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1. Introduction

Although many studies on the interactions
between the circulations of the tropics and the ex-
tratropics have been done in the context of tele-
connectlon, there has been relatively little concern
with the meridional circulation. Recently, as a
consequence of studies with axisymmetric meodels,
the Hadley circulation is thought to control the
meridional structure of the mid-latitudes and the
poleward heat transport through the subtropical
jet (1}, [2], (3]. In the present study, this frame-
work i1s extended to reconsider relations hetween
the Hadley cell and the Ferrel cell ; the intensities
of the two cells and the statistical properties of
the baroclinic waves are investigated with the aid
of the angular momentum balance,
2. Intensities of meridional circulations

Because of the angular momentum balance,
the maxima of the mass stream functions of the
Hadley cell (¥ ) and the Ferrel cell ( and —¥p(>
0)) are approximately related by [4]
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The Ferrel cell appears as a zonal average of the
baroclinic waves and the meridional heat flux ex-
ists with it. The Ferrel cell intensity and the
meridional heat flux are proportionally related as

VT =B -(=VF). (2)

This relation can be understood as the secondary
circulation of the linear theories. The coefficient
B should be described by models of the baroclinic
waves.

The transformed Eulerian mean (TEM}) cir-
culation is more often used as dynamical under-
standing of the meridional circulations rather than
the Eulerian mean circulation, since TEM circu-
lation approximately explains material transports
and it directly reflects diabatic process. In the
quasi-geostrophic approximation, the intensity of
TEM circulation is expressed as
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The scaling of the heat flux is based on the Eady
model.
3. Model and Experiments

To investigate the relation between the Hadley
and the Ferrel cells three dimensional experiments
have been performed with a Newtonian cooling as
radiative forcing. The numerical model is CCSR
/ NIES AGCM [5]; the resolution is triangular
truncations T42 on the sphere and 16 layers in
the vertical, and longitudinal periodicity of 60° is
assumed. The reference temperature is expressed
as

Te = (To — AT|sin¢|®) - ¢ Feerls, (4)

which is valid below the level oy, where o7 cor-
responds to the tropopause of the reference state,
above which the lapse rate is assumed zero. Rgas
is the gas constant for the dry air and an expo-
nent e is introduced to examine dependency on
the latitudinal gradient of the temperature. The
parameters of the standard experiment are as fol-
lows : Ty = 300 K, AT = 40 K, 7 = 20 days,
I =65Kkm™?, or =0.2, & = 2, viscosity of the
atmosphere v = 5 m? 571 bulk coefficient for the
surface stress C = 0.005 ms™!, and 27/Q = 1 day.
The equilibrium states are defined by the average
of 81 - 160 days starting from the isothermal state
with no motion.

According to Held and Hou [6] the magni-
tude of the vertical velocity of the Hadley cell is
estimated to be

W= HAHR: ATR ) (5)
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where Ay = AT/(Tg), A, = (9/C, —T)YH/{TE),
R = gHAg/Q%a?, (Tg) is the global average of
the reference temperature, H is the tropopause
height, and C, is specific heat at constant pres-
sure. .

The Eulerian and TEM meridicnal stream
functions for the standard experiments are shown
in Fig. 1. The Hadley cell is clearly calculated
in each hemisphere, but there are two maxima of
the Ferrel cell. This is attributed to the use of the
Newtonian cooling in the dry atmosphere. Nev-
ertheless, the following argument will be valid for
the qualitatively discussion. TEM circulation is




one cell structure in each hemisphere. In Fig. 1b),
distribution of potential vorticity (PV) is shown
for a reference. It can be seen that PV is almost
constant along the stream line of the downward
branch of TEM circulation.

To verily the dependencies on the control
parameters, ', op, * C, v, and o are changed.
The relation between the intensities of the Hadley
cell and the Ferrel cell ( maximum values in the
meridional plane ) are shown in Fig. 2. It is con-
firmed that the intensity of the Ferrel cell is pro-
portional to the intensity of the Hadley cell, and
that the ratio is about 1/2 as predicted by Eq.
(1). The dashed line in Fig. 2 is the dependency
on I'. and the dotted line is the dependency on
r. As expected from Eq. (5), as I is larger or 7
is smaller, the Hadley cell is stronger, and, in ac-
cordance with this, the Ferrel cell is also stronger.
Fig. 3 shows the relation between the intensities
of the Hadley cell and TEM circulation. The in-
tensities of TEM circulation is also proportional
to that of the Hadley cell; it 1s 1.5 times as large
as the Hadley intensity and is 3.0 times as large
as the Ferrel intensity.

4. Conclusions

In general, the upward transport by the
Hadley cell almost balances the downward trans-
port by the Ferrel cell. The intensity of the Ferrel
cell is determined by the supplied angular momen-
tum. The angular momentum transport between
the Hadley cell and the Ferrel cell is due to the
eddy component and the value of the eddy trans-
port can be estimated without detailed knowledge
of the eddies. This, in turns, gives the intensity
of TEM circulation. Since material transports are
well described by TEM circulation, it can be said
that the circulations in the lower-latitudes deter-
mine global mixing.
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Figure 1. Distributions of (a) Eulerian and (b)
TEM meridional stream functions for the standard
experiment. 'The contour intervals are 5.0 x 10°
kg/s. In (b), distribution of the potential vorticity is
added {contour interval : 0.2PVU).
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Figure 2. Relation beteen the intensities of the
Hadley cell and the Ferrel cell.
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Figure 3. Relation beteen the intensities of the
Hadley cell and TEM circualtion.
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