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ABSTRACT

Hadley circulations in radiative—convective equilibrium are investigated using an idealistic axially symmetric
mgdel. Calculations show that the distribution of temperature in the Hadley cell is controlled by the moist process;
the vertical profiles are close to the moist-adiabatic profile in the precipitating ascent branch, and the latitudinal
distribution is nearly uniform. A sharp meridional temperature gradient exists within the poleward sloping
boundary of the cell. Similar to Held and Hou, the latitudinal gradient of the vertically averaged temperature is
determined by the cyclostrophic wind balance with the angular momentum—conserving flow in the upper layer.

The region where the Hadley cell exists can easily be predicted from the relationship between the profiles of
the surface temperature and the vertically averaged temperature. Under the condition that the solar flux is
specified, however, because of the interaction between the atmospheric circulation and the surface temperature,
the behavior of the Hadley cell is a little more complicated. In particular, if the rotation rate is faster than or
equal to the terrestrial value, two peaks of the upward motion exist on both sides of the equator.

Contrary to the traditional view of a steady indirect cell (the Ferrel cell), a systematic multicell structure
exists in the middle and high latitudes. The horizontal scale of the cells is about 1000 km. They move equatorward
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at a speed of ~I ms™',

1. Introduction

The Hadley circulation is, in general, regarded as a
horizontally convective cell driven by the north—south
gradient of solar radiation heating. However, the dif-
ferences of the solar heating in lower latitudes are not
directly reflected to the atmospheric temperature, since
most of the incident solar flux reaches the surface and
the energy input into the atmosphere from the surface
is in the form of latent heat. The latent heat supplied
from the surface is transported equatorward by the low-
level flow and is released as a cumulus heating in the
intertropical convergence zone (ITCZ). The released
heat is retransported poleward by the upper-level flow
to the subtropical latitudes, where the air is cooled by
radiation. In such a manner, in‘the region of the Hadley
circulation, a balance exists among the supply of the
latent heat from the surface, the heat transport by the
circulation, and the radiative cooling in the free atmo-
sphere (e.g., Lorenz 1967; Oort and Peixé6to 1983). In
this sense, the Hadley circulation can be thought of as
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a vertically convective cell in the radiative—convective
equilibrium.

Radiative—convective equilibrium is mostly consid-
ered by using one-dimensional models. The convective
part of it is naturally a horizontal average of every kind
of circulations existing in the atmosphere: not only
small-scale eddies in the tropics and the middle and
high latitudes but also large-scale circulations such as
the Hadley circulation and baroclinic waves (e.g.,
Manabe and Strickler 1964; Ramanathan and Coakley
1978). Among them, the Hadley circulation contrib-
utes to a major part of the vertical transport of energy
in the tropics (Riehl and Malkus 1958), so that it must
be taken into account as convections of the radiative—
convective equilibrium (Satoh and Hayashi 1992, sec-
tion 5).

The understanding of the dynamics of the Hadley
circulation has been promoted by the studies of axially
symmetric models by Schneider (1977) and Held and
Hou (1980) (hereafter referred to as S77, HH80, re-
spectively ). The energy balance employed by HH80
was a simple form of a Newtonian cooling; the heating
is given to be proportional to the difference between
the calculated potential temperature and the externally
specified state 6,. Various properties of the Hadley cir-
culation have been studied using Newtonian cooling
after HH80. Lindzen and Hou (1988) examined the
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seasonal variation of the Hadley cell by adopting asym-
metric heating profiles centered off the equator, and
showed that the winter cell became much stronger than
the summer cell even when the peak latitude of 4, was
shifted to 2°. As an extension of this study, Hou and
Lindzen (1992) showed that the concentration of the
heating increased the intensity of the circulation.
Schneider (1983) applied the simple theory of HH80
to the Martian dust storms, and found that different
local and global response regimes of a circulation to

heating existed concentrated in a small-latitude band. -

Hou (1984) discussed the Venus circulation by ex-
tending the theory of HH80 to slowly rotating atmo-
spheres. Plumb and Hou (1992) showed that, in re-
sponse to localized heating forcing, there was a tran-
sition behavior from a steady state of thermal
equilibrium with no meridional flow to a strong merid-
ional circulation.

HH80 and subsequent studies assumed a statically
stable state as a vertical profile of .. In general, one-
dimensional ‘‘radiative’’ equilibrium is statically un-
stable, so that the possibility of small-scale convections
occurring exist at every latitude (Manabe and Moller
1961). If the small-scale convections take place with
latent heat release, the temperature will follow a moist-
adiabatic profile (Sarachik 1978; Satoh and Hayashi
1992), which is a stable stratification for the dry pro-
cess. Hence, the stable 6, should be regarded as a con-
sequence of one-dimensional ‘‘radiative—convective’’
equilibrium with small-scale moist convections at each
latitude. It also implies that the small-scale convections
are independent of the meridional circulation (HH80,
section 2; Schneider 1983, section 2).

It is not appropriate, however, to assume that the
small-scale convections are independent of the meridi-
onal circulation, since subsidence motion of the Hadley
circulation suppresses deep convection in the subtropics
in the real atmosphere. HH80 argue that the process of
the latent heat release can be incorporated by modifying
the meridional distribution of 8, (HH80, section 6). Hou
and Lindzen (1992) followed this argument, and ex-
amined the effect of cumulus heating on the width and
the strength of the Hadley circulations by altering the
concentration of 8,. However, it is difficult to obtain a
consistent view between the Hadley circulation and the
water cycle by this procedure. It does not give a suffi-
cient answer as to how the Hadley circulation behaves
in radiative—convective equilibrium.

Hunt (1973) and Williams ( 1988b) have calculated
radiative—convective equilibrium of an axisymmetric
atmosphere using a two-dimensional zonally symmet-

-ric version of the general circulation models (GCM).
The cell structures of their results are more complicated
than those of §77 and HH80. The moist calculation of
Hunt (1973) has an intense indirect cell in the tropical
troposphere. The circulations of Williams (1988b)
consist of one or two jets and one or two pairs of cells,
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though they are qualitatively similar to HH80 in the
sense that the width of the Hadley cell becomes smaller
as the rotation rate increases. Williams argues that, be-
cause of the nonlinearity of the latent heat release, the
axisymmetric states have more complex cell structures
than the three-dimensional states. He says that the scale
of the cells of the axisymmetric states remains unex-
plained (Williams 1988b, section 2.1).

In the present study, using an axisymmetric numer-
ical model with simple but physically based schemes
for the processes of radiation and moist convection, the
behaviors of the Hadley circulation in radiative—con-
vective equilibrium are investigated. Section 2 de-
scribes the axisymmetric model used in this study. In
contrast to Newtonian cooling with a statically stable
reference state, the radiative cooling in the troposphere
tends to create statically unstable states. The model is
utilized to study what kind of circulations is produced,
when no a priori assumptions are imposed between ver-
tical convection and meridional circulation. Calcula-
tions for two types of boundary conditions for the sur-
face temperature will be shown: one is the case where
the distribution of the surface temperature is externally
fixed (section 3a) and the other is the case where the
solar flux is fixed and the surface temperature is cal-
culated from the balance requirement of the energy
(section 3b). In section 4, a simple model is con-
structed for the interpretation of the numerical results
and is compared with that of HH80. In section 5, the
simple model is extended to more general distributions
of the surface temperature.

2. The axisymmetric model

Since this research deals with an idealistic axisym-
metric system, which does not exist in the real atmo-
sphere in the strict sense, the model is formulated in
such a way that it is easy to gain physical understanding
of the circulation structure in the model. For this pur-
pose, simple and clear schemes are used for the phys-
ical processes such as radiation, convection, and dif-
fusion, instead of elaborate schemes employed in or-
dinary climate models.

a. Basic equations

The numerical model is based on the primitive equa-
tions for two-dimensional motions:

) a
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The vertical coordinate is o, where o = p/p,, p the
pressure, and p, the surface pressure. Equation (1) is
the equation of mass conservation, where v is the me-
ridional wind, ¢ = do/dt, o is the latitude, and a the
planetary radius. Equation (2) is the equation of an-
gular momentum conservation, where
I = ua cosyp + Qa? cos?p (7)
is the angular momentum, ) the rotation rate, and f,
the frictional term. Equation (3) is the equation of me-
ridional wind, where ® = gz is the gravitational poten-
tial, ®c = —a’Q? cos’p/2 the centrifugal potential, f,
is the frictional term, and p the density. Equation (4)
is the equation of the hydrostatic balance. Equation (5)
is the equation of moist enthalpy, where
h=CT+ Lq 8
is the enthalpy for which C, is the specific heat at con-
stant pressure, T the temperature, L the latent heat, and
q the specific humidity; Q™ is the cooling by the ra-
diation, Q' is the convergence of the diffusion of en-
thalpy, and Q™ is the heating due to the frictional dis-
sipation. Equation (6) is the equation of the specific
humidity, where S is the convergence of the diffusion
of water vapor and S™ is the change due to the precip-
itation.

The numerical model is integrated for the variables
Ds, I, v, h, and q. The region considered is —90° to
+90° in latitude, and o is O to 1. The latitudinal grid
has 100 points at intervals of A sing = 0.02, and the
vertical grid has 50 points at intervals of Ao = 0.02.
Finite differentiation for the vertical coordinate is based
on Arakawa and Suarez (1983), and the angular mo-
mentum and centrifugal force are discretized so as to
conserve the total kinetic energy.

b. Radiative process

A simple nonscattering gray radiative model is used
(Goody and Yung 1989; Satoh and Hayashi 1992).
The solar radiation F; is assumed to reach the surface
without absorption in the atmosphere. The planetary
radiative flux F, is calculated from the equations of
transfer using the temperature 7 and the optical thick-
ness 7* (Satoh and Hayashi 1992, appendix B). The
distribution of 7* is parameterized as a function of
pressure by
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T* «
—;:(3), (9)
Ts Ps
where T ¥ is the total optical thickness and « is a con-
stant. The values 7* = 2.0, @ = 2.0 are used. The
radiative cooling is expressed by
rad d
0™(z) =;i—[~Fs+Fp(z)]- (10)
z
The solar flux F, does not play any role in section 3a,

where the surface temperature is externally fixed as a
boundary condition.

c. Convective process

Consideration of vertical convections is required in
order to stabilize the stratification of the model atmo-
sphere. For this purpose, parameterized dry and moist
convections are generally incorporated into numerical
models. Hunt (1973) and Williams (1988b) used dry
and moist adjustment schemes (Manabe et al. 1965) in
their two-dimensional axisymmetric GCMs. Schneider
and Lindzen (1977) and S$77 parameterized moist con-
vection by specifying vertical profiles of cumulus heat-
ing. In 877 and HH80, no consideration of the dry con-
vection was required, because stable stratification was
maintained by the Newtonian cooling.

In the present study, the following three schemes are
employed because of their simplicity and clearness for
physical interpretation. Dependencies on the schemes
are summarized in the appendix.

The first scheme is one with no parameterization of
convection, which is based on no a priori assumptions
between large-scale motions and small-scale convec-
tions. Moist and dry convections are expected to be
naturally resolved in the model. When water vapor con-
tent exceeds its saturated value, the excess is removed
from the system as precipitation. This procedure cor-
responds to ‘‘large-scale condensation’’ usually em-
ployed in GCMs.

Both of the second and the third schemes are con-
vective adjustment, but they are different in respect of
vertical transportation of the angular momentum. In the
convective adjustment scheme, the temperature is ad-
justed to the adiabatic profile, when the lapse rate is
larger than the adiabatic value. This procedure is based
on the assumption that the vertical mixing occurs rap-
idly and stabilizes stratification if a statically unstable
state is produced within successive grid points in the
vertical direction. As for the momentum transport, no
particular consideration is generally made in cumulus
models used in GCMs, even though cumulus friction
is sometimes recalled (Schneider and Lindzen 1976).
In a two-dimensional model, however, the angular mo-
mentum is a conserved quantity, so that it is physically
natural to mix the angular momentum, in addition to
the static energy and the specific humidity, in the col-
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umn where adjustment occurs. In the present study,

therefore, two kinds of schemes with and without ver-

tical mixing of the angular momentum are compared.
The meridional wind, in contrast, is not changed during
adjustment for both schemes, since it is not a conserved
quantity.

d. Diffusive process

The frictional terms f, and f, in Eqs. (2) and (?;) are
given, by analogy with molecular viscosity (e.g., Lan-
dau and Lifshits 1987), by

1 1 0 15]
fx—;[ma (01y cos?p) +a—zcnz] (11)

1 1 3 0
fw _;[a cosgp a(p (UWP COS(p) +_8_ZUW] (12)

where o [(i, j = \, @, 7) are viscous stress tensors

o, cosyp 0 u
U)«p:py A ’

a Oyp \cosy
1 6v
O oy —2pua6 (13)
Ou v
o{z=pl/a—z, o;z=pua—z. (14)

Here v is the coefficient of viscosity. Corresponding to
these expressions, the dissipation term Q™ in the equa-
tion of enthalpy is expressed by

_ cosp 9 ( u 2
e a Oy (cos<p>
1 v)\? ou\? \?
aze) (&) ()] 0o

The diffusion terms Q%f and S in Egs. (5) and (6)
are given by

eric

Q% = —V-(F% + Li), (16)
S — 7. (17)

Here Ff and i are the diffusive ﬂuxes of heat and spe-
cific humidity, given by

F¥ = —pi,V(C,T + g2), (18)

(19)

where «;, k, are the coefficients of diffusion for heat
and specific humidity. The values of the coefficients
are set to be uniform in the atmosphere. The parametric
values used in the ‘‘standard case’’ are given in Table
1. No difference is imposed on the coefficients for me-
ridional and vertical directions, so that meridional dif-
fusions are almost negligible. Small values are given

i=-p«, Vg,
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TABLE 1. Parameters.

105 rad s™'
1

Rotation rate
Coefficient of viscosity
Coefficient of diffusion for

Q= 72722 X
v=v,=5m?s"

heat Kpn = Ky = 1. m?s™'
Coefficient of diffusion for
specific humidity Ky = Kgs = 1m?s™!

Surface temperature
(at the equator)
Surface temperature
(at the poles)
Initial atmospheric

T,0°) = 300K

T(+90°) = 260 K

temperature Tt = 0) = 250K
Total optical thickness T* =20
Constant representing the

profile of absorbing

constituents a=20
Mean surface pressure p; = 1013.25 hPa
Planetary radius a=637x 10°m
Acceleration due to gravity g=98ms™?
Heat capacity for constant

pressure C,=1.005x%x10°Jkg' K™
Latent heat L'=2.5008 x 10°] kg™

" to k, and «,, since it is undesirable that the diffusions

affect the stratification.

e. Boundary conditions

As a boundary condition for the surface temperature,’
the following two cases will be investigated: the case
where the surface temperature 7, is fixed and the case
where the solar flux F, is fixed and the surface tem-
perature is calculated from the balance requirement of
the energy at every time and every latitude (the
“‘swamp’’ condition):

0=S,+LE + F, — F,(z=0), (20)

where S, and E are the sensible heat flux and the evap-
oration of water vapor from the surface [see Egs. (23)
and (24)]. Experiments under these boundary condi-
tions will be referred to as the fixed surface temperature
condition and the fixed solar flux condition, respec-
tively. At the surface, nonslip boundary conditions are
imposed on the velocity fields, and the specific humid-
ity is saturated. The diffusive fluxes at the top of the
atmosphere are set to vanish.

The surface fluxes are rewritten in the ‘‘bulk for-

mulas’’ from Egs. (14), (18)‘, and (19) as
03.(z=0) = p(CpV )y, - (21)
0o (2 = 0) = p,(CpV )1, (22)

Sy =Fi(z2=0) = p(CoV UG, (T, — T\) + gAz],
(23)

E=i(z=0)=p(CoV)lq*(p,, T) —qul, (24)
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where (), denotes the value at the lowest level and
(), the value at the surface. Here Az = p,Ac/p,g is
the height at the lowest level, where Ao = o, — o
= 0.01; g*(p, T) denotes a saturated specific humidity
at pressure p and temperature 7. The bulk coefficients
are expressed by

(CoV)m =22, (CpV)y = ke
D m T AZ 7} D h AZ’
KqS
(CpV), = Az’ (25)

where v;, ky,, and k,; are the coefficients of diffusion
at the surface. The same values as the free atmosphere
are given to the surface coefficients in the standard
case.

f. Initial condition and time integration

The initial condition adopted in all calculations is a
state at rest(u = 0, v = 0), a constant surface pressure
(ps = 1013.25 hPa), a constant atmospheric tempera-
ture (T = 250 K), and no humidity (¢ = 0). The time
integration is performed using the Euler backward
scheme (Matsuno scheme), with a time step of At
= 2 or 3 minutes. The troposphere is statistically equil-
ibrated in about 100 days under the fixed surface tem-
perature condition, so that the equilibrium states are
defined by averaging 100-150 days. Under the fixed
solar flux condition, a global energy balance is satisfied
in about 200 days, so that the equilibrium states are
defined by averaging 250-300 days.

3. Results
a. The fixed surface temperature condition

Calculations are shown for the cases where the sur-
face temperature is specified as

T.(¢) = Ty — (Ts — T,) sin2p, (26)

where T, = 300 K, T = 260 K are given. As shown
in the appendix, circulation structures are almost the
same among three cases of different cumulus schemes.
Therefore, only the results with no cumulus parame-
terization are shown in this subsection as the simplest
case, and the results with cumulus adjustment are
omitted.

Figure 1 shows the mass streamfunctions of the equi-
librium states for various values of the rotation rate,
=0, 0.1, 1, and 10 (X ), where €, is the terrestrial
value. In the standard case (Fig. 1c), a systematic me-
ridional circulation exists in the latitudes from the equa-
tor to about 20° in the upper layers and to about 10° in
the lower layers. This meridional circulation corre-
sponds to the ‘‘Hadley circulation,”” though the width
is somewhat smaller than that of the real atmosphere.
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In the poleward regions of the Hadley circulation exist
localized vertical convections. It should be noted that
a steady indirect cell (the Ferrel cell) does not exist in
the middle and high latitudes. The *‘troposphere,”
which consists of the Hadley circulation and the local-
ized vertical convections, extends from the surface to
the ‘‘tropopause,’” and the ‘‘stratosphere’’ extends
from the tropopause to the top of the model atmo-
sphere. The height of the tropopause is about 300 hPa
at the equator and becomes lower as latitude increases.
Because of the simplified radiative scheme, the tropo-
pause height is much lower than that of the real at-
mosphere. The width of the Hadley circulation be-
comes broader as ) decreases; it is confined to about
2° for Q = 10€, while it is global for Q = 0.

Figure 1 has an unrealistic character in that the
streamfunction is not concentrated in the boundary lay-
ers near the surface and the tropopause. This is ascribed
to the radiation property of the gray model. When av-
eraged over the Hadley cell horizontally, the radiative
cooling is balanced with the vertical energy conver-
gence by the Hadley circulation. In this sense, the pro-
file of the radiative cooling controls the distribution of
the streamlines of the Hadley cell (Satoh and Hayashi
1992, section 5). On the other hand, the cooling profile
does not depend on the circulation but on profiles of
temperature and absorbing quantities (though the dis-
tribution of water vapor, which is the most active ab-
sorbing constituent, is affected by the circulation, in
reality ). The cooling profile for the gray model has a
maximum in the middle troposphere, while that of the
real Tropics has two maxima near the surface and the
tropopause and takes relatively smaller value at the
middle layer (Satoh and Hayashi, Fig. 12). Though
streamlines will concentrate within the boundaries if
one uses more realistic nongray schemes, the effects of
the gray model—that is, the broad boundary layers of
the Hadley cell and the lower tropopause—will not
qualitatively alter subsequent arguments.

Figure 2 shows the meridional distributions of (a)
the zonal wind, (b) the angular momentum (normal-
ized by Qa?), and (c) the temperature in the standard
case () = Q). Easterlies develop near the equator
from the surface to the upper layers, and westerlies
dominate in the poleward of the easterly region except
for the bottom layers. In the poleward flow of the upper
layers of the Hadley cell, the angular momentum is
conserved and westerlies becomes stronger at higher
latitudes. Maxima of the westerlies are located at the
poleward boundaries of the Hadley cell. In the equa-
torward flow of the lower layers of the Hadley cell, the
zonal wind is easterly in every latitude. In the strato-
sphere, the influence of the initial state remains as a
weaker zonal wind in higher altitudes. The temperature
is almost uniform in the latitudinal direction in the Had-
ley cell. In the poleward regions of the cells, atmo-
spheric temperatures depend on the value of the surface
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FiG. 1. Meridional distributions of mass streamfunction for 2 = (a) 0, (b) 0.1, (¢) £, (the -
standard case ), and (d) 10€),, where Q, = 27/(24 X 60 X 60) (rad s ') is the terrestrial rotation
rate. Contour intervals are 1 X 10'' kg s™' for (a) and (b), and 2 X 10" kg s™' for (c) and
(d).
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FiG. 2. Meridional distributions in the standard case of (a) zonal wind with a contour interval
of 5m s, (b) absolute angular momentum normalized by the value at the equator Qa” with a
contour interval of 0.02, (¢) temperature with a contour interval of 5 K.

temperature at the corresponding latitude, and temper-
ature profiles are determined so as to satisfy the local
radiative—convective equilibrium. Between the latitu-
dinally uniform region of temperature and the local
radiative—convective equilibrium region a sharp
boundary exists that slopes from 10° in the lower layers
to 20° at the tropopause.

The pressure distribution can be inferred from the
zonal winds (Fig. 2a). Since the cyclostrophic balance
is satisfied except for the equatorial region, the contour
of u = 0 from about 6° in the upper layers to about 11°
in the lower layers corresponds to a high pressure, that
is, the ‘‘subtropical high.”’ In the lowest level, how-
ever, there is no clear high pressure in the subtropics.
Time-averaged surface pressure is highest at the poles.

The convection in middle and high latitudes has a
systematic multicell structure. This is clearly shown by
the time sequences of precipitation as Fig. 3. Though
precipitation is seen in lower latitudes, moving con-
vective cells also exist in higher latitudes. The scale of
the cells is about 1000 km, and the cells move equa-
torward at a speed of about 1 m s~!. The surface zonal
winds are easterly on the equatorial side of the upward
motion of each cell, while they are westerly on the pole-
ward side. No latitudinal belt of a steady surface west-
erly exists. Pairs of high and low pressure centers move
equatorward as the convective cells move. It must also
be noted that influence of the initial condition vanishes
after about 20 days of integration. This timescale is
almost equal to the advective time of the Hadley cir-
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FiG. 4. As in Fig. 2 but for Q = 0.1€2,.
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culation, during which the width of the Hadley cell
reaches the equilibrium state.

Figure 4 shows the meridional distributions of the
zonal wind, the normalized angular momentum, and the
temperature in the case of @ = 0.1€2;,. These distribu-
tions are similar to the standard case shown in Fig. 2,
but this case displays a more ‘‘idealistic’” structure of
the Hadley circulation. In the poleward flow region of
the upper layers extending from the equator to 60°, the
angular momentum and the temperature are latitudi-
nally uniform, while, in the equatorward flow region of
the lower layers from the equator to 30°, the zonal
winds are easterly. There is a sharp decrease in tem-
perature at the poleward boundary of the Hadley cell.

Figure 5 shows a meridional distribution of the moist
static energy m = C,T + Lq + gz for 2 = 0.1Q),. Here
m is almost uniform in the vertical column at the equa-
tor and in the upper layers of the Hadley circulation (m
= 3.1 X 10° Jkg™"). Since the column at the equator
is nearly saturated in this case, the uniformity of m
indicates that the vertical temperature profile is close
to a moist adiabat. As shown by the contour m = 3.0
X 10° J kg~', m is small in the middle troposphere in
the midlatitudes. This is because the relative humidity
is small in these latitudes. In summary, the vertical tem-
perature profile in the upward motion region of the
Hadley circulation is determined by the moist process
to be a moist adiabat, and the profiles in the downward
motion region have the same moist adiabat. The de-
parture from uniformity of the moist static energy is
ascribed to the distribution of the humidity, which has
a distinct asymmetry between both regions.

b. The fixed solar flux condition

Experiments are also performed under the condition
that the global energy budget is closed. The distribution
of the solar flux is given as a seasonal average by

F,(p) = [1 - Ap(sinch - %)]FO (27)

0.0 T T 1 T T
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where F,, = 239.75 Wm 2 and Ar = 0.723 is used
(Lindzen 1990). The surface temperature is deter-
mined by the swamp condition.

When the swamp condition is used, circulation struc-
tures clearly depend on cumulus schemes through the
interaction with the surface temperature. In the case of
no cumulus parameterization, one-grid-scale distur-
bances develop in the lower atmosphere. In the case of
cumulus adjustment, on the other hand, large-scale cir-
culations are systematically built up regardless of the
mixing ways of the angular momentum. These circu-
lations do not depend on the grid size. For this reason,
this subsection describes the experiments in which the
convective adjustment scheme are used with the mixing
of the angular momentum vertically during the adjust-

-ment process. More discussions on the differences

among the cumulus schemes are given in the appendix.

Figure 6 displays the latitudinal distributions of the
solar flux F; and the outgoing planetary flux at the top
of the atmosphere F,; for 2 = 0, 0.1, l/\/ﬁ, 1, and
\/E (X€y). At the latitude where F agrees with F,r,
the latitudinal energy flux takes a maximum value. This
latitude becomes higher as () decreases; it is about 20°
when 2 = €, and is about 36° when 2 = 0. Here F,;
is almost constant in the equatorial latitudes, which cor-
responds to the region of the Hadley circulation.

Figure 7 shows the distribution of the surface tem-
peratures T, for those values of §2. The profiles of T,
are similar to those of F,,. As {1 decreases, the surface
temperature at the equator decreases, whereas it in-
creases at the pole. However, detailed profiles near the
equator are different for {2. When 2 < §),, the latitu-
dinal gradient at the equator is discontinuous, while it
is continuous when Q = Q,. When Q = \/EQO,
the surface temperature has two maxima at 9° in both
hemispheres and has a minimum at the equator.

The latitudes of the warmer surface temperature in
Fig. 7 correspond to those where the upward motion
exists. When the swamp condition is applied, the at-
mospheric circulations interact with the surface tem-
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FiG. 5. Meridional distribution of moist static energy for Q = 0.19,.
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perature as following manners. At the lower levels of
the upward motion region, water vapor is abundant, so
the surface temperature becomes warmer owing to the
constraint that the same amount of the energy as the
surrounding latitudes must be supplied from the surface
to the atmosphere. Conversely, the location of the up-
ward motion tends to concentrate on the region of the
warmer surface temperature.

The precipitations reflect the changes in the equa-
torial distribution of the surface temperature. Figure 8
displays the meridional distributions of the precipita-
tions and the evaporations from the surface for 2 =
and (I/ﬁﬁ)ﬂo. The evaporations have almost the
same profile in two cases. The precipitation has a strong
peak at the equator when Q = (1/ \/Ta)ﬂo, whereas it
has two peaks in both hemispheres when @ = €.
For a faster rotation rate 0 = 10, as shown in
Fig. 7, the surface temperature also has two maxima at
9°, which correspond to peak latitudes of the precipitation.

4. Simple model

A simple model of the Hadley circulation in radia-
tive—convective equilibrium is formulated here. First,
the Hadley circulation is examined on the fixed tem-
perature condition. In the second subsection, the fixed
solar flux condition and the relation with HH80 and
S77 are discussed.

a. Formulation

In the upper layers of the Hadley cell, the tempera-
ture is uniform in the latitudinal direction. The width
of the Hadley cell o, is defined as the latitude to which
the uniform temperature region extends at the tropo-
pause z = H. The upward flows of the Hadley circu-
lation are concentrated near the equator ¢ =~ 0, and the

est value at the equator is F,, and subsequent
10,1, 1/v¥10,0.1, and O( X €1,), respectively (units: W m~2).

downward flows are almost uniform to ¢,. The vertical
temperature profile in the upward motion region is
moist adiabatic, and the profiles in the downward mo-
tion region are the same as in the upward motion re-
gion. These profiles of temperatures are understood in
the simple framework presented by Satoh and Hayashi
(1992).

The differences of the moist static energy and the
specific humidity from the surface to the tropopause at
the equator (¢ = 0) are given by Am(0) = 0, Ag(0)
~ —qg(0), where gz(0) is the surface specific humid-
ity at the equator. If one writes m = C,T + Lg + gz
= C,0 + Lg, then 0 behaves like potential temperature.
The corresponding difference of 8 is approximately ex-
pressed by

L4:(0)

AB(0) = C

(28)

Equating this to a temperature drop due to the radiative
cooling during a convective time 7, one finds

. _A0) _ Lgs(0)
7T Q™G Q™Ip’

Tp is defined as a time required for the flow to traverse
the distance H. The downward mass flux per unit area
in the downward motion region is expressed by M
= pH/Tp. Hence one finds, using Eq. (29),

B Qrad H

Lqs(0)
(Lindzen et al. 1982; Satoh and Hayashi 1992). Since
M is almost constant from the equator to ¢, the pole-

ward mass flux V in the Hadley circulation is expressed
by ‘

(29)

M (30)
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FiG. 7. Latitudinal distributions of surface temperatures for 2
=410, 1, 1/¥10, 0.1, and 0 (X ). The temperature at the equator
decreases as the rotation rate becomes smaller. The unit is kelvin.

H

V(p) = coswf

0uv>0

pvdz = Ma(uy — 1), (31)

where p = siny, py = singy, and the conservation of
mass is used. The integration of Eq. (31) is performed
over the layers of positive meridional velocities. The
maximum value of the streamfunction in Fig. 1 is ex-
pressed by 2maV (0).

The poleward flow at the upper layer (z = H) con-
serves the angular momentum. Using the latitude or (ur

= sinpy) where the zonal velocity vanishes in the level
z = H, the angular momentum at z = H is expressed by

I = Qa? cos®p + u(p, H)a cosyp

= Qa? cos?ypr, (32)
which reduces to
2 2
H — br
u(p, H) = Qa(—l‘_—u)”—z. (33)

Integrating the equation of the angular momentum
conservation (7) vertically, one obtains

SATOH

1957

1
acosp dy

H
[cosgo f pv(Qa cos’p + ua cosw)dz]
0

= —a cospp,(CpV)u(p, 0), (34)

where u(y, 0) is the zonal wind at the lowest level
(u,), and the small horizontal diffusion o, has been
neglected. Using f: pvdz = 0, and taking the contri-
butions from the upper and lower levels of the zonal
winds into account in the term including ua cosyp, one
can rewrite Eq. (34) as

0
Y (V) Lur(p) — ug(w)1(1 — p*)V?}
m

= —a(1 — p*)"?p(CpV )mup(),

where quantities in the poleward flow near the tropo-
pause are denoted by ( )r, those in the equatorward
flow near the surface by ( )z, and u(z = H) = uyand
u(z = 0) = u; are assumed here.' Substituting Eqs.
(31) and (33) in this, one obtains, from the integration

tOI uB(ll‘) ’
2
( )
;LH

2
() o
HH

""l:hese are deﬁneq by ur = cosyp ] f:»o pvudz/V, ug = cosp
X for<o PUUdZIV. Strictly, the assumptions u(H) = ur, u(0) = ug
are not acceptable, because the streamlines are not concentrated
within the boundary layers as shown in Fig. 1. However, the errors
are corrected by redefinition of the value of (CpV),, so that the
following arguments do not depend on these assumptions.

(35)

2
_ Hu 3
uB(p') - Qa(l _ 'uz)l/z [C+ 3

_— 4 1 __li. +.__;L__
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Fic. 8. Latitudinal distributions of precipitation and evaporation from the surface. Solid line:
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evaporations, which are almost identical in both cases. The unit is kg m™* s



1958

where
s(CpV Im
C= p—v’{,— : (37)
Furthermore,
ug(0) = ur(0) (38)

is assumed, since the angular momentum is conserved
in the upward branch (at i = 0).

The latitude pr is given from Egs. (33), (36), and
(38). Equating (36) to zero, one also obtains the lati-
tude p, which is defined as the latitude where the zonal
wind vanishes in the lowest level. These are

2 172
e [(C +2)(C + 3)] pa = ripm,  (39)

_CH+(C*+6C+12)'
3(C+2)

HB Hy- (40)
One should pay attention to uy and up since these cor-
respond to the upper and lower positions of the sub-
tropical high, respectively. If C > 1, then yr =~ 0 and
HB = (2/3)#}1. If C< 1, then Mr = Up = (1/ 3)/141{
Under the condition of surface slippery (C = 0), the
angular momentum will have a uniform distribution in
the Hadley cells, and the latitudes ur, pp will depend
on the initial state. If the initial state is at rest, the
average angular momentum of the rigid-body rota-
tion over the cell is Qa®(1 ~ p%4/3), so that pr = pg
= (1/V3)puy is obtained. These values correspond to
those in the limit C — 0. )

The latitude ¢y is determined by the cyclostrophic
balance between the vertical shear of the zonal wind
and the meridional gradient of the temperature. The
region where the temperature is uniform extends from
the equator to ¢, in the upper layers (z = H), while it
extends to smaller latitudes in the lower layers. As a
consequence, the vertically averaged temperature (T')
has a meridional gradient. Since u; > u; is satisfied in
the latitudes from yr to ¢y, the bulk cyclostrophic bal-
ance is written as

‘i}_a(T)_l . tanp
Toa—ago =q 282 sinpur + L ur
_A[m o 10w
Hla*cospOp adp 2
1 6 u:
=2 41
Ha 0y 2 (4D

where T, is the mean temperature in the troposphere,
and Eq. (32) is used.

The vertical profiles of the temperature in the Hadley
cell are the same as the moist adiabat at the equator
T(p = 0, z), while the temperature profile in the pole-
ward region of the Hadley cell follows a moist adiabat
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drawn from the surface temperature at the correspond-
ing latitude. Thus, the vertically averaged temperatures
are approximately expressed by

(TX(r) = T,(0) — T, A (42)

2 b

H
(T)Cpu) = Tlpu) — U (43)

2 ’
where I',, is a typical value of the moist-adiabatic lapse
rate. Integrating Eq. (41) over ¢r < ¢ < ¢y and sub-
stituting Eqgs. (26), (33), (42), and (43), one obtains

2 _ 232
2Ry = LD (44)
— HH
where
HA
R="1 (45)

and A, = (T4, — T)/T,. From Eqgs. (39) and (44),
one finds

2R 172
Ha = [(1 — ZR] :

In the limit of R < 1, C > 1 (i.e., r; < 1), this is
approximated to

(46)

(47)

The latitudes 7, ¢p, and @y for the numerical ex-
periments are compared with those from Egs. (39),
(40), and (46), as in Fig. 9a where the rotation rate 2
is changed, and as in Fig. 9b where the coefficient of
surface viscosity v, is changed (v, = 0.1, 1, 5, 25, and
100 m? s'). The open circle, square, and triangle are
©u, g, and @r obtained from the simple model, re-
spectively, and the solid ones are those from the nu-
merical calculations. The dependencies of vy, g, and
@r to R for C = 7.8 are shown in (a) by the thick,
dashed, and dotted lines, respectively, and the depen-
dencies to C for R = 0.068 are also shown in (b). These
values of R and C are those for the standard case. As
the rotation rate decreases the width of the Hadley cell
becomes broader. As the surface viscosity becomes
smaller, the width becomes broader, though the de- -
pendency is weak. For the calculations of R and C, the
values Ty = 270K, H = 10 km, p, = 1 kg m~*, and
Az = 200 m in Eq. (25) are used. Although M’ 4 can be
given by Eq. (30), M? is estimated from the stream-
functions of the numerical results. The reason is that
Q™ in this equation does not have a definite value.
Since Q™ is a mean value of the radiative cooling over
the Hadley circulation region, Q™ becomes larger as
the rotation rate is smaller (for broader Hadley cell),
and then M“ becomes larger. For these experiments, M
was within the range of 1-6 (X107 kgm™2s™").

p = (2R)'"2.
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b. Comparison with HH80 and other studies

The results of the previous subsection are very sim-
ilar to the simple model of HH80, in which the New-
tonian cooling and Boussinesq approximation were
used. In this subsection, the relationship between HH80
and the present study will be discussed, especially in
respect to the mechanism of the maintenance of the
stratification, the width and the intensity of the Hadley
cell, and the energy balance. The simple model on the
fixed temperature condition is extended to the fixed so-
lar flux condition.

The most distinct difference is the maintenance
mechanism of the tropospheric stratification. In HH80,
the Newtonian cooling keeps the distribution of the po-
tential temperature close to the statically stable refer-
ence state 8,. For the condition that the flow does not
change the stratification of §,, HH80 required the in-
equality 75/75 > 1 [(21) (iv) of HH80], where 7 is
a relaxation time of the Newtonian cooling, and 7p is
a convective time. The stable 6, is based on the as-
sumption that small-scale moist convections maintain
radiative—convective equilibrium in each latitude. It is
not appropriate, however, to think of §, as incorporating
the effect of moist convection, since the Hadley cir-
culation suppresses the deep convections in the sub-
tropics.

In this study, on the other hand, the internally cal-
culated moist process controls the stratification: the
temperature profile of the downward motion region of
the Hadley cell is close to the moist-adiabatic profile
in the upward motion region. Satoh and Hayashi
(1992) have argued for the inequality D/(S, + LE)
< 1 in order for the temperature to be close to the moist
adiabat; S, + LE is a sum of the sensible and the latent
heat fluxes from the surface averaged over the Hadley
cell. Here D should be regarded as an effective dissi-
pation rate averaged over the whole domain of the Had-
ley circulation, although D in Satoh and Hayashi
(1992) was estimated from the dissipation in deep cu-
mulus. This inequity is generally satisfied in these ex-
periments where D = 1 ~ 5 Wm™ and S, + LE
~ 100 W m™2,

The width of the Hadley cell, Eq. (47), is the same
as Eq. (16) of HH80, (5/3R)""?, except for a constant
factor. It should be noted, however, that A in the def-
inition of R is a fractional latitudinal difference of T;
in this study, while it is that of 6, in HH80. From the
angular momentum budget, HH80 required the in-
equality 75/7, = 1 to satisfy u(0) < u(H) [(21) (ii)
of HH80], where 7. = H/(CpV),, is a timescale de-
termined by the surface drag coefficient. Noting that C
= 71p/7. from Eq. (37), one finds that the inequality
Tp/ 7. = 1 corresponds to C = 1. Under this condition,
the easterlies at the equator are small enough for the
angular momentum of the poleward flow of the Hadley
cell to be approximated to Q2a*. This implies that the
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FiG. 9. Comparison of the latitudes ¢y, ¢r, and g, between nu-
merical experiments and the simple model. Dependencies on (a) R
and (b) C. Solid circles, squares, and triangles: numerical experi-
ments; open circles, squares, and triangles: the simple model. Curves
in (a) correspond to the case C = 7.8 calculated using the simple
model, while in (b) R = 0.068; solid lines: g, dashed lines: ¢r,
dotted lines: @p.

angular momentum budget does not play an important
role in determining the width of the Hadley cell in the
case of C = 1.
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From the requirement of the energy budget, HH80
determined the cell width and the value of the equa-
torial temperature. The method of HH80 is often re-
ferred to as an ‘‘equal areal’” method (e.g., Lindzen
1990). In the previous subsection, on the other hand,
the equatorial temperature profile is simply given by a
moist adiabat from the specified surface temperature at
the equator [Eq. (42)]. Therefore, the width of the
Hadley cell can be determined without the requirement
of the energy budget on the fixed temperature condi-
tion.

Under the fixed solar flux condition, however, the
role of the energy budget becomes as important as in
HHS80. According to section 6 of HH80, the width of
the Hadley circulation can be estimated on the assump-
tion that the energy budget is closed in the region of
the Hadley circulation. This assumption is generally
inappropriate, since the solar flux exceeds the planetary
flux in this region as shown by Fig. 6. Nevertheless, a
major part of the energy transport in the middle and
high latitudes is due to a weak meridional circulation
caused by the imbalance from the cyclostrophy owing
to the presence of the viscosity. Thus, one can approx-
imately determine the width of the Hadley cell by con-
sidering the inviscid limit following HH80. HH80 also
says that cases in which the moist processes exist can
be considered in the framework of the Newtonian cool-
ing (HHS8O, section 6; Hou and Lindzen 1992). In order
to clarify this argument, the energy budget of the Had-
ley circulation, especially under the fixed solar flux
condition, is examined here, on the basis of the consis-
tent assumptions with HH80: R < 1 and C > 1.

The balance equation of the vertically averaged
moist static energy m under the swamp conditions is
given by

1 a0
f cosppumdz = —F,r + F,. (48)

cosw% 0

In general, the outgoing flux F,r is a functional of the
atmospheric temperatures and the surface temperature.
It is approximately determined from the temperature at
" the level where the optical thickness 7* is unity. If the
potential temperature # at this level is denoted by 6,
one can write

F,=A + BY,,
F,r=A + B9,

(49)
(50)

where the coefficients A and B depend on the amounts

of absorbing constituents, temperatures, etc. Equation.

(49) defines §,. By estimating the left-hand side of Eq.
(48) from the contributions of the equatorward and the
poleward flows of the Hadley circulation, one obtains

i(VAm) =—B(0-4,), " (51)
Ou
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where Am = cos [ pvmdz/V = my — my is the dif-
ference of m between the values near the tropopause
and the surface. With the definitions A8 = 0; — 6 and
Aq = qr — gs = —q3, Eq. (51) can be rewritten as

0 B —
6_;;(VA9) = C (0—-0.)+0, (52)

where

L o L o

L= - —(VAgQ) ~ — —

0 =-Ca VA~ o

is the latent heat release. The simple model of HH80

is derived on the assumptions Q* = 0. HH80 also say

that the above equation can be extended to the moist
case by defining

(Vgs)  (53)

b= 0, +&QL. (54)
B
HHB80 required the integration of Q" over the domain
to vanish (HH80, p. 531; see also Hou and Lindzen
1992). However, this assumption is inappropriate even
under the swamp condition, because the net value of
the integration of Q" remains nonzero as latent heat
release.
If the energy budget is closed within the Hadley cir-
culation region 0 < p < uy, one obtains from Eq. (51)
BPH
f (9 —0.)du=0. (55)
V]
If 6 is regarded as the temperature at the middle of the
troposphere (T) in Eq. (41) (neglecting a constant dif-
ference of I';,,H/2), the same result as in HH80 is ob-
tained, that is, the width of the Hadley cell is given by

5 1/2

Hu <3 R) >

where Ay = ApF,/BT, in R [Eq. (45)]. In the stan-

dard case (2 = ), one has @y = 16.6° for R = 0.049,

where B = 54 Wm™? K! is used.? The radiative

damping time of HH80 is given by 7, = C,/B X po/g.

Thus, 7z =~ 1.9 X 10° sec, which is comparable to the

convective time 7, ~ H/w =~ 106 sec. This implies that
Eq. (21) (iv) of HHS8O is inadequate.

The procedures of the calculations of the intensity of
the Hadley cell are different between HH80 and the
present study. The simple model of HH80 is derived
on the assumptions @* = 0 and A8 = T A, = const in
Eq. (52). This means that Eq. (52) can be used for the
calculation of the mass flux V. In the context of the

(56)

2 The value of B is based on the results of one-dimensional cal-
culations. This value can also be estimated from the relation between
Forand T of Figs. 6 and 7 in the case of large 2.
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FIG. 10. Latitudinal distributiym of differences of the upper and lower moist static energies Am.
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present study, the mass flux is already give by Eq. (31),

so that Eq. (51) can be used to estimate the latitudinal

profile of Am. Integration of Eq. (51) from 0 to y gives

i
VAm = Bf (6 -86,). (57)
0
From the estimation of the right-hand side by use of
the results of HH80 [Eqs. (14a), (14b), (15), and
(16), or Eq. (18) of HH80], one obtains

5 1/2 :
VAm = — (§> ApFcaR??

1813
X{ ( )3 ( )5} - 08
Hu HH UH

By using Eqgs. (31) and (56), one finds

1 5 112 AFF_‘-() 72 22 2
A et k0 | L =1 .
Am 6 (3) = u( My)(l + /m) (59)

Held and Hoskins (1985) pointed out that Am is an
important quantity for considering the energy budget.
Neelin and Held (1987) called it the gross moist sta-
bility, and discussed a method of calculating a diver-
gence field of the flow by using observational Am.
However, it is reminded that this method should be
diagnostically used and that it does not dynamically
explain how the distribution of Am is realized. In the
present context, the surface temperature gradient de-
termines the positions of the upward and downward
motions, as a response to which the distributions of Am
or of water vapor are diagnostically determined.

Figure 10 shows latitudinal profiles of Am for 2
=0, 0.1, 1/v10, and 1 (X€). The sign of Am is re-
versed in the latitudes ¢ < 0. The estimation by Eq.

10)Q, (E) by the simple model. The unit is J kg ~'.

(59) is also added by a dotted line in the same figure
for the case 0 = (1/v10)),, where the values py
= 5in60° and M? = 6 X 10> kg m~2s™" are used based
on the numerical result. For 2/, < 1, as is consistent
with Eq. (59), gradients of Am near the equator do not
depend on 2. For 2/ = 1, however, Eq. (59) is not
a good estimation. In addition to this, Am do not vanish
at the poleward boundaries of the cells for all cases,
since the energy budget is not closed within the Hadley
circulation region. This implies that the above simple
model underestimates Am. For g < 1, Eq. (59) gives
the gradient dAm/du = (1/6)V5/3(ArF,0)/M? = 6
X 10* J kg™, which is about half of those of the nu-
merical experiments. '

The above estimations are not a good approximation
for the terrestrial condition. This is because, as shown
in Fig. 6, the upward branches coexist in both hemi-
spheres near the equator, and the Hadley circulation is
not clearly defined. One might think that the terrestrial
condition is a marginal case to which the simple model
can be applied. Williams (1988a,b) compared the re-
sults of the axisymmetric calculations with those of
three-dimensional calculations for GCM under the con-
ditions of fixed solar flux and the swamp surface. The
axisymmetric circulations of Williams (1988b) have
complex cell structures, particularly in the case of the
faster rotation rates. In the present research, similar to
Williams (1988b), the structure of the Hadley cell is
somewhat complicated (the double ITCZ) under the
fixed solar flux condition. However, under the fixed
surface temperature condition, a single cell structure
with a strong upward motion exists at the equator, as
shown in section 3a. The results of Williams may be
caused by the stronger interaction between the surface
temperature and the circulation in the axisymmetric
model in comparison to the three-dimensional GCM.
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Hadley Cell

FiG. 11. Relationship between the surface temperature 7, (solid
line) and temperatures in thermal wind balance with the upper-level
angular momentum—conserving flow T (dotted lines). The latitude
of the maximum surface temperature is yo = 0.5 (30°). The upper
flow is assumed to originate from the latitude u, where corresponding
T agrees with T,. The Hadley circulation exists in the region shown
by a thick envelope curve. The vertical coordinate is appropriately
scaled.

Schneider (1977) examined the moist cases by fix-
ing the surface temperature. The results of his numer-
ical calculation, especially the meridional distribution
~ of the temperature, is very similar to the present study.
However, S77 used the Newtonian cooling and exter-
nally fixed the latitudinal distribution of the latent heat
release. The assumption of the Newtonian cooling is
essential to determine the width of the Hadley cell. The
cell width is determined by the constraint of the energy
balance {radiative cooling} = {latent heat release }
[Eq. (20) of S77]. In the present study, the correspond-
ing balance is used to obtain Eq. (30). One can derive
the expression of the cell width of S77 by starting from
Eq. (30), in which

Lgs(0) _ GAO _ G TN’

60

- - ; (60)
H

Mi=p—, (61)
D

C. T, N%a* .

Q= =2 2 °——gH s, (62)

R

‘where N is the Brunt—Viisild frequency of a moist
adiabat. Equation (62) is derived by using the New-
tonian cooling from the difference between the tem-
perature in the cyclostrophic balance and the reference
temperature. The nondimensionalized equation of this
corresponds to the meridional average of Eq. (20) of
S77. If these are inserted into Eq. (30), one obtains
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o = (—gﬁ) (—T—) . (63)
a )

By following the appendix of S77, the essence of which
is simply the assumption 7, = 7, one can derive Eq.
(21) of S77 except for a constant factor. The cell width
is inversely proportional to 2'/? since the reference
temperature 6, is set to be constant regardless of the
latitude. In HHS8O0, in contrast, the width is inversely
proportional to 2 since #, depends on p>.

5. Further results
a. Asymmetric condition centered off the equator

The Hadley circulation has been modeled under both
fixed surface temperature condition and fixed solar flux
condition. In the terrestrial case with the swamp sur-
face, the Hadley cell does not have a clear structure
because of the interaction between the surface temper-
ature and the circulation. Thus, one will gain more in-
formation from the experiments on the prescribed sur-
face temperature rather than from those under the pre-
scribed solar flux. In this section, the cell width under
the asymmetric condition centered off the equator will
be particularly examined as a seasonal variation.

The simple model of section 4 is extended to the case
where the surface temperature is asymmetric around
the equator

T(p) = Ty — (T — T,)(sinp — singo)®, (64)

where ¢, > 0. Based on the numerical calculations
shown later, further assumptions are introduced in ad-
dition to section 4; the upward motion is concentrated
in a narrow region near ¢, and the zonal wind of the
upper layers vanishes at ¢q,.

One obtains the poleward mass flux and the zonal
winds at the lower and the upper levels by simply re-
placing ur by po = sing, in Egs. (31), (33), and (36).
Integrating Eq. (41) from y, to u, and using Egs. (33)
and (45), one rewrites the cyclostrophic balance as

T(pw) _ T(po) _ D (W — )’
T, To 2R 1—p*

where T = (T)(p) + I,,H/2. Setting T = T, at y = py,
and using Eq. (64), one finds

(65)

( 2 ,,2\2
2R by — po)* = —’“li—“%)— (66)
— 2 \

which reduces to

2R 2 172
Mue = X 1 - &

1+ 2R 1+ 2R
Ho
- ——. (67
1 +2R (67)
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In general, two solutions exist; py, is a solution for a
summer cell, and p,;_ is for a winter cell. Note that the
case of py = 0 in (67) corresponds to the case of C
> 1 in (46).

If iy < po, pus is not an appropriate solution for
a summer cell. In this case, furthermore, the atmo-
spheric temperature T in the equatorial side of y, be-
comes lower than the surface temperature 7. This sit-
uation contradicts the view that the meridional flows
are driven by a latitudinal temperature gradient. If such
a circulation is assumed, deep convections will occur
in the wide range of the equatorial side because of the
unstable stratification. Hence, the systematic meridio-
nal flows will no longer exist. It is thought, therefore,
that the widths of the Hadley cells are given by (67)
only when u, < py, i satisfied. This condition is re-

written as
R 1/2
< = .
Ho < Mos (2 " R)

One obtains s = sin "'y = 9.8° under the terrestrial
condition. Note that one can derive the inequality (68)
from (8) of Plumb and Hou (1992), by replacing T.
by T, [Eq. (64)] and evaluating at pu = .

In the case of ug > pes, no summer cell exists. As
for the winter cell, the assumption that the position of
the upward branch agrees with p, will no longer be
accepted. In this case, the range where the Hadley cell
exists is determined by the following procedure. Re-
placing p, by a latitude of the upward branch g, in
(65), and giving various values for y,, one obtains the
relations between T and T; as in Fig. 11. Here yo = 0.5
(30°) and R = 0.1 are used. For each p,, a meridional
circulation exists only in the region where T > T, is
satisfied adjacent to p,. The range where T>T is
satisfied is broadest for pu, = 0.3 (17.5°); it extends
from p, to . = —0.55 (33.4°) in the winter hemisphere.
This range is regarded as the region of the Hadley cir-
culation for this profile of the surface temperature. The
upward motion is located at about 17.5°. In the regions
¢ > 03 and p < —0.55, there exists local radiative—
convective equilibrium with small-scale vertical con-
vections instead of a systematic meridional circulation.

In the next place, the distribution of the zonal winds
near y, will be examined. Substituting u = pr = o into
Eq. (36), one obtains the surface winds near p, as

ﬂ% 2C
(1 =)' (C+ 1)(C +3)

Ho , 1 d
x[ +C+2]' (69)

Hp+
In the polar side of the upward motion (p, + 0), the
zonal wind is always easterly. In the equatorial side (x4,
— 0), itis westerly when po/| py_| > 1/(C + 2), while

(68)

up(po * 0) = —Qa

SATOH
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it is easterly when po/lpuy | < 1/(C + 2). Since the
angular momentum is conserved in the upward flow at
4o, the upper-level zonal wind at p, will be within the
range of ug(po + 0) and uz(uy — 0). Thus, in order
for the upper-level zonal wind to vanish at y,, both
inequalities ug( o + 0) > 0 and up( o — 0) < 0 must
be required. The condition uz(po — 0) < 0 is the same
as po/|un-| > 1/(C + 2), which reduces to, from

Eq. (67),
172
] . (70)
One obtains poc = sin ' goe = 3.1° under the terrestrial
condition.

It should be noted that, by setting u = 0, ur = o
and py = py- in Eq. (36), one finds
2
« |
Ha—

(71)

2R
(C+1)>+2R(C+2)?

#0>MOCE|:

P

2c
us(0) = —Qla " [(c+ 2)(C + 3)

< 0.

That is, the surface wind 'at the equator is always east-
erly. This contrasts with the simple model of Lindzen
and Hou (1988), where the surface wind at the equator
is westerly; therefore it contradicts Hide’s theorem
(Hide 1969; S77; HH80). Lindzen and Hou (1988)
have neglected the term including u(yp, 0) in the left-
hand side of Eq. (34). Their approximation does not
yield a good estimation of the surface winds.

Figure 12 compares the dependencies of the Hadley
circulation widths oy, of the numerical calculations
with those of the simple model [Eq. (67)]. It also
shows the latitudes of the intense upward motions ¢
< —1 X 107% s 7! and ;. [Here, yris calculated from
Eq. (32) using a value of the angular momentum of the
upper poleward flow, so that it represents a latitude
from which the upper flow is supplied.] The results of
the numerical calculations have the following proper-
ties. The upward branch of the Hadley cell is located
near yo when ¢, < 10°, the summer cell becomes am-
biguous when ¢, > 6°, and the winter cell remains in
almost the same size extending from +20° to —30°
when ¢, > 10°. The latitude ¢ is located in the middle
of the intense upward motion region when p, > 3°,
while @ is greater than ¢, when ¢, < 3°, that is, the
zonal wind at the upward branch is easterly. From a
comparison with the simple model, ¢y of the numer-
ical results agree well with Eq. (67) when 3° < ¢,
< 10°. The values pos = 10° and poc = 3° also agree
with the estimations from Egs. (68) and (70).

b. Circulations in the middle and high latitudes

The scale of convective cells in the middle and high
latitudes as shown in Fig. 3 can be estimated by a sim-
ilar procedure to the Hadley cell. Strictly speaking, the
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FiG. 12. Comparison of the characteristic latitudes of the Hadley
circulation between numerical experiments and the simple model.
The vertical coordinate and a thin solid line: the latitude of the max-
imum surface temperature g, ; thick solid lines: the width of the Had-
ley cell ¢y from the simple model; white circles: yy from numerical
experiments; dotted lines between black circles: latitudes of the in-
tense upward motions ¢ < —1 X 107¢s™*; white triangles: ¢, cal-
culated from the upper-level angular momentum [ by / = Qa? cos?p, .

model of the previous sections is not applicable to the
transient flows of the equatorward-moving cells be-
cause the model is based on a Lagrangian properties of
the angular momentum. However, Fig. 3 shows that all
precipitating regions are stationary in about ten days,
and new regions successively emerge in the equator-
ward sides only after the old ones weaken. The scale
of the cells is determined in this stationary phase. Thus,
the argument on the steady circulation can be used to
the first approximation.

For each cell, the upper-level flow conserves angular
momentum. From the thermal wind balance, one ob-
tains

ou _ g XT)
Uar T, 8y (72)

where fis the Coriolis factor, and y is the latitudinal
length. Using u = fy, y =~ L, z = H, and d{(T)/dy
~ dT,/dy, one obtains a meridional scale

(73)

where A is a mean vertical shear of the zonal winds.
The scales of the Hadley circulation and of the con-
vective cells are clearly shown in terms of the relation's
between T, and 7 as in Fig. 13. A curve T that starts
from T,(0) crosses again with 7, at . = (2R) '/, which
corresponds to the width of the Hadley cell [Eq. (47)].
The regions where T > T, is satisfied in mid- and high
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latitudes correspond to the scales of the convective
cells.

The propagation speed of the convective cells is
about L/7,; they move one horizontal scale length
while the air circulates one cycle of convection. The
convective cells transport energy poleward and up-
ward, and they transport angular momentum poleward
and downward. Emanuel (1982) has shown that there
is a symmetric mode propagating toward a warmer re-
gion due to wave—CISK in a sheared flow. The con-
vective cells appeared in the present study have similar
properties to Emanuel, but they also exist in dry ex-
periments (see appendix).

6. Summary and further comments

Using an idealistic axisymmetric model with the
moist process, the Hadley circulation in radiative—con-
vective equilibrium is investigated. The properties of
the Hadley circulation are most clearly understood un-
der the condition of the fixed surface temperature. In
the region of the Hadley circulation, the vertical pro-
files of the temperature are close to the moist adiabat
of the region of the upward motion, and the temperature
becomes uniform in the latitudinal direction. A sharp
meridional gradient of temperature is concentrated in
the poleward boundary of the Hadley cell. The upper-
level poleward flow conserves angular momentum, and
the vertical shear of the zonal wind is in cyclostrophic
balance with the meridional gradient of the vertically
averaged temperature. The width of the Hadley cell can
easily be predicted from the relationship between the

Hadley Celt

T T ST T T r T T T

Convective cells

v b e by by

|
wllll|vv1v]’|l!||lr|||11_|l
o

latitude

Fic. 13. As in Fig. 11 for po = 0. The figure shows the scales of
the Hadley cells and the convective cells in middle and high latitudes.
The Hadley cell exists in the region where the dotted line that starts
from 7,(0) (the solid line at the equator) is located above the solid
line. The region where each dotted line is located above the solid line
in middle and high latitudes corresponds to the scale of a convective
cell.
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profiles of the surface temperature and the vertically
averaged temperature (see Figs. 11, 13).

In the case where the solar flux is fixed, one can
approximately determine the cell width on the assump-
tion that the energy budget is closed in the cell. This
result supports the simple model of Held and Hou
(1980). However, the cell does not have a clear struc-
ture in the terrestrial case because of the interaction
between the circulation and the surface temperature. In
particular, in the case where the rotation rate is faster
than or equal to the terrestrial value, two peaks of the
upward branch of the Hadley cell appear in both hemi-
spheres near the equator.

One should note that the model for the fixed solar
flux condition is not a good approximation for the real
atmosphere. Observationally, the solar flux exceeds the
planetary flux in the region of the Hadley circulation,
which extends to 30° (e.g., Fig. 1 of Vonder Haar and
Suomi 1971). The latitudinal energy transport of the
atmosphere—ocean system has its maximum at the po-
lar boundary of the Hadley cell. The energy transports
in the middle and high latitudes are about 5 X 10° W,
in which the eddy component occupies a larger part
(Oort and Peix6to 1983 ). The eddy transport is smaller
compared with the total heating by the release of latent
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heat in the Hadley cell 2 x 10'®* W, but it amounts to
40 W m™? for a unit area (after Lorenz 1967). Thus,
the axisymmetric model gives an underestimation of
the Hadley circulation width.

In the middle and high latitudes, a systematic cellar
structure moving equatorward exists. Neither an indi-
rect cell, nor a steady surface westerly belt, nor a sub-
tropical high pressure at the ground level exists. These
moving cells have an important role in the angular mo-
mentum balance in this symmetric system. The angular
momenta are supplied from the ground in the region of
the Hadley circulation where the surface winds are
easterly, and are transported upward and poleward by
the Hadley circulation. These are balanced with the
downward transport by the moving cells, which is in
contrast with the classical view of the symmetric cir-
culation, in which the transport by the Hadley cell was
thought to be balanced with an indirect cell in the mid-
dle and high latitude (the Ferrel cell). Such moving
cells are idealistic in the symmetric system. The Rich-
ardson number Ri in middle and high latitudes is
greater than one because of the moist-adiabatic strati-
fication and the thermal wind balance with the pre-
scribed meridional temperature gradient, so this sym-
metric state is in general baroclinically unstable (Stone
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FiG. Al. Dependences of mass streamfunctions on the convective schemes under the fixed surface tem-
perature condition for 2 = Q, and moist experiments. (a) The adjustment scheme with angular momentum
mixing; (b) the adjustment scheme without angular momentum mixing. Contour intervals are 2 X 10

kgs™'
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FiG. A2. As in Fig. Al for dry experiments. (a) The scheme with no parameterization of convection; (b)
the adjustment scheme with angular momentum mixing; (c) the adjustment scheme without angular mo-
mentum mixing. Contour intervals are 1 X 10'" kg s™' for (a), and 5 X 10" kg s~' for (b) and (c).

1966). It is, however, worthwhile to examine the dy-
namics of the symmetric cells, because these cells may
appear in the situations where Ri is less than one (for
instance, the stratification is nearly neutral ). :
The symmetric results of the present study should be
compared with the asymmetric ones in the same bound-
ary conditions with the same physical processes. In par-

ticular, interactions between the Hadley circulation and

the baroclinic waves should be examined, that is, how
much baroclinic instability affects the width and the
strength of the Hadley circulation and the zonal wind
distributions. Actually, only through these comparisons
is the meaning of the studies of the Hadley circulation
in the symmetric condition verified.
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FIG. A3. Dependencies of surface temperatures on the convective schemes under the fixed solar
flux condition for Q = £, and moist experiments. Solid line: the scheme with no parameterization
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APPENDIX
Dependencies on the Convective Schemes

The dependencies of the mass streamfunctions on the
convective schemes are shown in Fig. Al. These are
the results of the moist experiments for 2 = £, under
the fixed surface temperature condition. The convective
schemes compared are 1) the scheme with no param-
eterization of convection (except for the large-scale
condensation; see Fig. 1c); 2) the adjustment scheme
with angular momentum mixing; and 3) the adjustment
scheme without angular momentum mixing. The fig-
ures show that the circulations do not depend on the
convective schemes; clear Hadley cells exist in the low
latitudes, and a multicell structure moving equatorward
exists in middle and high latitudes.

The streamfunctions for the dry experiments are
shown in Fig. A2. In case 1, one-grid-scale convective
cells dominate in every latitude, while in cases 2 and
3, they are smoothed out by the adjustment process.
The meridional circulation extends to the pole in case
2, whereas it is confined to lower latitudes in case 3.
The averaged intensity over several latitudinal grid
points in case 1 has almost the same profile as in case
2. In every case, the intensities of the meridional cir-
culations are strong from the equator to about 10°. In
case 3, there are no time-averaged meridional cells in
middle and high latitudes. This is because the convec-
tive cells are moving equatorward in these latitudes,
similar to the moist experiments. It is suggested that
the vertical transport of the angular momentum is a key
role for the propagation of the cells, since the adjust-
ment scheme of case 3 does not mix angular momen-
tum vertically.

In moist experiments, the effect of the convective
schemes is not significant. Moist convection is organ-
ized in such a way that it has a resolvable horizontal

scale in the model. Thus, the energy and the angular
momentum are transported consistently by the *‘large-
scale flow,”” and the stratification is stabilized even if
no cumulus parameterization is used. The adjustment
process does not alter the large-scale flows, since the
adjustment process occurs in the lower layers. Tiedke
(1988) has also reported that the results of three-di-
mensional GCMs for the case where no cumulus pa-
rameterization is employed are similar to those for
the case where the convective adjustment scheme is
used.

In dry experiments, on the other hand, the effect of
the adjustment schemes is prominent. If no adjustment
schemes are employed, one-grid-scale convective cells
dominate. Convection in a dry atmosphere tends to
have an aspect ration of 1:1 by analogy with the Benard
convection, so that they have the smallest scale in the
model. Convective adjustment is substituted for the
roles of such a kind of small-scale convection.-

The dependencies on the convective schemes are fur-
ther influenced by the surface conditions. In moist ex-
periments with no adjustment schemes under the fixed
solar flux condition, there exist remarkable one-grid-
scale convective cells similar to those in the dry ex-
periments. In this case, the surface temperature is af-
fected by the atmospheric circulation, so that the inten-
sity of smaller-scale cells tends to be strengthened. The
amplitude of one-grid-scale disturbance of the surface
temperature amounts to about 5 K (Fig. A3). However,
the latitudinal energy transports do not depend on the
convective schemes.
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