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ABSTRACT 
Based on the recent studies by Andrews and McIntyre (1976) and Boyd (1976) a simple 
equation is formulated to calculate the mean meridional circulation forced by the stationary 
planetary waves and the latent heat release and its correlation with the stationary planetary 
waves. The westerly momentum equation and the thermodynamic equation are combined to 
form a single linear equation for the meridional circulation based on the assumption that the 
momentum dissipates exclusively in the lowest layer of the atmosphere and that the heat 
dissipates into the ocean and lithosphere. The ratio between the dissipation time constants for 
momentum and heat turns out to be one of the most important parameters governing the 
intensity of the meridional circulation. The mid-latitude Ferrel cell appears to be a composite 
circulation originated from two circulations: one from the stationary planetary waves 
(Charney-Drazin circulation) and the other from the transient eddies biased by the latent heat 
release. The adiabatic heating computed from the model is compared favorably with 
observations. 

1. Introduction 

In addition to the transient eddies discussed in 
Part I of this paper, the large-scale stationary 
waves existing in mid-latitudes also contribute to the 
horizontal heat transport (Fig. 1). The energy 
sources of the waves are primarily due to large- 
scale orography and ocean-continent heating con- 
trasts. The wave energy transport in the meridional 
plane is due to the non-geostrophic wind compo- 
nent in the horizontal motions in the wave 
generated by the zonal mean wind. The interaction 
of the wave and zonal mean flow tilts the phase of 
the wave both in the vertical and meridional 
directions, thus producing the heat and momentum 
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transports in the meridional plane. A simple relation 
was found by Eliassen and Palm (1961) that as 
waves transport the energy upward from a source 
near the surface, they transport sensible heat 
toward the pole if mean zonal motion is westerly. 
Also, when the waves transport energy meridion- 
ally toward the equator, they transport westerly 
momentum poleward. These relations have been 
confirmed by observations. 

Using a quasi-geostrophic model with the beta- 
plane approximation Charney and Drazin (196 1) 
first analyzed the effects of the heat and momen- 
tum transports upon the mean zonal wind and the 
mean temperature. It is concluded from this and 
later studies (Holton, 1974) that when the waves 
are free from transience, dissipation of heat and 
momentum, and diabatic heating, that the flux 
divergences of sensible heat and momentum are 
exactly compensated by the adiabatic heating and 
momentum advection of the secondary meridional 
circulation. This circulation is necessarily created 
by the differential heating and torque generated by 
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Fig. 1. Atmospheric heating by various processes in 
mid-latitude winter. The rate of heating is the vertical 
average with density weight. Sources: Lvovitch and 
Ovtchinnikov (1964) for the release of latent heat and 
Oort and Rasmusson (1971) for the other heating rate. 

the flux divergences of heat and momentum due to 
the stationary waves. So that, if we include both the 
effects of the waves and the secondary circulation 
in our dynamical system, the presence of the 
stationary planetary waves has no effect on the 
mean field of the atmosphere (now referred to as 
C harney and Drazin’s Theorem). This theorem was 
recently proved for general conditions by the 
independent studies of Andrews and McIntyre 
(1976) and Boyd (1976), where it is also proved 
that when the Charney and Drazin Theorem holds, 
the stream function for the secondary circulation is 
simply equal to the horizontal sensible heat flux of 
the waves divided by the vertical static stability 
squared. We will refer to this meridional circulation 
as C-D circulation. 

In addition to the C-D circulation the latent heat 
released by condensation of water vapor may also 
be a driving force for the meridional circulation in 
the mid-latitudes. The zonal mean of the conden- 
sation heating is at a maximum at 40a N in winter 
(Fig. 1) due to the large variance in the vertical 
velocities primarily by the baroclinic unstable 
waves. The rate of heating decreases both toward 
the equator where the relative humidity is low 
owing to the downward motion in the equatorial 
Hadley cell, and toward the pole where the cold 
temperatures keep the absolute humidity low. 

The general mathematical framework for the 
meridional circulation controlled thermally or 
frictionally in rotating atmospheres was given 
earlier by Eliassen (1951) using a mid-latitude 
Cartesian coordinate with constant rotation, and 
by Kuo (1956) for the spherical earth with variable 
Coriolis parameters’. In the Eliassen model the 
stream function of the meridional circulation is the 
solution of a Poisson equation when the basic state 
is prescribed by quasi-static equilibrium between 
the zonal wind and the zonal mean geopotential. 
The solutions with the point sources of heating and 
momentum (Green’s function) were discussed in 
detail for various cases with different stabilities of 
the basic atmosphere in the horizontal and vertical 
directions. Although the mathematics developed by 
Eliassen are heuristic for finding the fundamental 
feature of the meridional circulation in mid- 
latitudes, the following differences are to be noted 
between the real meridional circulation and his 
results : 

(i) The mid-latitude Ferrel cell is a mean of many 
circulations each of which is approximately 
governed by the Eliassen equation. 

(ii) The quasi-static approximation adopted in his 
approach is valid only when heat sink and 
dissipation of momentum are given as entirely 
external forcing to the circulation system, but 
in the real atmosphere these are often passive 
processes in the sense that the rate of dis- 
sipation is a function of the mean-state vari- 
ables. 

In regard to the first point mentioned above one 
may be able to produce, in principle, the Ferrel cell 

A concise description for the dynamical constraints 
in maintaining the meridional circulation is also found in 
Holton (1972, p. 228) in the quasi-geostrophic hydro- 
static context. 
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by performing a statistical average of many of 
Eliassen’s individual solutions with their external 
sources prescribed statistically by a proper pro- 
bability function. However, this does not seem 
practically feasible, since the Ferrel cell is a mean 
of many circulations driven by at least two 
physically different sources: almost random heat- 
ing by condensation of water vapor in the free 
atmosphere and forcing from the characteristics of 
the lower surface whose distribution is well 
prescribed geographically. In Part I it was men- 
tioned that the large-scale atmospheric motions in 
mid-latitudes are grouped separately into the 
stationary long waves and the transient eddies of 
which spatial scales are smaller than Rossby’s 
radius of deformation. The latter form nearly iso- 
tropic and homogeneous turbulence when observed 
from Charney’s stretched coordinates; there would 
be virtually no selective direction of the mean 
circulation averaged for many individual eddies if 
the atmosphere is dry. Since precipitation in mid- 
latitudes is mainly due to vertical motions 
associated with transient traveling storms, we may 
view the Ferrel cell as a composite mean circulation 
of the meridional circulations around the individual 
transient eddies biased, however, by the latent heat 
release, and the C-D circulation driven by the 
stationary long waves. 

The purpose of this paper is to demonstrate how 
well this idea can produce the observed Ferrel cell 
in the mid-latitudes. To make the method of 
solution simple we will assume a stationary state of 
the atmosphere at the beginning. This assumption 
is not entirely valid because we know that there 
exists a slight seasonal variation in the zonal mean 
precipitation in mid-latitudes superimposed on the 
annual mean precipitation and that the charac- 
teristic time scale for heat dissipation is not very 
short compared to a year, as indicated by a time 
lag of mid-latitude temperature behind the phase of 
the seasonal change of insolation. Therefore, the 
results presented in this paper should be used with 
caution when applied to the seasonal change of the 
Ferrel cell. 

Since pure C-D circulation is known to have no 
net effect on the zonal mean temperature field when 
it is combined with the stationary planetary waves, 
in this paper we will only deal with the meridional 
circulation which is thermally driven by the latent 
heat release, although the computed circulation will 
be superimposed on the theoretical C-D cir- 

culation calculated from the observed heat flux by 
the stationary waves, so that the total stream 
function can be compared with the observed Ferrel 
cell. 

2. Formulation of the model 

Most of the standard symbols have been defined 
in Part I, so that we do not repeat them here unless 
stated otherwise. We denote the earth’s radius by a, 
latitude by 0, longitude by 1 and the log-pressure 
vertical coordinate by z = -HIn (plp,). For any 
atmospheric variable X, we define the linear 
operators by 

l a  
LOX = - - (X cos 8, 

a cos e ae 

ax 1 ax - - ax acose a~ 

The Coriolis parameters modified for the spherical 
coordinates are defined as 

au 3=f+ (tila) tan 8- - 
a ae 

and 

f = f + 2 tan &la. 
2 

The basic state of the mid-latitude atmosphere is 
defined by the stationary zonal mean temperature 
T, which is split into TI(z), a function of z only and 
?*(O,Z), a function of both 8 and z :  

T =  + T,(e,z). 
The overbar denotes the statistical average over a 
long time interval and over a longitudinal line. The 
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mean geopotential 4 is defined from the hydro- 
static relation by 

R - - _ -  
az - H Tl’ 

and 4 = ),(z) + $2(f9,z). 

geostrophic equilibrium with T2: 
We assume that the mean zonal wind is in 

Since the distribution of T in the mid-latitudes is a 
result of the whole global dynamical processes, 
including the mid-latitudes, tropics and high 
latitudes, we are not able to determine it merely 
from the dynamical processes in the mid-latitudes. 
Eq. (1) is, however, a necessary equation to solve 
the meridional circulation in mid-latitudes which is 
driven by forcing in the mid-latitudes. 

The stationary equation for east-west momen- 
tum may be written as 

-- - au 
a Z  

-36 + w - = - LA(U’V’ + u*v*) 

where D is the rate of dissipation of the mean 
westerly momentum by subsynoptic processes 
including the drag due to the lower surface. The 
primed variables are transient deviations from the 
mean and those with the asterisk are stationary 
deviations from the mean. When the overbar is 
used for the correlation of the atmospheric vari- 
ables, it will be understood that it means the 
statistical average integrated for all possible eddies 
and waves in the atmosphere. The reader is referred 
to Holton (1975) for the equation of motion on the 
globe with log-pressure coordinates. 

The thermodynamic equation may be written 

(3) 

where 

(4) 

is the vertical static stability, the sum of the 
mean diabatic heating and cooling per unit mass of 
air and K = R / c p  with R the gas constant of the air 
and cp its heat capacity at constant pressure. 

The equation of continuity is given by 
i, = LJ ( 5 )  
and 
w=-L 0 Xt 

where x is the stream function for the meridional 
circulation. Since both eq. (2) and (3) are linear in 
terms of x, we assume that x i s  decomposed into 

x = x +  --+&. (7) 

-__ 
v* a p  
N2 az 

Here the second term on the right-hand side is the 
stream function of the C-D circulation (Boyd, 
1976) and xH is the stream function of the Hadley 
cell which protrudes into the subtropics, and its 
downward motion is an important component to 
generate the sensible heat which tends to balance 
with the horizontal heat transport by transient 
eddies in mid-latitudes (see Fig. 1). 2 is the stream 
function defined as a residue from the total stream 
function subtracted by the C-D circulation and the 
Hadley cell. 

In order to eliminate from eq. (2) and (3) the 
fluxes of heat and momentum by stationary waves, 
we use a set of first-order linearized equations for a 
stationary wave: 

au a(* 
ax aZ ax (8 ) 
aU* 

li - -3v*  + w* - + - + M = O  

(9) 
av* a(* u - +TU* + ay + P = O  ax 

K 
V* + N2w* - - Q* = 0, (10) H 

u -  

where M and P are the rate of dissipation of wave 
momenta due to transient eddies acting upon the 
wave and the boundary layer friction, and Q* is the 
heat source (or sink) for the wave. 

Upon multiplying (10) by a#*laz and then 
taking the statistical average of the result integrated 
for all waves in the system, we obtain 

a$* 3 ai a(* K a#* 
aZ N Z  az az N ~ H  az w*-=-- v * - + -  Q* -. (11) 
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We take the vertical differential of the above By operating Lt on (15) and L ,  on (16) we obtain 
equation to get 

- .  
U* a#* a au 

+ - ~2 - a2 - ( T z )  at  

- au I)* a(* 
L;(u*v*) = - LAF, + - L ,  - - 

az ( N 2  az 

a"). (12) and 

~ 

L,(u*w*) = - L,F, +fi, The divergence of horizontal heat flux is written as 

(18) 

v* a#* aN2 The substitution of (1 7) and (18) into (2) yields 

- - L e i  - f izz= LL(Fv - 

(13) + - - -  

au 
az 

aN2 az a8 '  

By substituting (12) and (13) into (3) and using (1) 
and (4) we obtain, after some further 
rearrangement, + L,(F, - 21") 

- azi au - -3, L , f -  N2L,f  - - W, +& + D. (19) 
a2 

where 

= L z x H  

and 

More explicit expressions for F, and F, have 
been derived from (8)-(10) by Boyd (1976) in 
terms of the correlation of M ,  P and Q* with the 
variables for the stationary waves. Also proved is 
that L i F ,  + L,F, = 0 when the stationary wave is 
adiabatic and free from the dissipation of momen- 
tum. However, as will be shown later, (15) and (16) 
are sufficient definitions for the purpose of the 
present study, since we are able to estimate the 
magnitude of F, and F, based on the observed 
u*v*, u*w* and v*a#*/az, so that their forcing 
upon 2 will be compared with the thermal forcing. 

K -  
= -  H Q - L , ( z Q * a ,  

(14) 
au 

- N2& +3vH - 
a2 

-- ~ 

~ .. 

WH = -L& f is the stream function defined by (7) as a 
residue from the total stream function subtracted 

are the meridional and Vertical Velocities, respec- by the C-D circulation and the Hadley cell. Since 
tively, of the Hadley cell. the C-D circulation is the mean meridional 

In order to also write the nmnentum eq. (2) in circulation around the stationary long wave biased 
terms Of the new Stream function f we introduce by the zonal mean wind and rotation of the earth, 
the following quantities with the dimension Of the stream function must be solved with spherical 
momentum flux (Boyd, 1976): geometry and the variation of the Coriolis 

In eq. (14), the meridional temperature advec- 
tions by f as well as xH may be negligible as 
compared to the temperature change due to vertical 

(16) motion by f .  Furthermore, in eq. (19), the vertical 

- au v* a p  parameter. 
(15) F = -u*v* + - - - 

az ~2 a2 

~ v* a#* 
N 2  at 

F, = -u*w* +f - -. 
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advection of the zonal momentum and the meridio- 
nal advection of fby  the Hadley cell may both be 
negligible as compared to fi,,f. Finally, since ,f 
involves few components of motion larger than the 
radius of deformation, we may approximate the 
linear horizontal operator by 

L ~ Z  = a m y ,  

$=f, 

and since U tan 6la and aula a0 are both smaller 
than f we approximate f by 

where f is set to be a constant at mid-latitudes. 
Thus (1 9) and (1 4) are now reduced to 

Up to this point the derivation of eq. (20) and 
(21) are essentially the same as Eliassen (1951), 
Leovy (1964) and Dickinson (1971). Since 2 
should satisfy both (20) and (21) at the same time 
we need t o  form a single equation by eliminating a 
common factor involved in both equations which, 
however, is not obvious in the present form. 
Eliassen combines these two equations based on 
the assumption of quasi-stationarity which makes it 
possible to  eliminate the local time changes of the 
temperature and zonal mean wind through their 
geostrophic relation. In dealing with the meridional 
circulation in the stratosphere and mesosphere 
Leovy, on the other hand, combines these 
equations by linearizing first 5 and the radiative 
cooling in e in terms of the zonal mean wind and 
the temperature and then by eliminating the wind 
and the temperature through their geostrophic 
relation. Dickinson (197 1) follows Leovy’s 
approach in his study of Hadley circulation. 
However, he ignored the transient eddy heat 
transport in the subtropics, which is apparently 
important in the troposphere. Although his solution 
produced results which compare favorably to 
observations, it leaves a question as to whether the 
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linear damping term in his thermodynamic 
equation really represents the radiative dissipation 
or the dissipation due to transient eddies. It is to be 
noted that the way in which eqs. (20) and (21) are 
coupled is very much dependent on the regions of 
the atmosphere considered because individual 
thermal processes have a different influence in each 
region. After trying several possible combinations 
among the processes involved in D and Q we found 
that the following assumption produces results 
which compare most favorably with observations. 
We assume that the dissipation of momentum takes 
place exclusively in the lowest layer of the 
atmosphere where the dissipation rate is approxi- 
mately proportional to the geostrophic wind near 
the surface: 

where prn is the dissipation constant with dimension 
of (time-l) and Us is the geostrophic wind near the 
surface, say, at the top of the planetary boundary 
layer. 

In the thermodynamic equation 0 may be 
separated into individual processes: 

where the terms on the right-hand side are the 
infrared cooling, the condensation heating, the 
solar heating and the sensible heating from the 
lower surface. For the last component we assume 
that 

where ph is the relaxation time constant of the 
surface temperature toward a long-term mean of 
the temperature To, which is typically the tem- 
perature at a depth where the seasonal variation is 
zero. By substituting (22) into (20) and (23) into 
(21), respectively, and then eliminating T, and U, 
from the results through the geostrophic relation 
we obtain 

where 

- - 
F Li(Fv - u’u’) + L,(F,,, - u’w’), 
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- _ -  
J = Q E + Q , + Q , - L ,  

- H K { L o (  G) 
+ L ,  (-z) W' - + N 2 G  } . 

In the course of the derivation it was found 
convenient to use scaled coordinates defined by 

9 = y / R ,  

and 

2 = z / H ,  

with 

R ,  = N H / f ,  

Rossby's radius of deformation. 

3. Prescription of forcing and parameter 

aJ/ajj is the horizontal differential heating by 
various components. Detailed calculations of the 
differential heating are not within the scope of the 
present study, rather we simplify the calculations 
by neglecting the terms which are apparently unim- 
portant. First of all, it is known from the energy 
budget analysis that the divergence of the heat flux 
by transient eddies is largely compensated in the 
subtropics by both adiabatic heating due to the 
downward motion of the Hadley cell and the solar 
heating, and that the convergence of the same flux 
in the high-latitudes is balanced by the net radiative 
cooling. Thus the most significant mean differential 
heating remaining in aJ/@ is the condensation 
heating which has a distinct maximum at the center 
of the mid-latitudes. 

Turning to the correlation of the diabatic heating 
with the stationary wave temperature we are able 
to only crudely estimate its mid-latitude distri- 
bution. For the winter northern hemisphere the 
correlation takes the sign for each component, 

Q,' ad*/az > 0 Moller (195 1) 

QZ a / * /az  > 0 Budyko (1963) 
Qf a(*/az < 0 Katayama (1967) 

Q: ad*/az < 0 Katayama (1967). 

~ 

-~ 

Among these components solar heating seems to be 
the least important compared to the others. The 
infrared cooling and sensible heating both have 
significant correlations with temperature, but their 
vertical and horizontal distributions are not well 
known, and we will tentatively neglect them in the 
present calculation. Since both correlations seeti to 
have a maximum near the center of the mid- 
latitudes and decrease with height (Budyko, 1963; 
Katayama, 1967), we suspect that the omission 
could lead to an underestimation of the 2- 
circulation. Finally, the most important correlation 
is again the condensation heating. The time- 
averaged latent heat release is not uniform along 
longitudinal lines in the mid-latitudes. It is known 
from observations that precipitation takes place 
almost exclusively over the oceanic areas and that 
the large continents receive far less precipitation, 
particularly in winter. Since the ocean surface 
temperature is higher than the continental temp- 
erature in winter, there exists a strong correlation 
between latent heat release and temperature along 
the longitudinal circles in mid-latitudes. Thus, we 
will keep Q: a/* /az in the forcing term J. 

An important parameter governing the solution 
of (24) is the ratio between the coefficients for the 
sensible heat dissipation and the momentum 
dissipation near the surface. Dickinson (197 1) has 
discussed in detail how this ratio affects the 
intensity of the circulation in his study of the 
equatorial Hadley cell. In general a small B,, 
enhances a stronger circulation because, if /3, is 
large, the heat added to the system will dissipate 
before it becomes available for the potential energy 
of the circulation. The geostrophic wind at  the top 
of the boundary layer is on the order of 3 - 4  m s-I. 
The kinetic energy dissipation rate estimated by 
Kung (1967) suggests that 

pi '  z 1-3 days. 

On the other hand, from the time-lag of seasonal 
change of temperature (Lettau, 195 1, for example) 
the coefficient h1 is about 45 days in midlatitudes. 
Thus we set 

p z  1/25. ( 2 5 )  

The difference of more than one order of mag- 
nitude between p,,, and & is simply due to the zonal 
mean momentum dissipation which takes place 
only in the atmospheric boundary layer (including 
the surface) and heat dissipation which is 
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associated with heat conduction into the ocean and 
lithosphere. The important implication of p < 1 will 
be apparent later when we deal with the explicit 
solution for (24) in the next section. 

Finally, for this prescribed value of p the 
frictional forcing estimated from the observed F 
has turned out to be $mailer than the forcing from J 
by two orders magnitude in the free atmosphere. 
However, condensation is minimal near the surface 
and the frictional dissipation of the waves tends to 
be at a maximum therefore the relative importance 
of heating versus friction may reverse within the 
lowest layer of the atmosphere. Although the 
neglect of friction upon waves in the entire 
atmosphere may lead to an unrealistic distribution 
of the meridional stream function in the lowest 
layer, the errors in the mean adiabatic heating by 
the downward motion would be small because the 
depth of the frictional layer is only a small fraction 
of the total tropospheric depth and the mean 
vertical velocity is also small in the lowest 
boundary layer. 

4. Results 

In this section an example calculation is shown 
for the northern hemisphere in winter. The heating 
distribution may be expressed by a product of the 
meridional and vertical structure functions: 

Q, = Z” ( W V )  (26) 

and 

where we have assumed the same meridional 
structure function for both mean condensation 
heating and its correlation with the stationary 
waves. A symmetrical function is assumed for the 
meridional structure as shown in Fig. 2. Based on 
the mean cloudiness distribution (Telegadas and 
London, 1954) the vertical distribution is inferred 
for condensation heating as shown in Fig. 2. The 
analysis of the precipitation in winter (Moller, 
195 1) indicates that the oceans receive about 213 bf 
the total precipitation and the atmospheric tem- 
perature over the oceans is higher than the 
temperature over the continents by about 15 O C  in 
winter. From these data Z ,  and Z, are specified as 
shown in Fig. 3. For the symmetrical function YV), 
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Fig.2. Top: The meridional structure function for the 
condensation heating. Bottom: The rate of precipitation 
(gram of watedgram of air/day) as a function of height. 

the differential heating is closely approximated by a 
single sine function: 

- (Z ,  + Z,) sin (dfl (28) 
8J 
a9 

- - _  

where d = 2x14 = 1.571. Thus, the solution may be 
assumed in the form 

2 = ~ ( 5 )  sin ( d f ) .  (29) 

By substituting (28) and (29) into (24) we obtain 

where Z = Z,  + Z,. Note that the source function 
is now inversely proportional to p. Eq. (30) was 
solved numerically using the boundary condition 
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Fig. 3. Top: Meridional differential heating. Bottom: 
Vertical distribution of the heating functions. The dotted 
line represents zonal mean heating, the broken line 
represents heating due to the correlation of precipitation 
and stationary wave and the solid line represents the total 
heating. 

v = 0 at i = 0 and 1, using the method described by 
Richtmyer and Morton (1967, p. 198). The final 
solution for 2 is shown in Fig. 4. 

The C-D circulation is computed from the 
sensible heat flux transported by the stationary 
waves (Oort and Rasmusson, 1971, Table c2b) and 
is depicted in Fig. 5. The results shown in Fig. 4 
and Fig. 5 are significant in the following points: 

(i) The 2-circulation is a two-cell circulation with 
the maximum upward motion where the 
condensation heating is at a maximum. The 
individual circulation has a meridional span on 
the order of two times the radius of defor- 
mation. This result is consistent with our 
assumption that the 2-circulation is essentially 
a mean of many circulation systems around 

the transient eddies which are biased by the 
condensation heat release. 

(ii) The C-D circulation is a single cell with 
maximum downward motion around 40' N 
and maximum upward motion around 65'N. 
The meridional span is about five times the 
radius of deformation. This is again com- 
patible with the fact that the C-D circulation 
is a mean circulation around the stationary 
planetary waves. These waves are of a scale 
larger than the radius of deformation. 

(iii) The upward motion by 2-circulation tends to 
cancel the downward motion by the C-D 
circulation at the center of the mid-latitudes 
(40-45' N). However, this coincidence may 
not be just accidental because the C-D 
circulation is primarily driven by the ocean- 
continent temperature contrast, which may in 
turn relate with the meridional mean tem- 
perature gradient which governs the activity of 
the transient eddies, thus the 2-circulation. 

(iv) The mean rate of heating by downward 
motion for each individual circulation is shown 
in Fig. 6. The role of 2-circulation is to 
equalize the mid-latitude temperature, which 
otherwise tends to increase at latitudes where 
the condensation heating is at a maximum. 
Because of this tendency the subtropical 
atmosphere receives sensible heat originating 
from condensation heating in the mid- 
latitudes, but nearly the same amount of the 
sensible heat is also received by the high- 
latitudes, so that the effect of the 2-circulation 
on the meridional temperature gradient seems 
rather small. However, the presence of a 
double adiabatic heating maximum at 20' N 
and 30'N (Fig. l), may be interpreted as 
follows: the first maximum in the lower 
latitude is due to the downward branch of the 
equatorial Hadley cell, while the second 
maximum at the higher latitude may be the 
result of the mid-latitude circulation discussed 
in this paper. 

5. Summary and concluding remarks 

From the analysis presented in this paper it 
appears that the mid-latitude Ferrel cell is a 
composite circulation originating from two cir- 
culation systems with different physical origins: 
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one from the stationary Rossby waves whose scale 
is larger than the radius of deformation in both 
longitudinal and meridional directions (C-D cir- 
culation) and another from the transient eddies 
biased by the latent heat release. Since the C-D 
circulation was prescribed from the observed 
horizontal sensible heat flux by the stationary 
waves, the present study is not able to determine 
how these two circulations are interrelated 
although it seems plausible that both must be 
dependent on the mean meridional temperature 
gradient which simultaneously controls the activity 
of the transient eddies and the mean zonal 
geostrophic wind which in turn influences the 
amplitudes of the stationary planetary waves. 

A complete solution for the C-D circulation 
needs equations written for global geometry with a 
variable Coriolis parameter as well as the global 
distribution of  the forcing from the lower boundary. 
The problem has been only approximately solved 
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using the beta-plane at mid-latitudes (for example, 
Hirota, 1971, among others). It is a matter of 
interest to know how many stationary Rossby 
waves are needed to express the total C-D 
circulation in the troposphere. It can be shown 
from the approximate solutions mentioned above 
that the horizontal heat transport is significant only 
for the external Rossby waves which penetrate 
through the troposphere into the stratosphere. 
Those internal Rossby waves trapped in the tropo- 
sphere have negligible heat transport. The obser- 
vations of the Rossby waves in the stratosphere 
indicate that only the very long waves with 
longitudinal wavenumber 1-4  have tropospheric 
roots. Also, the observed sensible heat flux is 
indeed negligible for waves with wavenumber larger 
than five (Van-Mieghem et al., 1959). Thus actual 
computations may be necessary only for the 
limited number of waves with longitudinal wave- 
number 1-4. The relevant solutions for such large- 
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1 

scale Rossby waves may be obtained most appro- 
priately by using the Hough functions which have 
been discussed recently by Kasahara (1977). 

Another prescription made in this analysis for 
the latent heat release may be removed fairly easily 
if we use the parameterization outlined in Sasamori 
(1 975). The statistical model for the precipitation 
of water vapor needs the values of the mean 
vertical velocity and the variance around the mean, 
both being provided by the models presented in 
Parts I and I1 of this paper. 

Finally, it is desirable to  calculate the vertical 
velocity of the Hadley cell intruding into the sub- 
tropics. There are two basic problems yet to be 
solved in this regard. First the determination of the 
geographic center of the Hadley cell where the 
upward motion becomes maximum (Le., the In- 
tertropical Convergent Zone), and secondly the 
forcing upon the Hadley cell due to condensation 
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heat release. The first problem may involve the 
global differential heating and the response of the 
global atmosphere to it, and the second may 
involve the convective instability in the moist atmo- 
sphere, which may be classified as entirely different 
from the baroclinic instability in the mid-latitudes. 

After these problems are solved stepwise, the 
global atmosphere may be divided into tropics, 
mid-latitudes and high-latitudes and the proper 
pararneterizations of the heat transport may be 
applied for the individual regions together with the 
processes coupling these regions. The present para- 
meterization discussed in this paper will then find 
its relevant application in the study of the global 
and regional energy balance and the climate. 
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nAPAMETPM3AIJMH KPYnHOMACUITA6HOrO nEPEHOCA TEnJlA B CPEHHMX 
UIMPOTAX. qACTb 2.  CTAUMOHAPHblE BOJlHbl M HYEnKA QEPPEJIX 

naroc@epy. O T H o l u e H u e  M e m y  B p e M e a a m  AUC- 
cmauuu U M n y n b c a  u T e n n a  O K ~ ~ ~ I B ~ ~ T C I I  ~an6onee 
B a x H b i M  n a p a M e r p o M ,  onpenenmouvm wHTeHcu- 
BHOCTb MepUnUOHaJIbHOfi UUpKynflUUU. XYef iKa  Qep- 
p e n f l  B CpeAHUX IIIUpOTaX, no-BUAUMOMy, RBJIflCTCfl 
KOM6UHaUUefi AByX UHpKynflUUfi: BO36yXAaeMOfi  
CTaUUOHapHbIMki IIJIaHeTaPHbIMU BOJIHaMU (UUpKy- 

eMOfi HeCTaLIWOHaPHbIMH BUXpflMU, IIOnBePEeHHbIMU 
BnHflHFiIO CKpblTOrO T e n n a .  BbIYHCneHHOe no MOAenU 

C AaHHbIMU Ha6JIIOAeHUfi. 

nnum Y a p ~ u - n p a s u ~ a )  u uupKynxuuu, nopoxna- 

a n u a 6 a r u ~ e ~ ~ o e  H a r p e B a H u e  xopoluo c o r n a c y e r c f l  
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