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ABSTRACT 
The three-dimensional distribution of the thermally-forced time-averaged horizontal mass 
transport in isentropic coordinates is determined for the Southern Hemisphere from modeled 
diabatic heating fields. The model, based on the time-averaged isentropic continuity equation, 
specifies the horizontal mass transport in terms of the gradient of a mass transport potential on 
a vertical array of isentropic surfaces. The mass transport potential is derived by numerical 
solution of a two-dimensional Poisson equation on a hemispheric grid. The Southern Hemi- 
sphere heating fields are based on estimates of the normal summer and winter columnar 
radiative, latent and sensible heating and simplified models of their vertical apportionment. 

The results highlight the role of radiative cooling over the cold elevated Antarctic ice cap, 
sensible heat flux from the warm circumpolar ocean and, in particular, the zonal and meridional 
contrasts of latent heat release in forcing large-scale mean mass circulations in the Southern 
Hemisphere. The inferred mass circulations include strong meridional (Hadley) and zonal 
(Walker) components in the tropical belt extending into the middle and high latitudes of the 
Southern Hemisphere. Of particular interest is a large toroidal mass circulation cell trans- 
porting heat away from the heavy rainfall belt lying southeast from Papua-New Guinea to 
regions of net radiative cooling to the east, west, north and south. 

1. Introduction 

The atmospheric general circulation has been 
studied from many viewpoints. The concept of 
direct solenoidally driven circulations in vertical 
planes based on the classical theorems of Bjerknes 
and Sandstrom (Bjerknes et al., 1933) has proven 
of considerable value in elucidating the basic 
thermodynamic nature of the atmospheric response 
to differential heating. Eckart (1960) and Riehl 
(1 969) in particular exploit the pedagogical value 
of this elegant heat engine analogy to the general 
circulation. However, the complexities of the 
earth’s rotation and the excitation of geostrophy 
so distort the simple thermally induced motions 
that observed mean circulation patterns associated 
with heat sources and sinks of planetary and 
continental dimensions have been found to be not 
readily explained by this model (Smagorinsky, 
1953). 

Following the recognition by Jeffreys (1933) that 
the poleward flux of absolute angular momentum 
needed to maintain the westerlies of middle 
latitudes could be accomplished by extratropical 
cyclones and waves, Priestley (1949), Starr (195 I), 
and others demonstrated that the large-scale 
horizontal fluxes of momentum and energy could 
be satisfactorily derived from available upper air 
data. Thus began two decades of intensive study of 
the transfer of mass, momentum and energy by 
mean meridional circulations and transient and 
standing eddies. After some initial controversy 
(Rossby and Starr, 1949; Palmen, 1949; Riehl and 
Yeh, 1950), the eddies have assumed a fundamental 
role in our understanding of the maintenance of the 
atmospheric general circulation (e.g., Lorenz, 
1967). 

Implicit in all of this work is the knowledge that 
the atmosphere’s motion is in response to large- 
scale differential heating. However, in latitudes 
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where the earth’s rotation is important, the scale of 
response corresponds to the scale of the quasi- 
horizontal waves. No large-scale response in extra- 
tropical latitudes corresponding to the scale of 
thermal forcing is isolated. 

The broad purpose of this study is to identify the 
role of three-dimensional heat sources and sinks in 
forcing a time-averaged planetary-scale mass 
circulation in the Southern Hemisphere. The 
condition that such planetary-scale mass 
circulations must exist is inferred from the isen- 
tropic equation of continuity. Horizontal mass 
transport from a heat source to a heat sink must 
occur in upper isentropic layers while the mass 
transport must be from heat sink to heat source 
in lower isentropic layers in order to satisfy the 
continuity requirement that mass transport be 
upward through isentropic surfaces in the heat 
source region and downward in the heat sink 
region. An important additional constraint is that 
the isentropic mass circulation determines the 
sense and scale of the energy transport (Johnson 
and Townsend, 1981). Viewed in this context, one 
concludes that the mass and energy transports by 
the large-scale isentropic circulation are funda- 
mentally important in the development of a basic 
theory for climate. 

Our immediate purpose is to model the thermo- 
dynamic forcing of the planetary circulation in the 
Southern Hemisphere from climatic information 
and isolate the circulations that couple the major 
regions of diabatic heating and cooling. Specific- 
ally, the mass transport that couples the radiative 
cooling over the Antarctic ice cap, the heat flux 
from the warm circumpolar ocean and the 
meridional and zonal contrasts in latent heating 
associated with major deserts and rain belts is 
determined. This study compliments a similar study 
for the Northern Hemisphere by Otto-Bliesner and 
Johnson (1982). 

Section 2 presents the framework for a 
diagnostic evaluation of the thermally-forced mass 
circulation. Section 3 assembles estimates of the 
isentropic mass distribution, radiation, precipitation, 
and boundary layer heating for the Southern Hemi- 
sphere and combines these quantities to produce 
maps of a forcing function for the horizontal mass 
transport. 

The main results of the study are presented in 
Sections 4-6. The derived three-dimensional 
distributions of horizontal mass transport in 

January (summer) and July (winter) are presented 
in Section 4. Section 5 discusses the east-west 
component of the thermally forced mass circu- 
lations and their relation to the tropical Walker 
circulation. Section 6 analyzes the implied mean 
meridional circulation and its variation with 
longitude. 

Finally, in Section 7 the energy transport by 
quasi-steady thermally-forced mass circulations 
and the energy balance of the Southern Hemisphere 
are briefly examined. 

2. Formulation 

The equation of continuity in isentropic co- 
ordinates is 

where J ,  is the Jacobian of transformation from 
height to potential temperature. If the continuity 
equation is averaged over an appropriate period of 
time such that the mass distribution (Po) may be 
regarded as steady, (1) reduces to 

where the overbar denotes temporal averaging. 
Physically (2) states that, the divergence of the time 
averaged horizontal mass transport on an isen- 
tropic surface is directly coupled to the vertical 
divergence of the time-averaged vertical mass 
transport. 

With the horizontal mass transport expressed as 
the sum of irrotational (,y) and rotational (ty) 
components according to Helmholtz’s theorem 

pJeU = V d  + k x Vety, (3) 

the continuity equation (2) takes the form 

(4) 

where F(A, 4, 6) is a forcing function determined by 
the three-dimensional distribution of heating. The 
Poisson equation (4) may be solved for the 
distribution of the potential X given the distribution 
of the forcing function on the right hand side, 
along with appropriate boundary conditions. The 
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forcing function in (4) is directly related to the 
diabatic heating distribution. Its importance stems 
from the constraint that for the time-averaged 
state the time-averaged irrotational component of 
the horizontal mass transport is directly and 
uniquely coupled to the diabatic heating. The time- 
averaged mass stream function that determines the 
rotational component of the horizontal mass 
transport remains independent of thermo- 
dynamically forced component of the transport. 
The Poisson equation for i was solved numerically 
by a finite difference analogue over a regular 
latitude-longitude grid by the method of successive 
over-relaxation. For the Southern Hemisphere 
study, a regular five-degree latitude-longitude grid 
extending from the South Pole to 25ON was 
employed. Vertical derivatives are computed over 
10 K layers so that the distribution of i represents 
a layer averaged transport centered on the inter- 
mediate isentropic surface. 

Several types of boundary conditions occur. For 
isentropic surfaces which are above ground every- 
where between the South Pole and 2 5 O  N, i is set 
equal to zero at 25ON (Dirichlet boundary 
condition), a condition of zero zonal mass trans- 
port by the irrotational component along 25O N. 
Although this is unlikely to be a realistic 
approximation, the boundary of integration is well 
removed from the region of primary interest of this 
study and the transport patterns in the Southern 
Hemisphere should not be strongly affected. The 
second important type of boundary condition 
occurs with isentropes which, north of some 
latitude circle within the grid, never rise above the 
ground at any longitude. In this case both i and its 
normal derivative are set equal to zero on the 
boundary since there can be no mass transport out 
of the region on underground isentropes. This 
boundary condition is consistent with the con- 
vention that for a hydrostatic atmosphere the mass 
within “underground” isentropic layers is zero 
(Dutton and Johnson, 1967). 

The finite difference and relaxation schemes were 
tested on a number of analytical and other fields 
with known solutions and were found to be entirely 
satisfactory. A convergence criterion of 0.2 x lo6 
kg K-’ s-l was used. Additional details of the 
computational grid, finite difference equations 
relaxation scheme boundary conditions and tests of 
convergence are given in the original study by 
Zillman (1972a). 

3. Modeled diabatic heating 

In modeling the forcing function (4) the vertical 
mass transport is approximated through the 
thermodynamic equation 

e =  n-lQ ( 5 )  

= g-l apiae  (6) 

and the hydrostatic equation 

n is the Exner function and Q is the specific rate 
of heat addition. 

The error in approximating the diabatic mass 
flux in (7) from the neglect of covariance terms 
cannot be assessed from the data utilized in this 
study nor from current data, since no direct 
observations of heating are available. The validity 
of the results largely rests upon agreement with the 
results of Townsend (1980) and Johnson and 
Townsend (198 1) who derived the distributions of 
heating from observations of mass transport using 
FGGE data. The large-scale patterns of heating 
and mass circulations in their study are similar to 
the results of this analysis. The assumptions used in 
this analysis, though, are not imposed in their study 
where pJb is estimated from the horizontal 
divergence of the observed isentropic mass trans- 
port. If violations of the assumptions used in this 
study seriously compromised the analysis to 
determine the isentropic mass circulation, the 
results would be dissimilar. In modeling of the 
thermodynamically forced mass circulations from 
climatic data for the Northern Hemisphere, Otto- 
Bliesner and Johnson (1982) used the same 
approximations without seemingly compromising 
their results. 

The diabatic heating Q includes contributions 
from net radiative flux convergence Q,, latent heat 
release by condensation Q, and convergence of the 
small-scale vertical eddy flux of sensible heat Q, 
such that 

Q = Q ,  + Q ,  + Q,. 

Thus the forcing function F is divided into separate 
radiative, latent and sensible heating componentt. 
according to 

F =  F,  + F ,  + F,. (9) 
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Since the mean diabatic heating for the radiative, 
latent and sensible heating components cannot be 
determined directly from observations, estimates 
of the forcing function through the various approxi- 
mations and models were assembled from climato- 
logical information. The main features of the 
approach are summarized as follows: 

(i) The time averaged mass ge equal to 
[-a( p/g)/aOl is estimated from isobarically- 
averaged data as [ -ga[8(p)l /apl- ' .  

(ii) ( 0 3 )  is estimated from isobarically-averaged 
data as [1OOO/p(8(p))l~. 

(iii) &(O) and Q,(O) are interpolated from isobaric 
profiles of radiative and latent heating by 
assigning to each isentropic surface the mean 
heating rates at the pressure whose mean 
potential temperature is that of the selected 
isentrope i.e. Q(e) = Q[S(p)I. 

(iv) The sensible heating component for the 
boundary layer is estimated independently 
using a simple model for vertical apportion- 
ment of heating. 

(v) The resulting estimates of mean diabatic 
heating in isentropic coordinates are adjusted 
for consistency with the assumption of steady 
mass distribution. 

A detailed description of this climatological 
approach for estimation of the mass distribution, 
the radiative, latent and sensible heating contri- 
butions to the forcing function, the adjustment for 
steady state, and the spatial distribution of the 

(850, 700, 500 mb, . . .), the time-average &A, #,p) 
was inverted to p[A, #, 8(p)l from which p(A, #, 8) 
was estimated by interpolation. 

Fig. 1 summarizes the main features of the 
inferred isentropic mass distribution in the form of 
zonally-averaged meridional cross sections of px 
for January and July. Note, however, that in con- 
trast with the companion study for the Northern 
Hemisphere (Otto-Bliesner and Johnson, 1982), 
where p7, and other quantities are presented on a 
latitude-potential temperature grid, the correspond- 
ing quantities defined in the isentropic coordinate 
system are, in this study, mapped back into an 
isobaric coordinate representation of the zonally- 
averaged structure, (# , j [8(  p)] ) .  

3.2. Radiative heating 
While three-dimensional evaluations of net 

radiative heating have been made for the Northern 
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forcing function on selected isentropic surfaces for 
the Southern Hemisphere is presented in Zillman 
(1972a). A similar approach was used by Otto- 
Bliesner and Johnson (1982) in their Northern 
Hemisphere study. In view of the details presented 
in these studies, only a brief description of the 
climatological approach is now presented. For 
specific details readers should refer to the references 
just noted. 

3.1. Mass distribution 
Estimates of p(A,#,0) and pz(A,#,8) for the 

Southern Hemisphere were based principally on the ' 2o 40 ,o oo 
atlas tabulations of normal January and July 
temperatures at the 850, 700, 500, 300, 200 and Fig. 1. Zondb-averagd mass-wtentid temperature 

distribution in January (top) and July (bottom) after 
1969) and being mapped into pressure coordinates. The heavy meridional cross sections at 30-degree intervals of broken lines are isopleths of the 

longitude (Crutcher et d., 1971). Since radiosonde distribution, [PJ,] ,  in units of kg m-2 K-1. The solid 
information is recorded at standard isobaric levels lines are isentropes (K). 

' 
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L 
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mb levels (TaUaard et 
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Hemisphere (e.g., Katayama, 1967) much less 
detailed information is available for the Southern 
Hemisphere. The profiles of net radiative heating 
were assembled as follows. The zonally-averaged 
columnar shortwave heating estimates of Sasamori 
et al. (1971) were distributed with pressure 
according to the findings of Dopplick (1 970) except 
over Antarctica in January where Dopplick’s 
(1970) heating estimates as given were accepted. 
For the longwave radiative cooling, the zonally- 
averaged columnar estimates of Sasamori et al. 
(1971) were apportioned vertically according to 
Dopplick (1970) for the tropical and middle 
latitudes. Over Antarctica in July the adopted long- 
wave cooling was based largely on radiometersonde 
data (White and Bryson, 1967; Kuhn et al., 1967; 
Schwerdtfeger, 1969). The results for the zonally- 
averaged net radiative heating prepared for each 
five degrees of latitude are presented in Fig. 2. In 
view of the lesser significance of zonal variations 
of radiative heating in comparison with latent heat- 
ing, the meridional profile was assumed to be 
representative of the complete latitude circle. 

Fig. 2. Net radiative heating as a function of latitude 
and pressure for January (top) and July (bottom) in units 
of degrees per day. 

3.3. Latent heating 
In estimating the latent heating component a(A, #, 0) the spatial distribution of the columnar 

(i.e., vertically integrated) latent heating is modeled 
first, after which the apportionment of the heating 
is distributed in the vertical. Let 

(10) 

where P(d, #) is the climatological mean precipi- 
tation, L is the latent heat of condensation and ~ ( p )  
is a weighting factor which describes the vertical 
apportionment of the columnar heating LP. In 
order to ensure that the three-dimensional heating 
fields were consistent with estimates of the zonally- 
averaged heating, the various climatological maps 
were adjusted and revised in the light of the 
information available at the time when this study 
was conducted. Sellers’ (1965) latitudinal distribu- 
tion of mean annual precipitation was apportioned 
seasonally by adopting Moller’s (195 1) distri- 
butions over land and adjusting his oceanic values 
upward by a factor which varied with latitude 
between 1 . 1  and 1.4. This produced seasonal 
profiles essentially identical with Newton’s (1972) 
latitudinal distributions but brought the spatial 
distribution into conflict with the records of several 
island stations where a negative “island effect” 
seemed unlikely. A process of successive adjust- 
ment in areas of lowest confidence, smoothing and 
computation of zonal averages was then performed 
using maps of mean January and July cloud cover 
from satellite data, monthly, seasonal and annual 
precipitation statistics, and graphs of the seasonal 
distribution of precipitation for key stations. 
Additional details and a complete list of references 
to the climatological sources of the information are 
given by Zillman (1972a). The columnar latent 
heat release (W m-’) was computed from the 
resulting precipitation maps by multiplying the 
precipitation values (centimeters of water per day) 
by 289.3 equatorward and 328.0 poleward of the 
mean position of the freezing isotherm. The 
smoothed patterns for January and July are shown 
in Fig. 3. In view of the many sources of un- 
certainty in specifying the vertical distribution of 
the latent heat release, a simple scheme was 
adopted. The vertical apportionment was treated 
as a function of season and latitude only. Smooth 
profiles were prepared for each five degrees of 
latitude from the equator to 40”s based on the 
layer estimates of Vincent (1969). Poleward of 
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Fig. 3. The vertically integrated latent heat release for 
January (top) and July (bottom) in units of W m-*. 

40° S the vertical apportionment was held constant. 
Values of q were thus derived for each isentropic 
surface at intervals of five degrees of latitude. The 
resulting zonally-averaged cross sections of latent 
heating are shown in Fig. 4. 

3.4. Sensible heating 
In this study the sensible heating to the planetary 

scale is assumed to be confined to the boundary 
layer and determined by the energy flux through 
the earth-atmosphere interface. The adopted 
distribution of the surface sensible heat flux for 

D 

Fig. 4 .  Zonally-averaged latent heating as  a function of 
latitude and pressure for January (top) and July (bottom) 
in units of degrees per day. 

January and July is shown in Fig. 5. The maps 
represent a smoothed composite of results by 
Budyko (1963) for land, R u s h  (1964), Dalrymple 
et al. (1966) and Fletcher (1969) for the snow and 
ice-covered regions of the Antarctic and Privett 
(1960), Zillman (1972b, 1972c) plus other sources 
for the oceans (Zillman, 1972a). 

The vertical apportionment of the sensible heat 
flux within the boundary layer is difficult to specify 
so a very simple model based on physical 
plausibility arguments was adopted (Zillman, 
1972a). In areas where the sensible heat flux is 
upward, the vertical diabatic mass transport, pJ&, is 
assigned the value [(H/2Ocp) - 500 x kg m-2 
s-' on 8, + 2.5, [(H/lOc,) + 500 x loT6] kg m-z 
s-l on 8, - 2.5, (HI20cJ kg m-* s-' on 0, - 7.5 
and 0 on the other isentropes. In areas where the 
sensible heat flux is downward, the vertical mass 
transport is assigned the value [(HllOc,,) - 500 x 

kg m-2 SKI on 8, + 2.5, (H/20cJ kg m-2 s-l 

on 8, + 7.5, [(H/20cp) + 500 x kg m-2 s-' 
on 8, - 2.5 and 0 on the other isentropes. In the 
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180 

Fig. 5. Sensible heat flux to the atmosphere from the 
earth's surface in January (top) and July (bottom) in 
units of W m-*. 

special case when the net sensible heat flux is zero, 
the vertical diabatic mass flux is assigned the value 
-500 x kg m-' s-l on the isentrope 
8, + 2.5 and 1+500 x kg m-* s-l on 8,- 2.5. 
Its magnitude decreases linearly (with 8) to zero on 
8, + 7.5 and 8, - 7.5 and is zero on all other 
isentropes. 

The somewhat arbitrary selection of numerical 
values for the heating on 8 < 8, and cooling on 
8 > 8, for zero time-averaged heat flux was 
motivated by typical magnitudes of the positive 

and negative sensible heat fluxes in a region where 
this condition is prevalent, e.g., the Southern Ocean 
in summer (Zillm,an, 1972~).  Quite obviously, this 
scheme repres'nts a drastic oversimplification 
especially for the land areas. The approach is only 
tolerable within the context of the present study 
because for the physically plausible range of 
possibilities the assumed pattern of heating and 
cooling in the planetary boundary layer makes only 
a relatively minor contribution to the inferred three- 
dimensional mass circulation patterns. 

3.5.  Adjustment for steady state 
In the steady-state condition, the hemispheric 

area-integrated vertical mass transport must vanish 
on isentropes which intersect the earth's surface 
and, for others, must equal the total rate of mass 
inflow from the Northern Hemisphere below the 
isentrope concerned. Since the components of the 
vertical mass transport were assembled in- 
dependently of this constraint, an adjustment- is 
necessary to derive model forcing fields consistent 
with the assumed steady condition. In the adjust- 
ment, the relative variation of the modeled diabatic 
heating with latitude along individual isentropes is 
preserved. The procedure consists of evaluating 

where the square brackets indicate zonal averages 
and X i s  equal to the total rate of mass inflow from 
the Northern Hemisphere below the particular 
isentrope. Estimates of X at the equatorward 
boundary were derived from the mean poloidal 
mass circulation stream function computations of 
Oort and Rasmusson (1971) by direct mapping 
from isobaric coordinates. The approximately 
barotropic character of the inner tropics suggests 
that only slight differences between the mean 
poloidal mass circulations in the two coordinate 
systems will exist at the equator. 

Cross sections of the adjusted estimates of the 
vertical mass transport are shown in Fig. 6. The 
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Fig. 6 .  Estimates for January (top) and July (bottom) 
of the zonally-averaged vertical mass transport after 
adjustment to satisfy the condition of steady-state mass 
distribution. The units are kg m-* s-I. 

areal distributions of the forcing function for the 
280, 310 and 330 K isentropic surfaces are shown 
in Fig. 7. The adjustment determined from (1 1) was 
assigned solely to the radiative component and 
assumed longitudinally invariant. Although the 
adjustment process produced significant changes in 
magnitude, the broad features of the unadjusted 
fields were preserved. There is, of course, little 
reason to believe that individual point estimates 
from Fig. 6 are any nearer to the true values of 
the vertical mass transport than the preliminary 
estimates but the results of the adjustment process 
do constitute an internally consistent pattern that 
provides a suitable basis for determining the 
steady-state mass circulation. 

4. Horizontal mass transport 

Fig. 8 shows the distribution of the mass trans- 
port potential x on the 280, 310 and 330 K isen- 

tropic surfaces for January (summer) and July 
(winter). These were obtained by solution of (4) 
using the forcing function fields given in Fig. 7. 

The patterns of the mass transport potential x 
determine the distribution of the irrotational 
(thermally-forced) component of the time-averaged 
horizontal mass transport 

pJ, U, = V,j. (12) 

Its zonal and meridional components, respectively, 
are 

- 1 ax 
a cos 4 an, pJ,ux= - - 

The broad features of the thermally-forced 
horizontal mass transport are evident in Fig. 8. 
The mean pressure on these isentropic surfaces 
depicted may be inferred from Fig. 1. Note, how- 
ever, that the quantities from which the mass 
transport potential is derived represent averages 
through a 10 K deep layer centered on the nominal 
isentrope. Thus, for example, mass transport is 
indicated “on” the 280 K surface in regions where 
this surface remains perpetually underground but 
where the 285 K surface does not. 

4.1. Summer distributions 
The meridional component of the horizontal 

mass transport tends to dominate on the three 
isentropic surfaces shown, as well as on most of 
the intermediate surfaces not shown. Neverthe- 
less some quite marked zonal asymmetries exist 
particularly in association with the summer latent 
heat release maxima over southern Africa and 
South America and the band of heavy rainfall 
lying southeastward from Papua-New Guinea. 
Note the region of pronounced horizontal mass 
convergence in the lower troposphere (3 10 K 
surface) centered near 10’ S, 170’ E and the upper 
tropospheric (330 K surface) outflow centered 
further to the southeast. Note also the center of 
low-level inflow on the 280 K surface just west of 
the southern tip of South America and the region 
of outflow on the 310 K surface above. This 
toroidal circulation cell is associated with the 
center of high precipitation in this region. Centers 
of low-level inflow and high-level outflow are also 
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evident over tropical South America. In general. 
the summer monsoonal circulations appear much 
less well developed in the Southern Hemisphere 
than was found in the studies for the Northern 
Hemisphere (Otto-Bliesner and Johnson, 1982) and 
for the global circulation (Johnson and Townsend, 
I98 I). 

4.2. Winter distributions 
The changes in the patterns of horizontal mass 

transport from summer to winter appear mainly as 
minor shifts and changes of intensity of the main 
centers of inflow and outflow. For the most part 
these are not as dramatic as the corresponding 
summer to winter changes found for the Northern 
Hemisphere (Otto-Bliesner and Johnson, 1982). 

The large-scale circulation cell over the Amazon 
basin in January is not evident in the July pattern 
and the centers of low-level inflow and high-level 
outflow in the tropical western Pacific are dis- 
placed well to the northwest of their summer 
positions. This seasonal displacement of the 
ascending branch of the Asiatic monsoon over the 
tropical western Pacific and southeast Asia is in 
agreement with Johnson and Townsend’s (198 1) 
results computed from FGGE data. The strong 
meridional and to some extent zonal gradient be- 
tween southeast Asia and regions over Antarctica 
and the southeastern Pacific is indicative of 
the relatively intense isentropic mass circulation 
that links the Asiatic summer monsoon circulation 
with the Southern Hemisphere. On the 3 10 K isen- 
tropic surface, the irrotational component of the 
mass transport is from the Southern Hemisphere 
towards Southeast Asia while on the 330 K isen- 
tropic surface, the mass transport is directed from 
Southeast Asia towards the polar latitudes of the 
Southern Hemisphere. The influence of the strong 
net radiation cooling over the Antarctic ice cap 
and the sensible heating of cold air by the relatively 
warm circumpolar ocean is evident from the mass 
transport potential pattern on the 280 K surface. 

5. East-west mass circulations 

As far back as the 1920’s Sir Gilbert Walker 
had drawn attention to the world-wide fluctuation 
of opposed pressure anomalies between the Eastern 
and Western Hemispheres (Walker, 1923; Walker 
and Bliss, 1932). However, Troup (1965) was the 

first to associate this ‘Southern Oscillation.’ so 
called because of its dominance in the Southern 
Hemisphere, with fluctuations in the strength of a 
solenoidally driven east-west mass circulation 
between the warmer Eastern and cooler Western 
Hemispheres. Bjerknes (1969, 1972) further 
developed the concept of a thermally driven east- 
west Walker circulation embedded within the 
tropical Hadley circulation; its main cell consisting 
of a region of ascent in the western Pacific linked 
by lower easterlies and upper westerlies to a region 
of descent off the west coast of South America. In 
a series of papers, Krishnamurti (197 la, b) and his 
coworkers (1973) identified some of the detailed 
structure of the tropical east-west circulations 
from actual wind data while Webster (1973) and 
Murakami (1974) examined their relation to pre- 
scribed patterns of thermal forcing using a two- 
layer linear and nine-layer linear model, 
respectively. 

Within the constraints imposed by the truncation 
of the present model at 25’ N, the solution for the 
divergent horizontal mass transport may be 
expected to provide a direct representation of the 
tropical Walker circulation and also to indicate the 
nature of its extension into higher latitudes of the 
Southern Hemisphere. Although the meridional 
components of flow dominate the mass transport 
patterns of Fig. 8, significant large-scale east-west 
circulations are also apparent and clearly associ- 
ated with the zonal asymmetry of the adopted 
diabatic heating fields. 

The three-dimensional structure of the east-west 
circulations is shown more explicitly in Fig. 9 
which gives the spatial distribution of the thermally- 
forced zonal mass transport on the 280, 310 and 
330 K isentropic surfaces. Since maps are presented 
for only these three isentropic surfaces, features 
which are confined to the intermediate layers in 
both seasons or which shift to higher valued isen- 
tropic surfaces from July to January (e.g., the 
center of westward mass transport over the 
southern tip of South America on the 280 K isen- 
tropic surface in July) are not completely depicted 
by this form of presentation. Some additional detail 
of the structure is provided by examining cross 
sections. Fig. 10 presents zonal cross sections 
along the equator and 30’s. The computed zonal 
mass transports at ten-degree intervals of potential 
temperature were plotted at the zonal mean 
pressure of the isentropic surface indicated at the 
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Fig. 10. East-west cross section at the equator and 30"s 
for January (top) and July (bottom) of the zonal 
component of the time-averaged irrotational horizontal 
mass transport. The isentropic surfaces for which data 
were available are indicated on the right. 

Krishnamurti et al., 1973; Newell et al., 1974) and 
are also, as should be expected, in broad agreement 
with the results of the counterpart study for the 
Northern Hemisphere (Otto-Bliesner and Johnson, 
1982). Fig. 11  compares the thermally-forced 
mass-weighted mean zonal velocity on the 340 K 
surface at the equator (the highest evaluated in the 
present study, at approximately 300 mb) with the 
mean irrotational zonal velocity at 200 mb, for 
June, July and August 1967 computed from 
velocity potentials read at ten-degree intervals of 
longitude from the map of Krishnamurti (1971a). 
The patterns are quite similar in the Eastern Hemi- 
sphere but differ in the Western Hemisphere. 
Most conspicuously Krishnamurti's study suggests 
high-level easterlies over the eastern Pacific with 
subsidence in mid-ocean whereas in these results 
the upper westerlies over the Pacific extend almost 
to 90" W. The Pacific cell of low-level easterlies and 
upper westerlies in Figs. 9 and 10 is matched by an 
equally strong cell in the reverse sense over the 
tropical Indian Ocean. Weaker circulation cells are 
associated with the other zonal asymmetries in the 
precipitation patterns. The effect of the summer 
rainfall maxima over South America and southern 
Africa is evident, for example, in the January 
cross section for 30" S. 

Outside the tropical belt the major east-west 
circulation cell in both seasons appears to consist 
of a poleward extension, eastward shift and 
longitudinal constriction of the low-level easterlies 
and overriding westerlies of the equatorial Pacific. 
The reverse cell over the equatorial Indian Ocean 
also shows a pronounced eastward shift at higher 
latitudes when mapped into isobaric coordinates. In 

right margin of the diagrams. Isopleths were drawn 
directly to fit the ten-degree layer means and so 
the patterns underestimate vertical gradients and 
extremes. Also, since the effect of terrain on the 
vertical distribution of latent heat release and 
stability was not taken into account when specify- 
ing the spatial distribution of the forcing function, 
the patterns are not realistic below or near elevated 
terrain (e.g., the South American Andes). 

The equatorial cross sections of Fig. 10 capture 
the gross features of the Walker circulation as 
depicted by previous authors (e.g:, Flohn, 1971; 

I 
0 0 90E 180 SOW 

2.01 

Fig. 11. The thermally-forced time-averaged mass- 
weighted zonal velocity C(= pJ,U/pJ,) at the equator on 
the 340 K isentropic surface in July (solid curve) com- 
pared with the zonal component of the divergent velocity 
field on the 200 mb surface for June-July-August 
1967 computed from Krishnamurti (1971b). 
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the cross section for 45" S (not shown) the two cells 
appear juxtaposed in the eastern Pacific in response 
to the strong latent heating maximum near 90" W. 

6. Meridional mass circulations 

The distribution of the mass transport potential 
in Fig. 8 and on various other isentropic surfaces 
not presented shows that, at most latitudes, the 
meridional component of the thermally-forced 
mass transport is dominant and that it varies con- 
siderably with longitude. The zonally-averaged 
meridional (poloidal) circulation and the variation 
with longitude of the time-averaged thermally 
forced meridional flow are now considered. 

6.1. The mean poloidal mass circulation 
A zonal average of the potential x or of the 

derived meridional component of the mass 
transport provides a description of the mean 
poloidal component of the mass circulation in 
isentropic coordinates. However, since the relax- 
ation solution for x is only an approximate 
procedure and the computed mass transports refer 
to averages through 10 K layers, it is more 
convenient to determine the mean meridional mass 
transport directly from the adjusted vertical mass 
transport by an application of the divergence 
theorem to the equation of continuity. With an inte- 
gration of the zonally time-averaged distribution 
of heating over the polar cap, the meridional mass 
transport is 

A stream function ( S )  for the mean poloidal mass 
circulation defined by 

and 

- as 
2 7 ~ ~ 2 ~ ~ 0 s  # p J , O = -  (17) 

a4 
is readily evaluated from the data of Fig. 6 by 

L.llhld. IS1 

Fig. 12. The streamfunction for the mean poloidal mass 
circulation in isentropic coordinates for January (top) 
and July (bottom) implied by the modeled diabatic 
heating after adjustment for steady-state mass distribu- 
tion. The units are lo9 kg s-'. 

The numerical integration was performed for each 
5 K isentrope from 250 K to 380 K using five- 
degree increments of latitude. The resulting stream- 
lines mapped in isobaric coordinates for January 
and July are shown in Fig. 12. Note, however, that 
the stream function cannot be interpreted apart 
from the superposed isentropes. The mass flow in 
each streamline channel is 5 x 1Olo kg s-I. 

The dominant features in both seasons are: a 
large Hadley cell centered near the 320 K isentrope 
that spans the low and middle latitudes; an em- 
bedded reverse cell centered at lower potential 
temperature and clearly coupled to the latent heat- 
ing maximum over the Southern Ocean; and a 
shallow Hadley cell spanning the entire latitude 
belt in winter but restricted to low and middle 
latitudes in summer. The upper Hadley cell is 
located near 20" S in January and 30" S in July. Its 
strength doubles from summer to winter. The 
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shallow circulation cells transecting the near 
surface isentropes appear in Fig. 12 as a combined 
result of the assignment of most of the boundary 
layer sensible heating to isentropes colder than the 
mean surface potential temperature and the in- 
fluence of cooling by infrared emission and by the 
modeled downward sensible heat flux in layers 
immediately above. 

It is difficult to say what level of confidence 
should be placed in any of the detailed cell 
structures of Fig. 12. The stream function isopleths 
are those required by the principle of mass 
conservation to accord with the modeled diabatic 
heating and vertical mass transport patterns. The 
assembly of the latter, however, involved several 
approximations and rather arbitrary selection from 
conflicting data and viewpoints. The strong 
counter-Hadley cells in the lower middle latitude 
troposphere and the shallow “direct” cells beneath 
them are the result of the large precipitation 
maximum over the Southern Ocean (moderately 
well documented), the assumption on the vertical 
apportionment of latent heat release (somewhat 
uncertain) and the model of sensible heating (an 
oversimplification). The existence of an isentropic 
layer subject to  strong net cooling between the 
surface-heated isentropic surfaces and those on 
which the bulk of the latent heat release occurs 
(Fig. 6) is questionable. If, in fact, the longwave 
radiative cooling dominates the other two 
components on some such intermediate isentropic 
surface, the small-scale vertical eddy redistribution 
of enthalpy (Palmen, 1966) may well dominate the 
large-scale mass circulation in compensating the 
radiative cooling. In this circumstance the lower 
negative regions in Fig. 6 could conceivably 
disappear completely with the positive regions 
above simultaneously weakened. 
. An approximation to this condition and the basis 

for an indication of the uncertainty of the mean 
poloidal circulation of Fig. 12 is provided by the 
pole-to-pole cross sections of net diabatic heating 
for December to February and June to August 
given by Newell et al. (1969). Evaluation of the 
mean poloidal mass circulation was carried out as 
for Fig. 12 except that the sensible heating was 
mapped, along with the other components, directly 
from isobaric coordinates. As before, the vertical 
mass transports were adjusted to accord with the 
transequatorial mass flow given by Oort and 
Rasmusson (1971). The required adjustments to 

the preliminary estimates of diabatic mass flux 
were quite large, partly because, as noted by 
Newell et al. (1969), their heating cross sections 
imply net global cooling in both seasons. The 
derived mean poloidal mass circulation superposed 
on the isentropes mapped into isobaric coordinates 
is given in Fig. 13. The Hadley component of the 
circulation is quite prominent in both hemispheres 
and both seasons while the counter-Hadley cells of 
Fig. 12 are virtually absent. In this respect the mass 
circulations implied by Fig. 13 are in better 
agreement with the findings of Townsend and 
Johnson (198 1) determined from an analysis of an 
NMC FGGE Level IIIa data set. 

6.2. Longitudinally varying meridional circulation 
The patterns of the mass transport potential in 

Fig. 8 suggest that the longitudinally varying 
standing eddy component of the time-averaged 
meridional circulation is not small. This is con- 
firmed by Fig. 14 which shows the longitudinal 
variation of the mass-weighted hme-averaged 
meridional velocity. At the equator in July the 
meridional circulation is even reversed over a 
thirty-degree longitude sector where the precipi- 
tation maximum lies southeast from Papua-New 
Guinea. At higher latitudes also, significant 
longitudinal variation is apparent. This is illustrated 
for 30” S in Fig. 14 for both January and July. For 
July, the 300 and 330 K isentropic surfaces replace 
the 3 10 and 340 K surfaces used at the equator. 

The main features of Fig. 14 can be recognized 
also in the results of the Northern Hemisphere 
study (Otto-Bliesner and Johnson, 1982) but, in 
general, the degree of quantitative agreement at the 
equator is disappointing and underscores the 
advantage of a single pole-to-pole evaluation to 
define more precisely the thermally-forced 
circulation in the equatorial belt. 

7. Energy transport by the mean mass 
circulation 

One of the most important atmospheric 
responses due to the physical forcing by differ- 
ential heating is the transport of energy between 
planetary-scale heat sources and sinks. It is 
particularly important in the determination of 
climate, since the energy transport maintains quasi- 
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Latitude 

Fig. 13. The streamfunction for the mean poloidal mass circulation in isentropic coordinates for January (top) and 
July (bottom) based on the total diabatic heating cross sections of Newell et al. (1969) and the transequatorial 
flow estimates of Oort and Rasmusson (1971). The units are l o 9  kg s-’. 

steady state temperature distributions which are transfer can readily be inferred from the patterns 
more moderate than would be attained if the of the mass transport potential in Fig. 8 and can 
atmosphere were to achieve local radiative be evaluated quantitatively from Fig. 12. The total 
equilibrium in the absence of transport. Current poleward energy transfer across a latitude wall is, 
theory based on isobaric analysis strongly implies to a close approximation, 
that eddy scales provide for, and in turn force, the 

Townsend (1981) strongly suggests that a 

=, - energy transport. An analysis by Johnson and B = zna cos 4 1 p ~ , v w  do. (19) 

thermally-forced mean mode of energy transport 
exists in concert with the thermally-forced mass 
transport. The results for the mass circulation 
presented in the previous sections establish that 
both Hadley and Walker type circulations are 
actual components of the three-dimensional 
planetary-scale response to global differential 
heating. The aim of the following analysis of the 

Because of the choice of 1000 mb as the reference 
pressure for the definition of potential temperature 
and in consequence of the approximate 
geostrophic and hydrostatic balance of the 
atmosphere, v/  may be replaced by cp8 in (19) with 
negligible additional error for the present purpose. 
The poleward energy transfer then takes the form 

isentropic transport equation is to demonstrate the 

in energy transport at the planetary scale. 

m- 

important role of thermally-forced mass circulations B6(e)  = 2na ‘OS 4 ‘P 1 pJeue 

The role of the meridional components of the = ‘P  1 
(20) 

(2 1) 
ou 

circulation in effecting a net poleward energy 
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where S is the stream function of the mean poloidal 
mass circulation defined by (16) and (17). 

Fig. 15 shows the meridional energy transport 
by the mean poloidal circulation of Fig. 12 
computed according to (2 1) for each five degrees of 
latitude. This may be compared with the balance 
requirement (broken lines) based on the initially 
specified latitudinal distribution of energy sources 
and sinks (Fig. 16). The discrepancy is due mainly 
to two factors. Firstly, the storage term of the 
energy balance has been disregarded for January 
and July and this is only approximately valid. 
Secondly, the mass circulations of Fig. 12 are 
based on diabatic heating fields (specifically the 
radiation term) that were adjusted from the values 
given in Fig. 16 in accord with the steady-state 
mass assumption (eq. (2)). A complete solution 
for the poleward energy tiansfer would include the 
contribution by transient eddy fluxes. However, a 
preliminary assessment of isentropic eddy transfer 
of energy from rawinsonde data in the Australian 
sector (Zillman, 1972a) confirms that it is an order 
of magnitude less than the mean mass circulation 
contribution and may be expected to be un- 
important for the planetary scale. 

In addition to the meridional energy transfer, it is 
evident, from the pattern of the mass transport 
potential (Fig. 8), that the thermally-forced mass 
circulation also effects significant transfer of energy 
in the east-west direction between the major 
zonally distributed heat sources and sinks. For 
example the Pacific cell of the tropical Walker 
circulation transfers large amounts of energy from 
a strong source region northeast of Australia to the 
energy sink off the coast of Peru. 

While the conclusions on energy transport are 
only qualitative and tentative, the results are 
consistent with current understanding of energy 
balance mechanisms. Additional studies are needed 
to firmly establish the combined role of thermally 
forced mass and energy transport at the planetary 
scale and even more importantly provide insight 
into their fundamental roles in the determination of 
the planetary scale of climate. 

Fig. 14. The variation with longitude of the mass- 
weighted mean northward velocity G(= pJ,v/pJ& on 
the 310 K and 340 K isentropic surfaces at the equator 
and 30° S for January (top); and on the 3 10 K and 330 K 
isentropic surfaces in July (bottom). The velocities are in 
m s-'. 
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Fig. 15. Poleward energy transfer by the poloidal mass 
circulation shown in Fig. 12 for January and July 
(broken lines) compared with that required to balance the 
initially assumed meridional distribution of energy 
sources and sinks shown in Fig. 16 with energy storage 
rate assumed equal to zero (solid lines). 

8. Conclusion 

The main objective of this study was to develop 
a framework for isolating the three-dimensional 
structure of quasi-steady thermally-forced mass 
circulations in isentropic coordinates from climato- 
logical information and to use the approach to 
gain insight into the thermodynamics of the large- 
scale circulation features of the Southern 
Hemisphere. 

Within the broad framework of the evolving 
theory of the general circulation in isentropic 
coordinates, several interesting results have 
emerged. It is clear that, in isentropic coordinates, 
three-dimensional time-averaged mass circulations 
link the large-scale zonally and latitudinally 
distributed heat sources and sinks and effect the 
greater part of the energy transfer needed to offset 
local heating and cooling. Thus, these circulations 
play a fundamental role in the determination of 
climate. The time and zonally-averaged meridional 
circulations in isentropic coordinates are found to 
be fundamentally different from the well 
documented three cell structure of isobaric 
coordinates. In isentropic coordinates a Hadley 

Jul 

10 20 30 40 50 60 70 80 d0 
Latitude PSI 

Fig. 16. Energy balance of the southern hemisphere in 
January (top) and July (bottom). The columnar radiant, 
latent and sensible heating components are compatible 
with the data of Figs. 2-5. 

circulation spans the middle and high latitudes 
in summer and the complete hemisphere in 
winter. The time-averaged east-west circulations, 
although weaker than those in meridional planes, 
effect significant energy transfer between the 
zonally-aligned heat sources (principally the major 
rainbelts, to a lesser extent the solar heated 
continents) and heat sinks (predominant longwave 
radiative cooling over the ocean and deserts). The 
largest influence is exerted by the band of heavy 
precipitation extending from Indonesia into the 
western Pacific. It induces (or is induced by- 
direct cause and effect relationships are not 
isolated) two strong zonal circulation cells which 
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extend across the entire latitude band and which 
appear in equatorial latitudes as the Walker 
circulation of isobaric coordinates. It appears that 
shifts and fluctuations of these circulation cells are 
intimately associated with the behavior of the 
Southern Oscillation, the development of the El 
Nifio phenomenon and other features of the large- 
scale variability of climate. 

While the key findings of this study are believed 
to be valid, limited confidence should be placed in 
the detail of the derived circulation patterns. At 
the outset of the original study (Zillman, 1972a) it 
became clear that the absence of data directly 
suited to the subtleties of isentropic coordinates, 
the inadequate state of conventional Southern 
Hemisphere climatology and the sheer effort of 
assembling substitute information precluded a 
definitive treatment. The main limitations of the 
data source, the techniques and some suggestions 
for the design of a more definitive evaluation are 
summarized in Zillman (1972a). In view of the 
uncertainities of energy transport that are emerging 
from use of FGGE data (Kung and Tanaka. 
1983), an attempt to conduct  a more definitive 

evaluation that relates energy balance of the 
Southern Hemisphere to thermally forced isen- 
tropic mass transport should be considered, 
particularly as it relates to the phenomenon of 
El Nifio. 
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