X l O g J - m - L s  -v  
90N . . . i , , i , , i , , 1 , , i , , l ~ , i , , i . .  i .  , .  , J . , . ,  . 

60N ~ / 

0:Zi i i7 

60S 

90S ", " , ' ~ ' , '  ,' ", ", ' , ' ~ '  ,' ; '~ ' , ' , "  ," , h : ~ ' , "  ," i ' " ' ' ~  ' ' I ', " , ' l ' "  ; ] ", " " 
0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 50W 0 

J a n  1988  T r a n s i e n t  Div DSE T r a n s p o r t  (X1OgJ 'm- l - s  - I )  

90N ~- ' ' I 

60N 

SON 

0 ¸ 

30S 

60S 

90S 

, J I , , l , , I ¢ , I L , I i n I a n I , J . I  , , . i .  , .  • 1 . t  • ,  . I 

/ z /  . . . . .  ~ --. "-. " ,,2 

~ ~ \ \ - C , ~ .  _-~_- . . . . .  # , .  

~' ~ "' ";4 "~ . z . . 

~ . . . ' , ~ ' ' '  ' . . . . . . . . .  " ' '  . . . . . .  ' " ' 2 " "  

", " , ' , "  ," ; ', " , ' , ' l "  ," ; 'i " ' "  I' ; ", "1 " , "  ," [ ", " , ' i ' , "  ," i ', 1 , ' , "  ," , 'l " , ' , "  
0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0 

90N 

60N 

50N 

O- 

3 0 S  • 

60S - 

90S 
0 

J a n  1988 T r a n s i e n t  Div LE T r a n s p o r t  ( X l O g J - m - l - s  -1 
i t [ i J I i ~ I J ~ I * 1 t t i I i ~ I i ~ I ~ ~ I J ~ I J i [ i I 

" < : ~  . . . . . . . . . . . .  -- . . . . . . . . . . ,  , . ~ . . . . .  .. x . . 

' r / 

~ . . . . J . - ~ - ' P ' ~ 1 0  t t I I L I I I t I I ", ~. ~ ' ]  I 1 1 
,-,----m'~,,, ~ " :  , ~  ; ,  , : ^ ,  . . . . .  , ,  , ,  , _ . ~  .- > . . - - - - . -  

. . . . . . . . . . . . . . . . .  . . ] U .  , , , , . 1 0  . . . .  

30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0 

SCALING VECTOR > 0 . 2  
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Fig .  8. T o t a l  ( s t a t i o n a r y  p l u s  t r a n -  
s i en t )  d i v e r g e n t  e n e r g y  t r a n s p o r t  
c o m p o n e n t  for  t h e  t o t a l ,  d r y  s ta t ic ,  
a n d  l a t e n t  e n e r g y  c o m p o n e n t s  fo r  
J u l y  1988. T h e  s c a l i n g  v e c t o r  is 
0 . 4 x  109 J m  -1  s -1 a n d  t h e  p o t e n -  
t i a l  f u n c t i o n  is in  1013 J s -1 
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January 1988 Mean fQ (Mass Corrected) 
T31, Extreme Vert Int Global Mean = 0,854 (W-m -2) 
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July 1988 Mean fQ (Mass Corrected) 
T31, Extreme Vert Int Global Mean = 0,551 W.m -2) 
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1988 Mean fq  (Mass Corrected) 
T31, Ext reme Vert Int Global Mean = -0.010 (W.m -2) 
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Fig. 11. (~1 for January and July 
1988 and the annual mean in 
W m-2.  The contour interval is 
50 W m -2 on the t o p  t w o  p a n e l s  

and 40 W m - 2  on the b o t t o m  
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JonuQry 1988 Meon fL(E-P) (Moss Correcfed) 
T51, Extreme Vert Int Global Mean = 0.,394 (W-m -2) 
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July 1988 Moon fL(E-P) (Moss Corrected) 
T31, Extreme Vert Int Global Mean = 0.940 (W'm -2) 
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Fig. 12. - 02 = L (E - P) for Janua- 
ry and July 1988 and the annual 
mean in W m - 2  The contour inter- 
val is 50 W m - 2  on the top two 
panels and 40 W m - 2  on the bot- 
tom 
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January 1988 Mean V.FA(M.C.) 
T51, Ext reme Vert Int Global Mean = 1.248 (W.m -2) 
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July 1988 Mean V.FA(M.C. ) 
T31, Ext reme Vert Int Global Mean = 1.491 (W'm -2) 
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Fig. 13. The divergence of the at- 
mospher ic  energy t ranspor t  V. FA 
for January  and July 1988 and an- 
nual mean  in W m - 2 .  The contour  
interval is 50 W m - 2  on the top 
two panels and 40 W m - Z  on the 
bottom 



K e v i n  e t  al . :  T h e  g l o b a l  h e a t  b a l a n c e  125  

90N 

60N 

3ON 

0 

30S 

60S 

90S 
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T31, Extreme Vert Int Global Mean = -10.485 (W.m -~) 
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Jan 1988 Heat Fluxes (W-rn - l )  
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Fig. 15. Zonal means of Rr, Q1, -- Q2, and V. IrA for January and 
July 1988 and annual mean in W m-2 

quite well with those deduced from OLR (Fig. 3) in the 
tropics although there are differences in detail. 

The combination of Figs. 11 and 12 as 0 i -  02 (see 
Eqs. 4-9) is equivalent to the divergence of the atmos- 
pheric energy transport (see Eq. 10), and is given in 
Fig. 13. In January, NH extratropical features over the 
western parts of the oceans, which were also present in 
Fig. 11, emerge as dominant features. These large heat 
source regions for the atmosphere are from cold dry 
continental air moving over the relatively warm ocean 
with consequential large sensible and latent heat fluxes 
into the atmosphere. In July the largest heat source for 
the atmosphere is from evaporation over the subtropi- 
cal Indian Ocean. The sources of strong latent heating 

Kevin et al.: The global heat balance 

in the tropics are still in evidence but seem a bit weak, 
perhaps indicating too much cancellation between 01 
and Q2. This would be the case if the large-scale diver- 
gent flow is too weak in 1988 and, as discussed later, 
this is probably the case. 

When the fields in Fig. 13 are combined with RT for 
January and July (see Fig. 15 for zonal means) the net 
flux through the surface of the atmosphere is obtained 
(see Eq. 10), and the results are given in Fig. 14. In 
January, when the net radiative heating is nearly all 
south of 10°N, the ocean is generally cooling over the 
NH with strong heat fluxes into the atmosphere, and 
the reverse is true in July. The changes in heat storage 
are not negligible for these months. However, the an- 
nual mean results over the oceans can be interpreted 
through Eq. (12) as the heat sources and sinks for the 
ocean that are not manifested as changes in heat stor- 
age and thus as the divergence of the vertically inte- 
grated ocean heat transport. 

Zonal averages of several of these fields for Janua- 
ry, July and the 1988 mean are given in Fig. 15 and for 
July they can be compared with those from 1979 (Boer 
1986). The strong cancellation between 01 and 02 is 
especially evident in these plots. The strong seasonality 
of the top-of-the-atmosphere radiation and the more 
subdued change in the divergence of the atmospheric 
transports is apparent. 

One commentary on the quality of the these derived 
fields comes from the physical constraints over land. 
For (~1 these are addressed in the next section. For 0 ;  
on an annual mean basis, changes in moisture storage 
over land are small so that P >  E in order to account 
for the runoff in rivers. In Fig. 12 therefore, the values 
should be negative over land. Notable exceptions to 
this occur over South America and Australia, and a 
few other more isolated spots. 

The net surface flux can be compared with results 
from bulk flux methods over the oceans, such as from 
Hsiung (1985) and Oberhuber (1988), and Isemer and 
Hasse (1987) for the North Atlantic, among others. 
Qualitatively the results are similar, with the regions of 
strong fluxes into the atmosphere off the east coast of 
the northern continents in January and in the annual 
mean, and with heat fluxes into the ocean in the sum- 
mer hemisphere and in the equatorial regions on an 
annual mean basis. Quantitatively the results differ, 
but it is uncertain as to how much this is due to the fact 
that our results are for 1988, not a long-term average. 
Thus in January, for instance, Oberhuber (1988) and 
Isemer and Hasse (1987) indicate a maximum flux into 
the atmosphere near 35°N off the coast of North 
America exceeding 400 W m -2 while the current re- 
sults indicate a 300 W m-2 contour. Instead, in Janua- 
ry 1988, values exceed 500 W m-2 in the North Atlan- 
tic near 50°N. Values exceed 400 W m-2 in both Fig. 
14 and Oberhuber's climatology near Japan in January. 
In the annual mean, results from Hsiung (1985) and 
Oberhuber (1988) agree with present estimates of a net 
flux into the ocean exceeding 100 W m-2 in the equa- 
torial east Pacific. The overall pattern of a strong 
ocean heat source in a fairly narrow zone in all three 
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8.0 

tropical oceans and with the main ocean heat sinks off 
the east coasts of the northern continents is robust in 
all studies. 

The magnitude of the heat sink for the ocean in the 
subtropical Indian Ocean near 30°S is much stronger 
in Fig. 14 than in Hsiung and Oberhuber ' s  results and 
while both of these studies reveal a similar heat sink in 
the Pacific it is surprisingly absent in Fig. 14. It is ex- 
pected that t h e  oceans around Antarctica should be a 
heat source for the atmosphere in much the same way 
as the ocean is off the east coasts of North America 
and Asia, as cold dry air outbreaks interact with the 
open ocean, but this shows up only in the southern In- 
dian and Atlantic Ocean sectors. Results over the 
Southern Ocean in the Pacific sector do not seem cred- 
ible for these reasons, probably because it is the region 
of the globe with the fewest in situ observations. These 
shortcomings will be manifested in the computed 
ocean transports unless adjusted for. 

Ocean heat transports 

As noted in the Introduction, the conventiona! way to 
compute the ocean transports using the residual meth- 
od has been to take the zonal mean of the radiatively 
required poleward heat flux and the atmospheric trans- 
ports, and subtract, assuming that the result gives the 
ocean transports (Fig. 16). But implicit in this approach 
is the assumption that the "ocean transports" are zero 
where there is land. Inevitably this is not true. As we 
noted in discussing Eq. (11), over land there should be 
a balance between R r  and the atmospheric heat diver- 
gence. This balance is measured by the results in Fig. 
14 over land where F, should be close to zero for the 
mean annual cycle. Clearly it is not. Values over land 
are typically + 3 0 W i n  -2 and sometimes exceed 
100 W m -2. The problems in Fs over Greenland,  the 
Andes and Antarctica have been reduced by the use of 

6.0 

1988 Annua l  Mean Heat T ranspo r t  (MC) 
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Lat i tude 

Fig. 16. The top-of-the-atmosphere required northward heat 
transport from satellite radiation measurements RT, the esti- 
mated atmospheric transports A T, and the ocean transports O T 
computed as a residual, for 1988 in PW 

the conservative procedures in the vertical integral de- 
scribed in the third section. Nevertheless, even in the 
eastern North America and Australia where high 
mountains are not a factor and the data base is very 
good, the residuals are not small. 

The  patterns of F~ over the oceans are larger in 
scale. Also, because F, is computed from the diver- 
gence of the atmospheric transports, it is unlikely to 
have systematic errors except for the tropical regions. 
The systematic global bias in RT has been removed. 
Accordingly, using the land results averaged over re- 
gions of 1000 km square, we estimate empirically that 
the values over the oceans may have a standard error  
of - 3 0 W m  -2 over these scales. We use this as a 
means of setting error  bars on the ocean transports. It 
is very difficult to assign realistic error  bars, and tradi- 
tional error  analysis has always greatly underest imated 
the true error  bars (as seen, for example, by the ab- 
sence of overlap among error  bars f rom different esti- 
mates). Here  we use an ad hoc procedure but one that 
is realistic and which scales linearly with the local 
standard error. It therefore  provides an estimate of 
how the errors accumulate over certain areas. 

As noted, one answer for the zonal mean poleward 
ocean heat transports is the difference between the ra- 
diatively required and atmospheric transports (Fig. 16). 
If instead we set F~ =0  over land as it should be, and 
solve Eq. (12) for the ocean transports by taking only 
zonal means, then a different answer emerges. Equa- 
tion (12) can also be solved locally with F, as computed 
or set to zero over land, then ignoring the land contri- 
bution to the fluxes gives two more answers. But none 
of these solutions can be considered correct, and they 
give quite different results from the correct  solution. 
The correct method is to solve Eq. (12) with proper  
boundary conditions that fully recognize the distribu- 
tion of land and that there is no heat flux normal to the 
coastline. By setting up a potential  field for the diver- 
gent ocean heat transport  F o = V X  and using Fs as a 
forcing function, we are required to solve a Poisson 
equation V2X= - F s  subject to the boundary conditions 
that the heat flux through the continental boundaries 
must be zero ( V x . n = 0 ) .  This equation imposes an- 
other constraint because the mean over the domain of 
integration of Fs must then be zero. Thus, an integral 
constraint on F~ is not simply that the global mean 
must be zero, but also that the value over land should 
be zero and the mean over the oceans should be zero. 
Unless adjusted in some way, this is not the case for 
the field in Fig. 14. 

To obtain a bet ter  understanding of this aspect of 
the problem, we have first simplified the problem by 
taking zonal means of Eq. (12) across each ocean basin 
and integrated southwards under the assumption that 
the F~ values are probably bet ter  over the more dense- 
ly observed northern oceans. Firstly a simplified land- 
ocean mask was devised. At  65°N there is a minimum 
in ocean available for northward heat transport  and es- 
timates are that the transport  through the Bering Strait 
is 0.2 x 1013 W, and in the North Atlantic 1.4 x 1014W 
(Aagaard and Greisman 1975). Also, at 70°S, Fo-+0 
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Fig. 17. T h e  p o l e w a r d  o c e a n  h e a t  t r a n s p o r t s  in each  o c e a n  b a s i n  
a n d  s u m m e d  o v e r  all o c e a n s  (total), as c o m p u t e d  f r o m  the  ne t  
f lux t h r o u g h  the  o c e a n  surface ,  i n t eg ra t ed  f r o m  6 5 ° N  a n d  ad-  
j u s t ed  s o u t h  of  30°S, fo r  1988 in PW.  A s  this  ca lcu la t ion  does  n o t  
a ccoun t  fo r  t he  I n d o n e s i a n  t h r o u g h f l o w ,  the  Pacific a n d  I n d i a n  
o c e a n  c o n t r i b u t i o n s  s h o u l d  b e  c o m b i n e d  

(all land/ice). In the Indian Ocean the northward 
ocean heat flux is zero at the northern boundary. Using 
these values specified as the northern boundary condi- 
tion, we then integrate 

O r = F o  = -I[?~ad4) 

for each ocean basin, where [~o is the zonally inte- 
grated northward ocean flux an~ F~ is the zonal inte- 
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gral in longitude across the basin of F~. The integral is 
carried out in finite difference form using Gaussian 
quadrature. 

Using this method and integrating the unadjusted F~ 
values to 68°S gives a northward heat flux at 68°S of 
0.4 PW in the Atlantic, 0.1 PW in the Indian and -1.2 
PW in the Pacific oceans. This highlights the problems 
we noted earlier as having an insufficient flux out of 
the ocean in the Pacific, in particular. To satisfy the 
Southern Ocean heat flux constraint, we have required 
that the ocean heat transport should go to zero at 68 °S, 
and to achieve this the simplest method is to adjust the 
ocean heat fluxes south of 30°S linearly with latitude. 
The result is shown in Fig. 17. 

When a similar correction is applied to the F, field 
itself, and the entire Eq. (12) is solved for the potential 
function subject to boundary conditions that there is 
no heat flux through the ocean boundaries, using an 
iterative technique, the result is given in Fig. 18. The 
correction guarantees that the integral of the surface 
flux over the global ocean domain is zero, as it must be 
to solve the Poisson equation. In interpreting this fig- 
ure, it must be recalled that it gives only the divergent 
heat flux component. An additional rotational compo- 
nent is not available from this method. Thus over the 
southern oceans, the heat carried eastwards in the Ant- 
arctic Circumpolar Current is not represented and nor 
is any gyre transport. The results south of 30°S cannot 
be trusted. 

As noted earlier, in Fig. 17 error bars are assigned 
representing plus or minus one standard error in the 

1988 Ocean T ronspor f  MC 
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Fig. 18. T h e  vec to r s  of  d ive rgen t  o c e a n  h e a t  t r a n s p o r t  fo r  1988 
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mean transport within each ocean and for the total 
based on assumed random errors of 30 W m -2 over 
1000 km scales. Consequently, the error is related to 
the area of each ocean relative to the high latitude 
boundary in both hemispheres. 

In spite of the reservations about the calculations 
discussed the results are of interest both in terms of 
their overall magnitudes and the patterns of the heat 
fluxes so revealed. In the Atlantic, a northward trans- 
port emerges at all latitudes with peak values of 
1.1+0.2 PW at 20 to 30°N. Comparable values are 
achieved in the Pacific at 20°N, so that the total is 
2.1+0.3 PW. The peak poleward transport at 15 to 
20°S of -1 .9+0.3  PW is made up of strong compo- 
nents from both the Pacific and Indian Oceans. Note 
that the interpretation of these basin contributions is 
ambiguous because, in reality, there is a throughflow 
from the Pacific into the Indian Ocean which means 
that there is a net northward mass flux in the Pacific, at 
say 30°S, and a net southward mass flux at the same 
latitude in the Indian Ocean. This mass flux transports 
heat which is not accounted for in Fig. 17, so that it is 
only the sum of the two ocean contributions that is 
meaningful. 

The regional pattern of the inferred ocean heat 
fluxes (Fig. 18) is also of interest. The pattern of pole- 
ward ocean heat fluxes in low latitudes is suggestive of 
a strong role for Ekman transport of warm surface wa- 
ter which returns colder at some depth. This is espe- 
cially so in the Pacific and Indian oceans, but also in 
the Atlantic, although it is masked there by the overall 
northward heat flux component that is evidently asso- 
ciated with the large-scale thermohaline circulation. 
The pattern elsewhere is harder to interpret and it is 
noticeable that there is no clear signature from the 
boundary currents. Nor is it obvious that there should 
be because the rotational heat fluxes are not included 
here. For instance, the superposition of a rotational 
subtropical gyre transport in the North Atlantic would 
partly cancel the divergent component over the eastern 
part of the ocean while reinforcing the poleward trans- 
port in the western boundary current. In the Indone- 
sian area, a heat flux from the Pacific into the Indian 
Ocean is apparent, although it has its source in the 
western tropical Pacific. 

Discussion and conclusions 

New estimates of the net top-of-the-atmosphere radia- 
tion from ERBE have allowed improved estimates of 
the required heat transports by the atmosphere and 
ocean. Moreover, we have used improved estimates of 
the global atmospheric heat transports from recent 
ECMWF analyses, Together these allow updated esti- 
mates of the ocean heat transports as a residual. Un- 
like many previous studies, however, we have perform- 
ed the heat budget locally and with data for the same 
period, which allows a more complete evaluation of 
the results. Although there are still errors in the radia- 

tion measurements of significance, the estimate is that 
the errors bars are + 9 W m-2 and with the overall an- 
nual mean for 1988 of 4.1 W m-2 as a measure of the 
systematic bias for 1988. However, the uncertainties in 
the various components of the atmospheric transports, 
although difficult to quantify, probably dwarf these 
numbers. 

Atmospheric transports 

For the atmospheric transports, the largest problems 
are believed to lie in the two areas of (1) large-scale 
atmospheric divergence and (2) the moisture budget, 
although several other factors are also of note. These 
are discussed in turn next. 

1. Problems with atmospheric divergence. In low lati- 
tudes the estimates of atmospheric divergence and the 
associated large-scale overturning in the Hadley and 
Walker circulations were especially poor in earlier ra- 
winsonde-based analyses but have been improving 
steadily in global analyses. A history of the changes in 
the ECMWF analyses is given by Trenberth (1992) 
who shows that a major strengthening of the Hadley 
cell occurred following the May 2, 1989 changes in the 
ECMWF data assimilation system and the model used. 
In July 1988, the mass flux in the Hadley circulation 
was 210x109 kgs -1 but this increased to over 
280×109 kgs -1 in 1989, 1990 and 1991 (Trenberth 
1992) although even within those years its character 
(e.g., size and location of center in the vertical) 
changed. In January, the Hadley circulation mass flux 
also increased from about 200 to about 250 units. 

An examination of the performance of the ECMWF 
model before and after the change on May 2, 1989 with 
regard to whether the precipitation is "spinning up" or 
"spinning down" is given in Trenberth (1992). The evi- 
dence suggests before the May 1989 change that both 
precipitation and evaporation were too low initially 
and rapidly spun up, whereas following the May 1989 
change, there was a large overestimate of precipitation 
at time 0 in JJA 1989, although with more reasonable 
values the following DJF and with evaporation still re- 
quired to spin up. The implication appears to be that 
the analyzed ~o in the tropics may be somewhat weak 
from May 1985 to May 1989, and thus the atmospheric 
poleward heat transports underestimated. 

Overall, the analyzed strength of the Hadley Cell 
has increased since 1988, the year of our analysis, by 25 
to 35%. The implication is that increases have oc- 
curred in the poleward heat transports in the tropics. 
However, because there is strong cancellation between 
the Q~ and Q2 contributions, the net effect on the total 
heat budget is somewhat ameliorated. Calculations by 
Keith (1994) indicate the net effect of the change on 
the low latitude total heat transport is - 10%. Sardesh- 
mukh (1993) has shown the inconsistency of the "ana- 
lyzed" divergence field with the vorticity budget and 
that it was too weak for the period 1982 to 1985, in 
particular. Sardeshmukh and Liebmann (1993) have 
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further demonstrated the inconsistencies between 
ECMWF and US National Meteorological Center 
(NMC) divergence fields for 1988 to 1989. While there 
continue to be large changes in the divergence as ana- 
lyzed, studies of the momentum and vorticity budgets 
indicate that there is now a possibility that the Hadley 
cell may be analyzed to be too strong after May 1989. 
Diabatic initialization of the analyzed fields imposes a 
somewhat artificial balance that may overstrengthen 
zonal mean meridional circulations (Errico and Rasch 
1988; Errico 1991). Nevertheless, there has been a clear 
improvement with time in the tropical analyses al- 
though problems remain (Errico 1991). 

2. The diurnal cycle. Previous studies have not re- 
solved the diurnal cycle and use has been of once or 
twice-daily analyses. The same has been true here be- 
cause the only four-times per day analyses available to 
us are uninitialized (see point 4 later). However, four- 
times-daily analyses mostly capture the diurnal cycle. 
To show how large this is in the analyses, we have com- 
puted the mean vertical motions at several levels for all 
months for 1988 at 0000, 0600, 1200 and 1800 UTC, 
and the daily mean. The departures of each time from 
the daily mean for the whole of 1988 are given in Fig. 
19 at 1000 rob. The diurnal cycle is more striking in the 
low atmosphere where there is a large component from 
the semidiurnal and diurnal tides (Trenberth 1991). At 
0000 UTC the sun is over 180°E/W, at 0600, 1200 and 
1800 UTC the sun is over 90°E, 0 ° and 90°W, respec- 
tively. Thus, in Fig. 19 it can be seen that coherent 
large-scale upward motions are maximized about 20 ° 
longitude behind the sun and a weaker upward maxi- 
mum occurs 180 ° out of phase. The strong wave two 
structure associated with the semidiurnal tide is clearly 
evident. The same wave one and wave two patterns are 
evident at 500 mb, but there is considerably more 
smaller scale noise also present; the magnitudes are 
about the same. A major part of the diurnal cycle and 
its semidiurnal component is probably real, however, 
almost certainly part of it arises from the fact that ob- 
servations are taken mostly at 0000 and 1200 UTC and 
in many places only once per day, so that spurious 
components are no doubt introduced by the distribu- 
tion of observations. Because of the semidiurnal com- 
ponent, analyses twice daily contain a strong residual 
diurnal cycle component. Therefore, none of the atmo- 
spheric budgets, and in particular the mass and heat 
budgets, can be considered adequately determined un- 
til the diurnal cycle is fully incorporated. If the diurnal 
cycle does not affect the heat budget, then the effects 
can be mostly removed by correcting the mass budget 
(see point 3). 

3. Mass imbalances remain in all analyses. Mass imbal- 
ances are quite large and will totally distort other bud- 
gets unless corrected for. Fortunately, to first order this 
is relatively straightforward to do (Trenberth 1991) 
and this correction also removes most of the problems 
with not adequately resolving the diurnal cycle. How- 
ever, the correction is to the vertical integral and does 

not take account of the vertical distribution of the cor- 
rection. 

4. Initialized versus uninitialized analyses. The mass 
imbalance problem mentioned in (3) is much worse in 
the uninitialized analyses (Trenberth 1991). Vertical 
motions and divergence fields tend to be stronger but 
noisier in the uninitialized analyses and this led us to 
reject them for the current analysis. 

5. Vertical resolution. The current analysis was based 
on only 7 levels in the vertical. Improved vertical reso- 
lution is important although our calculations show that 
the differences are relatively small compared with the 
other items mentioned already. In particular, improved 
resolution is needed in the boundary layer for the 
moisture budget, and in the boundary layer and upper 
troposphere for divergence. 

6. Interpolation to p surfaces. The archives of global at- 
mospheric analyses are generally made available in p 
coordinates. The archival postprocessing of interpolat- 
ing from model coordinates, on which the analyses are 
performed, to p levels introduces errors (Trenberth 
1991) and results, for instance, in the equation of con- 
tinuity no longer being satisfied. Earlier (section 
three), we also discussed the difficulty in properly deal- 
ing with the lower boundary of the atmosphere in p 
coordinates. Discrepancies exist between the true sur- 
face of the Earth and that depicted in the global ana- 
lyses, and problems are apparent near mountains. 
Even so, it may be worthwhile using model coordinates 
for future diagnostic analyses, although these too are 
not without substantial difficulties. In addition to the 
problem of surface depiction, the process of changing 
resolution (e.g., from T106 to T42) to facilitate proc- 
essing large amounts of data is ill defined in model 
coordinates (Trenberth et al. 1993). 

7. Moisture budget. We earlier noted the problems 
with the results over land where it is not physically pos- 
sible for E to be greater than P for an annual mean. 
This is one indication of remaining difficulties with the 
moisture budget which is very likely linked to points 5 
and 6 above. 

As well as making diagnostic computations with the 
ECMWF analyses, we are also carrying out similar cal- 
culations using the NMC analyses. Trenberth and O1- 
son (1988) reported on earlier comparisons for ana- 
lyses prior to 1987. At present, in depth comparison of 
more recent analyses from 1988 through 1992 has been 
carried out for the moisture budget. Over regions of 
good data, such as North America, the agreement in 
these budgets is quite good. But over the oceans, the 
disagreements are large, and locally are almost the 
same order as the terms themselves. We find discre- 
pancies in the tropics in L ( E - P )  for the zonal means 
of 20 to 30 W m  -2, or the root mean square zonal 
mean discrepancies are - 9 0  W m -2 (or for E - P - 3  
mm/day) compared with rms values of 120 W m -2 
These discrepancies are present throughout the 1987 to 
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1992 period and, if anything, get slightly larger with 
time. The results will be reported on elsewhere. Fortu- 
nately, the uncertainties in the total heat budget are 
much less because of the cancellation between Q1 and 
Q2 as the moisture convergence is realized as latent 
heating. 

8. Residual surface fluxes. It is not clear how well the 
overall local heat budget is known, however, the re- 
sults from Fig. 14 over land indicate that the uncertain- 
ty is of the order of +30 W m -2 on scales of 1000 km 
or so, where this should be regarded as a standard er- 
ror. In Fig. 17 we used these estimates to provide error 
bars for the poleward ocean transports. These error 
bars will be too low in low latitudes because of the 
biases noted already. 

Ocean transports 

As noted, one complication in assessing the ocean 
transports arises from connections between the oceans, 
such as that in the Indonesian throughflow, which 
means the meridional heat transports are meaningful 
only if the Pacific and Indian oceans are combined. 

MacDonald (1993) summarizes previous literature 
on the Indonesian throughflow and suggests the best 
estimate is 10 Sv (109 kg s-1), although Hirst and God- 
frey (1993) estimate the throughflow as 16+4 Sv. 
However, MacDonald notes the considerable uncer- 
tainty attached to this estimate and that seasonal and 
interannual variations may be an important factor. She 
also surveyed heat transports and used several hydro- 
graphic surveys over the oceans at 30 °S to estimate the 
poleward heat transports consistent with a model in 
which various Indonesian through flows were used. Her 
results give a net southward transport of -0 .7  PW bro- 
ken up into 0.3 PW in the Atlantic, and -1 .0  PW for 
the Pacific and Indian combined ( -  1.3 PW for the In- 
dian, 0.3 PW for the Pacific). Hirst and Godfrey (1993), 
in a series of model experiments, find the Indonesian 
throughflow contributes to a southward increase in 
heat transport in the Indian Ocean and a decrease in 
the Pacific, with heat transport in the throughflow of 
0.63 PW out of the Pacific Ocean. Their total meridion- 
al heat transport by the model ocean at 30°S is -2 .0  
PW. The Fine Resolution Antarctic Model (FRAM) 
numerical diagnostic experiment (Saunders and 
Thompson 1993) has a southward heat flux at 30°S of 
- 0.53 PW made up of 0.56, 0.01 and - 1.10 PW in the 
Atlantic, Pacific and Indian Oceans, respectively. 

In the NH, Bryden et al. (1991) have estimated heat 
transports across 24°N using direct oceanographic 
methods and they find the net northward heat flux by 
the oceans to be 2.0 PW broken up into 0.76 PW by the 
Pacific and 1.22 PW in the Atlantic. These results are 
believed to be the best direct ocean estimates available 
with error bars of +0.3 PW in each ocean or +0.45 
PW for the total across 45 °N (Bryden 1993). The total 
is remarkably similar to the total ocean transport from 
this study. 

There are considerable uncertainties in these esti- 
mates. For instance, the Hellerman and Rosenstein 
(1983) wind stresses used by Bryden et al. (1991) and 
in the FRAM study are quite uncertain over the south- 
ern oceans and differ considerably from more recent 
estimates (Trenberth et al. 1990). The wind stresses in- 
fluence the Ekman transport estimates. Direct ocean 
measurements do not include annual cycle sampling or 
interannual variability and both are considerable in the 
Semtner and Chervin (1988, 1992) model (Chervin, 
personal communication 1993) and also in the Com- 
munity Modeling Effort (B6nning and Herrmann 
1994). Other biases arise from the methodology (espe- 
cially assumptions about the width of the boundary 
currents and the geostrophic assumption). 

It is evident from the scatter in the direct ocean ob- 
servational estimates, the questions arising from meth- 
odology and sampling, and in the ocean model results 
that considerable uncertainty remains in just what is 
the poleward ocean heat transport from the direct or 
model oceanographic methods. Given the uncertainties 
in the atmospheric components, it is also apparent that 
very large uncertainties exist in the ocean transports 
computed with residual methods. It is clear that pre- 
vious estimates, both direct and indirect, have consid- 
erably underestimated the error bars (if they were giv- 
en at all). Nevertheless, several things can be con- 
cluded. 

1. Local calculations. The calculations of ocean heat 
transports should not be done solely on the basis of 
zonal means using residual methods. All, or almost all, 
previous studies using the residual method have com- 
puted ocean poleward heat transports by subtracting 
the zonal mean atmospheric component from the ra- 
diation component, without examining the implied sur- 
face fluxes. Large nonzero surface fluxes over land on 
an annual mean basis are an indication of the accuracy 
of the method and should be properly accounted for 
before valid conclusions can be made about the ocean 
heat transports. Complications from surface topogra- 
phy, however, add considerably to the difficulty of 
achieving a balance over land. Consequently the heat 
budgets should be done locally. 

2. Ocean heat fluxes. Poleward heat fluxes by oceans in 
the current study are generally smaller than in previous 
estimates using residual methods. This is especially the 
case for previous studies based solely on rawinsonde 
measurements which fail to capture the vigor of the cir- 
culation and atmospheric heat transports over the 
oceans, and which are even more uncertain in the trop- 
ics. For the individual basins, the current results seem 
more credible and are close to some direct oceano- 
graphic estimates. The largest heat sink in the atmo- 
sphere proves to be from evaporation over the subtro- 
pical Indian Ocean in the SH, resulting in a stronger 
southward oceanic heat transport in the Indian Ocean 
that is compatible with results from several other stud- 
ies that examine the Indonesian throughflow phenom- 
enon (e.g., MacDonald 1993; Hirst and Godfrey 1993). 
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Resu l t s  also ind ica t e  a s t r o n g e r  p o l e w a r d  t r a n s p o r t  in 
b o t h  h e m i s p h e r e s  in the  Pacif ic  than  mos t  o c e a n o g r a p -  
hic  s tudies .  T h e  p a t t e r n  of  p o l e w a r d  o c e a n  hea t  f luxes  
(Fig.  18) in low l a t i t udes  is sugges t ive  of  a s t rong  ro le  
for  E k m a n  t r a n s p o r t  of  w a r m  sur face  w a t e r  which  re-  
tu rns  c o l d e r  a t  s o m e  dep th .  T h e  p a t t e r n  e l s e w h e r e  is 
h a r d e r  to  i n t e rp re t ,  in l a rge  p a r t  b e c a u s e  it r evea l s  on ly  
the  d i v e r g e n t  c o m p o n e n t .  S e a s o n a l  va r i a t ions  in o c e a n  
m o d e l s  ( B 6 n n i n g  and  H e r r m a n n  1994) a p p e a r  to be  
c o n s i d e r a b l e  and  a d d  to  the  d i f f icul ty  of  this  i n t e r p r e -  
t a t ion ,  a l t h o u g h  the  resul t s  ind ica te  m a j o r  con t r i bu -  
t ions  f r o m  the  w i n d - d r i v e n  c i rcula t ion .  In  the  I n d o n e -  
s ian area ,  a h e a t  f lux f r o m  the  Paci f ic  in to  the  I n d i a n  
O c e a n  has  its source  in the  wes t e rn  t rop ica l  Pacific.  
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