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ABSTRACT

We present self-consistent comparisons of axissymmetric and 3-dimensional simulations of the
tropospheric circulation under idealized physical conditions. These reveal a feedback of transient
eddies onto the Hadley circulation which, first, strongly depends on equatorial heating and,
second, is in case of realistic heating quite different from prescribed eddy forcing. A quantitative
estimation for the eddy-induced mixing of vorticity into the poleward flow of the Hadley cell
is given. The proposed relation is in accordance with observations. It is derived from the
computational result that eddy momentum flux convergence is of the same order as the
equatorward flux of relative vorticity generated by the Hadley circulation. Evaluation of the
local budgets of sensible heat gives rise to a clear picture of how the poleward heat transports
due to Hadley circulation and transient eddies interlock. This mechanism is found to be essential

for an interpretation of the eddy feedback.

1. Introduction

Since the early work of Hadley, the tropospheric
circulation has been subject to a variety of investi-
gations. Lorenz (1967) has given a comprehensive
review and discussed the general circulation in the
time mean of the zonally averaged frame. The
main features in this picture are a strong tropical
Hadley cell driven by cumulus heating and large-
scale midlatitude eddies driven by the overall
equator to pole difference in diabatic heating. A
comparison of the zonally averaged Hadley circu-
lation with axissymmetric models was lacking.

Schneider (1977) first showed that a reasonable
Hadley cell accompanied by a sharp subtropical
wind jet can be simulated with an axissymmetric
(herafter 2D) model. He also found that the zonal
wind maximum was too large, indicating that
eddies reduce rather than maintain the jet. Held
and Hou (1980) found similar results based on an

* Corresponding author.

idealized 2D model, simulating diabatic processes
by temperature relaxation, linear surface drag and
globally constant turbulent viscosity only. They
noticed that even though the Hadley cell intensity
strongly decreases with decreasing viscosity, it
remains final in the low viscous limit. Their analyt-
ical description of the quasi inviscid solution
obtained in Boussinesq approximation and for
symmetry with respect to the equator is known as
the Held—-Hou model (hereafter HHM) of the
Hadley cell (James, 1994). The HHM is based on
angular momentum and energy conservation
within the meridional circulation. These assump-
tions are generally valid in quasi inviscid 2D
dynamics. An open question of the HHM was
that the circulation strength turned out to be only
a little fraction of the observed annual mean.
Later on, Lindzen and Hou (1988) found that
the meridional mass circulation increases rapidly
when the heating maximum is centered off the
equator. Thus the HHM has been brought more
in accordance with observations. Remaining short-
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comings were suggested to be caused by the
simplifications of the model, especially by the lack
of cumulus heating known as the main energy
source of the Hadley circulation. Accordingly,
Hou and Lindzen (1992) proved that concentrated
thermal forcing in the intertropical convergence
zone, simulated in their numerical model by modi-
fying the equilibrium temperature profile used for
relaxation, improves the idealized 2D approach
again.

Obviously, Hadley cell as well as zonal wind
profile are extremely sensitive to position and
intensity of equatorial heating. On the other hand,
baroclinic instability strongly depends on the
structure of the subtropical jet (Barnes and Young,
1992). Hence, one expects important correlations
between equatorial heating anomalies and wave
activity in extratropics. Such correlations have
been investigated by Hou (1993), Chang (1995),
Ulbrich et al. (1995) and many others. In view of
the aforementioned 2D results it is most probable
that these correlations correspond to the sensitiv-
ity of midlatitude waves to changes of the Hadley
cell intensity (Lindzen, 1994).

Another question is how eddies influence the
Hadley cell. Such an effect can be derived from
observational or GCM data by diagnostic
methods. These yield the alteration of the mean
meridional circulation due to the meridional eddy
flux convergences of angular momentum and sens-
ible heat. A corresponding analysis has been done
by Pfeffer (1981) for instance. According to
Pfeffer’s study, approximately 25% of the winter
Hadley cell intensity is driven by eddies while the
remainder is due to diabatic heating in deep
tropics with rates of about 1-2 K/day. Results of
Dethloff and Schmitz (1981) for annual mean data
are similar to those of Pfeffer (1981) and also
inidicate that eddy momentum flux causes reduc-
tion and poleward shift of the zonal wind jet. On
the basis of these studies one is tempted to con-
clude that eddies amplify the Hadley circulation
by a comparatively minor fraction. One would
also expect that axissymmetric models are appro-
priate — apart from standing and travelling waves
in the tropics.

In diagnostic models, diabatic heating and
eddies are decoupled and prescribed; in dynamical
models these quantities are coupled. Therefore the
response of the Hadley circulation due to eddy
forcing is not neccessarily identical with the differ-
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ence between three dimensional (herafter 3D) and
2D dynamics. The difference between the time and
zonally averaged and the axissymmetric tropical
meridional circulation is rather the dynamical
response due to inclusion of eddies or simply the
eddy feedback.

The question of eddy feedback can be illumin-
ated by comparisons of 2D and 3D simulations
of the tropospheric circulation. Such comparisons
are already possible from the studies of Williams
(1988a and 1988b) and Satoh et al. (1995). These
authors utilized comprehensive GCMs, including
moisture and radiation processes. Their computa-
tions are similar with respect to the physical input
but yield considerably different results in 2D
dynamics. One must keep in mind that parametriz-
ations of physical processes as implemented in
available GCMs do often not allow consistent
transformation of a 3D into a 2D model. We will
point on the problem connected with horizontal
diffusion in Section 2. As discussed by Satoh
(1994), difficulties do also occur if some common
cumulus convection schemes are used in a 2D
model. This complexity of comprehensive GCMs
renders interpretation of discrepancies more
difficult.

Therefore, in the present study, we stay with an
idealized model for dry air (hereafter SGCM)
which ensures self-consistence of zonally averaged
and axissymmetric results. For simplicity, long-
itudinally invariant model conditions are
prescribed, excluding orographic effects and sta-
tionary waves. Following Hou (1993), we simulate
the effects of radiation, latent heat release and
convection via temperature relaxation towards a
typical climate state and additional, prescribed
cumulus heating Q. in tropics. Alterations of the
Hadley cell due to inclusion of eddies are investi-
gated for different amplitudes of Q.. The concepts
of eddy forcing as well as angular momentum and
energy conservation are discussed with respect to
present results.

Fields according to axissymmetric modelling
will be referred as “2D” fields while time and
zonally averaged fields due to 3D computations
will be referred to as “3D” fields. After describing
the model (Section 2), we compare the climatolog-
ies of self-consistent 2D and 3D experiments for
different equatorial heating rates (Section 3).
Interpretations are drawn from the mass-weighted
local budgets of angular momentum and sensible
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heat (Section 4). In Section 5, some results are
discussed in the context of previous studies.
Finally, Section 6 gives a summary and some
concluding remarks.

2. Description of the SGCM

The basis of the present investigation is a hybrid
level circulation model with spherical geometry
and spectral representation in horizontal direction.
The applied methods are standard, i.e., vertical
discretization according to Simmons and Burridge
(1988), spectral transformation using Gaussian
quadrature and Fourier transform (Machenhauer
and Rasmussen, 1972) as well as semi-implicit
time stepping (Asselin, 1972; Hoskins and
Simmons, 1975). This section defines the basic
equation system and specifies the model
parameters.

Pressure p is represented as a function of vertical
coordinate n and surface pressure p,

p(n; ps) = aln) + b(n)p;- (1)

The coefficients a and b must guarantee monotonic
growth of p with # as well as p(n =0; p;) =0 and
p(n=1; p;) =p,. Usually the flexibility of (1) is
used to let surfaces of constant n correspond to
a-levels near the ground and to pressure levels in
the upper atmosphere. To achieve such a behavi-
our we define

a()/pres=n(1 — 1) b(n):=n? (2
with pr=1013 mb denoting the global mean
surface pressure.

The prognostic primitive equations for hori-
zontal vorticity £, horizontal divergence D, tem-
perature T and surface pressure may be written
as

and

0,{=(VxF)-e, (3)
2
oD=V-F—V? ("5 +¢>>, (4)
F:=((f+ & —ro,uwe;, + (—(f + u—nid,ve,
RT
—~~Vp+R, (5)
p
RT T-T,
dth—w_ +Qc+q+qdissa (6)
cpp
1
0ips = — f V- (d,pv)dy. (7)
0
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Horizontal velocity field and horizontal V-oper-
ator are denoted by v=ue;,+ve, and V=
(e,/a, cos 0)0; + (e,/a.)0,. e;,e, and e, are unit
vectors in longitudinal, meridional and vertical
direction, respectively. f is the Coriolis parameter
and a, the radius of the earth. R and ¢, are molar
gas constant and heat capacity of dry air. F
contains all terms of the horizontal momentum
equations that cannot be written as a gradient.
R=R,e, + R, e, describes friction due to vertical
shear. The diabatic terms of the energy eq. (6) are
temperature relaxation and constant equatorial
heating (with prescribed fields T.(s,p) and
Q. (o, p)), vertical diffusion g and energy dissipation
daiss due to R. A relaxation time of t =15 days is
used throughout this study.

The prognostic equations (3)—(7) are completed
by (1), (2) and expressions for geopotential ®,
vertical velocity and pressure velocity w:

YRT ép
=0 — —d7 8
.+ T 7, (3)
1 n
fj= (bJ V- (0,pv)dn — f V- (9;pv) dﬁ)/é,,p,
(o] 0
(9)
w=>b(w-V)p,— J"V-(aﬁpv)dﬁ. (10)
0

Eq. (8) follows from vertical integration of the
hydrostatic approximation

RT
0,0=——20,p,

(11)
p

with @, denoting the geopotential height of the
orography which is omitted in the present investi-
gation. Vertical velocity, pressure velocity and
surface pressure tendency follow from integrations

of the continuity equation

0i(0yp) + V (0, pv) + 6,(0,p1) = O, (12)
with respect to the kinematic boundary condition
n=0 forn=0

and n=1. (13)

For simplicity, we use the height z to define
vertical diffusion:

R —16 pvo,v
q)  p 7 |pvo,0f

(14)
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In (14), p =p/RT and ® = T(p,.¢/p)* denote den-
sity and potential temperature with x:= R/c,. v
plays the role of a turbulent viscosity. Dissipation
per unit mass due to R is given by v(d,v)?, yielding

Gaiss = v(az v)z/cp$ (15)

We apply dynamic boundary conditions of the
form

and v0,0 = cg(@, — Q)

(16)

which balance the lower boundary wind stress
with the wind in the lowest layer (indicated by
the index 1) and the lower boundary heat flux
with the corresponding temperature deviation
from a prescribed surface temperature @, defined
as T;(ﬂ’ ps)(ps/prcf)x'

The coeflicients v, ¢, and cg are specified accord-
ing to 2 parametrizations. The first one is the local
vertical diffusion scheme briefly described by
Holtslag and Boville (1993). It is applied in the
present study with minor modifications:

v0,v = ¢,

for z=0,

V= 30m) |%vIF(RD,

kz
. g0,0
Ri= 22—
"= 00,07
. Vv1—18Ri Ri<0
F(Ri):= . . .
(14+9Ri+S50Ri%)~! Ri>0,
¢, = ce = cyFy(Rip)|vy], (17)
k 2
cy=|\—m—m,
) (ln((zl + zo)/zo)>
. 82,(©, — ©,)
Rio= 0,0} '
F(Ri) Ri, <0
Fo(Rig):={ 1 —9 Rig/(1+ T5¢cy
x VIRio|(zy + 20)/20) Rip = 0.

In (17), k = 0.4 denotes the van Karman constant.
z, is the height of the lowest model layer and the
roughness length z, is set to 1074 m. We will refer
to (17) as the realistic vertical diffusion scheme.
A second, idealized scheme can be chosen to
ensure correspondence to numerical calculations
of Held and Hou (1980) or Lindzen and Hou
(1988). In the idealized scheme, v is globally
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constant and ¢, = 0.005 m/s as well as ce =0 are
fixed. All major computations presented in this
study were performed with the more realistic
vertical diffusion scheme (17). Only the case
study presented in Fig. 11 (Section S5) is based on
the idealized scheme.

Height-independent horizontal diffusion is
applied equally to vorticity, divergence and tem-
perature. Such additional damping terms are
necessary (at least in 3D) to simulate turbulent
dissipation at small scales. For total wavenumber
n the damping rate is defined by the respective
spectral amplitude times a scale selective factor L,.

It should be noted that any horizontal diffusion
in the primitive equations corresponds to an
asymmetric stress tensor and therefore violates the
basic laws of energy, momentum and angular
momentum conservation. For example, an ordin-
ary V4-diffusion (L, oc (n(n + 1))?) is appropriate in
3D computations. In contrast, 2D dynamics of an
idealized GCM is characterized by a stationary
solution, and even the weakest V4-diffusion des-
troys the basic balance requirements.

To allow for self-consistent 2D and 3D dynamics
we must utilize a horizontal diffusion scheme
which fullfills two conditions: It must behave
nearly neutral in 2D computations, but neverthe-
less it should simulate dissipation at small scales
in the presence of waves. The scheme

L= {k(n —n,)?

0 otherwise

for n>n,

(18)

proposed by Laursen and Eliassen (1989) has been
found to satisfy these conditions. For standard
T21 spectral resolution we choose n, =15 and k
such that total wavenumber 21 is damped with
one day.

We use a vertical resolution of 15 unequally
spaced hybrid levels. For p,=p.s; full pressure
levels in mb are given from top to ground by:
23.0, 72.2, 128.2, 191.5,°262.0, 339.1, 421.4, 506.5,
591.6, 673.9, 751.0, 821.5, 884.8, 940.8, 990.0.

Equilibrium temperature T, and distribution of
additional equatorial heating Q. are depicted in
Fig. 1. These axissymmetric fields are used for the
major computations presented in this study. They
are given by analytical formulas. Calculation of
T, is described in the appendix while Q. is defined
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Fig. 1. Fields for simulation of thermal forcing. (a) Equilibrium temperature 7; (contour interval 10 K). The para-
meters of T, are: 0.q = —10°, py, = 1013 mb, p,, =110 mb, p,, =10 mb, T,, = 300K, T,,=255K, T,, = 200K, T,, =
220K, gje = 40°, 5, = 0.55, p;. =200 mb, s, =210 mb. (b) Additional equatorial heating Q./Qmax (contour interval
0.2). The parameters of Q. are: p, = 550 mb, ¢, = 200 mb, 0, = —6°, ¢, = 18°.

by
Qc(ﬂa p; Qmax: Do Ups 90, 00)/Qmax

exp{—(p—po)’/(203)}
= { xcos*{(n/2)(o — 0y)/5,} for|o—a, <0,
0 otherwise.

(19)

To perform the case study presented in Fig. 11,
T, is varied with respect to its asymmetry para-
meter o, (see Appendix). T.(o, p; 0., =0) is also
used as initial temperature for model integrations.
The corresponding intial wind u, is calculated
from the general thermal wind relation such that
(T., u,) is a stationary solution of the adiabatic
equation system. Under the influence of the diab-
atic processes, (T;, u.) changes into the stationary
solution of the 2D model. If in addition the initial
condition is disturbed by wave excitation, a mean
climate state is obtained with the 3D model after
a few months of integration. Time averaging of

3D results is done using 180 days intervals with a
sampling rate of 12 h. Because the asymptotic 2D
solution shows slight oscillations in the low vis-
cous range, we generally present time averaged
results also in the 2D case, using 5-year intervals
with a sampling rate of 10 days.

3. 2D versus 3D: model climatologies

3.1. Weak equatorial heating

Figs. 2a,b show the meridional mass stream-
functions obtained in 2D and 3D for Q.= 0. This
case corresponds to the model setup of Held and
Hou (1980) or Lindzen and Hou (1988) (apart
from the vertical diffusion scheme and the equa-
tion of state). In the winter hemisphere both 2D
and 3D computation exhibit a direct meridional
circulation confined to the tropics. The 3D run
reveals (in addition to Ferrel and a weak polar
cell) a 6 times amplification of the Hadley cell
(note the different contour intervals). Maxima of

Tellus 49A (1997), 2
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Fig. 2. Comparison of (a) 2D, (b) 3D Eulerian and (c) 3D residual meridional mass streamfunction in case of Q, =
0. Contour intervals are 4, 20 and 20 x 10° kg/s, respectively. Streamfunction maxima in (a) and (b) are 13 and

83 x 10° kg/s. Shaded areas indicate negative values.

the streamfunctions are 13 and 83x 10° kg/s,
respectively. The residual circulation (Fig. 2¢) has
been computed according to Edmon et al. (1980),
using eq.(3.4) in their paper. Residual and
Eulerian streamfunction are nearly identical in
deep tropics, suggesting that the 2D — 3D intensi-
fication of the Hadley cell corresponds to an
intensification of the residual circulation.
According to the analysis of Pfeffer (1981),
realistic eddy fluxes account for approximately
50 x 10° kg/s of the winter Hadley cell intensity.
Using this result to interpret the 2D — 3D intensi-
fication, one must note that in the present 3D
computation, subtropical eddy flux convergences

Tellus 49A (1997), 2

(not shown) reach about only half of realistic
amplitudes. Therefore the 2D — 3D amplification
of the Hadley cell can at most partly be interpreted
as a response to prescribed eddy forcing. In
Section 4.2 we will show that diabatic heating in
deep tropics has strongly increased from 2D to 3D.

3.2. Realistic equatorial heating

A simple general circulation model without
additional (or concentration in) equatorial heating
fails to generate a Hadley cell which is realistic
with respect to intensity and altitude of the stream-
function maximum. The reason is the lack of
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cumulus convection which in reality results in a
heating maximum of about 1-2K/day in the
upper region (~ 550 mb) of the intertropical con-
vergence zone. Therefore cumulus heating is simu-
lated by adding Q. to the right side of the
thermodynamic equation (6). Note that diabatic
heating remains a dynamic quantity because
relaxation towards T, plus Q. corresponds to
relaxation towards T, + Q..

While raising the amplitude Q,,, of Q., one
finds that both the 2D and the 3D Hadley cell
maximum rise in strength and altitude. The
intensification is much more pronounced in 2D.
A realistic maximum of the 3D meridional stream-
function of about 190 x 10° kg/s is achieved for
QOmax = 2.0 K/day for instance. Fig. 3 shows corres-
ponding 2D and 3D results. 3D meridional and
residual streamfunction now crudely resemble
observations. In contrast, the 2D model over-
estimates the tropical mass circulation by a factor
of about two. (The maxima in Fig. 3a,b are 360
and 190 x 10° kg/s, respectively.) However, the
streamfunction maximum is not the only property
to consider. Comparison of the spatial structures
of 2D and 3D Hadley cell yields that the eddies
not only cause a reduction of the mass circulation
in the upper troposphere but also a strong intensi-
fication of the equatorward flow below. Such a
behaviour is quite different from eddy forcing: The
diagnostic model would predict that in absence of
eddies the streamfunction maximum is weaker by
about 50 x 10° kg/s and that the response is con-
centrated at high altitudes (see Fig. 6 in Pfeffer
(1981)).

Fig. 4 shows the mean zonal winds. In the
winter hemisphere both computations exhibit a
sharp subtropical wind jet. The 2D jet core is
located at the edge of the Hadley cell due to
angular momentum conservation of overturning
air parcels. In comparison, the 3D jet is reduced,
broadened and shifted. About such an effect has
been speculated by Lindzen and Hou (1988) as a
result of eddy induced angular momentum reduc-
tion in the poleward flow of the Hadley cell. The
2D computation yields double maxima of the
zonal wind jet which is more pronounced in the
summer hemisphere. Such an effect has also been
found by Held and Hou (1980) in the quasi
inviscid limit or by Hou and Lindzen (1992) in
case of concentrated equatorial heating. In the

E. BECKER ET AL.

presence of waves the wind maxima merge due to
the poleward shift of the equatorward one.

4. 2D versus 3D: local budgets

As a first step in understanding the 2D — 3D
alterations of tropical dynamics we study the terms
that contribute to the equations of motion. Let us
consider the zonally averaged forms of the zonal
wind equation and the first law in pressure coord-
inates:

8yt =(E+ f)p — @i + R,

+ conv(u'v') — 61,(;’_(;)—’), (20)
_ d, _ _
o, T= _{;a—" T+ a(s) + Q + conv(T"V', T'w’).
) (21)

The bars denote zonal mean values while eddies
are marked by primes. Q represents the sum of
temperature relaxation, additional equatorial
heating, vertical diffusion and dissipation. For
simplicity we have introduced the abbreviations

2

T Y emm — 2 22
conv(u'v’) ———ae o’ o (cos® ou't'), (22)
conv(TV', T'w'):= — —2—(cos 6 Tv')

0,(T'w") + R T'w (23)
— )+ —T'w,
p Cpp

for meridional convergence of eddy momentum
flux and total convergence of eddy heat flux.
Furthermore we have defined

a(s)=— 1 oTd,s= -0, T+ R Tw. (24)
% %

In (24), s denotes the entropy per unit mass
and c,a(s) represents the zonal mean change of
sensible heat due to vertical advection of s by the
mean meridional circulation.

The angular momentum budget of the Hadley
cell is affected by conv(u'v’) as shown by Held and
Phillips (1990) in case of forced Rossby waves in
a shallow-water model. Here we are concerned
with nonlineary coupled baroclinic waves and ask
to what extent the wave flux convergences, and
especially conv(Tv, T'w'), are consistent with
both assumptions of the HHM, namely angular

Tellus 49A (1997), 2
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Fig. 3. Comparison of (a) 2D, (b) 3D Eulerian and (c) 3D residual meridional mass streamfunction in case of Qp,, =
2 K/day. The contour interval is 20 x 10° kg/s. Streamfunction maxima in (a) and (b) are 360 and 190 x 10° kg/s.

Shaded areas indicate negative values.

momentum and energy conservation of the Hadley
circulation.

4.1. Angular momentum budgets and vorticity
mixing

Figs. 5, 6 show the time means of the most
important terms of (20) for the model runs with
Omax =2 K/day. Let us consider the middle and
upper troposphere of the tropics. First we recog-
nize that the 2D results (Fig. 5) are in accordance
with the HHM, ie. in the region of the winter
Hadley cell the Coriolis force f¥ is balanced by
meridional transport & of relative vorticity. In

Tellus 49A (1997), 2

other words, the absolute vorticity is approxi-
mately zero and we have

Er —f
The situation is quite different in 3D (Fig. 6) where
ft is balanced by similar amounts of &7 and

conv(u'v’), i.e., in the poleward flow of the Hadley
cell we have

in 2D. (25)

conv(u'v') = &b. (26)

With respect to the approximate time averaged
form of (20)

5+ &5 + conv(u'v’) = 0, (27)
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Fig. 4. Comparison of (a) 2D and (b) 3D mean zonal wind in case of @, = 2 K/day. The contour interval is 10 m/s.

Shaded areas indicate negative values.

one can estimate the modification of (25) due to
wave activity:

Ex —f2 (28)

In Fig. 7, (28) is compared with model results and
observational data for southern winter (from
ECMWF analysis, July 1984-93). We did not use
the data for northern winter in order to reduce
the influence of stationary waves. The zonally and
time averaged relative vorticity is plotted at
200 mb between —20° and 30°. The observational
data are plotted with negative sign and reversed
latitude to ensure correspondence to the model.
The mixing of absolute vorticity into the tropics
is approximately described by the model run with
realistic equatorial heating. Between 5° and 20°
the empirical formula (28) gives a rough estima-
tion of the situation in the winter Hadley cell.
This holds as a first approximation also for the
simulations with Q_,, =0 and 1 K/day. But Fig. 7
also indicates that vorticity mixing decreases if
tropical heating increases.

Let us return to Figs. 5, 6 and consider the
angular momentum budgets in midlatitudes. Here
fv is small for the 2D run, i.e., there is no worth

in 3D.

mentioning meridional circulation out of the
Hadley cell and this is consistent with the con-
struction of the HHM. In 3D, f7 is approximately
balanced by conv(u'v’) as expected. In the lowest
layers the Coriolis term is generally balanced by
R, which is not shown here.

4.2. Heat budgets

In Figs. 8, 9 the most important terms of the
heat budget (21) are depicted for the model runs
with Qn.x =2 K/day. In deep tropics, a(s) is bal-
anced by diabatic heating in 2D and 3D.
Furthermore, entropy is advected in the down-
ward flow of the Hadley cell. But here the 3D
energy budget differs qualitatively from 2D where
balance is achieved solely by diabatic cooling and
backward horizontal advection.

In 3D (Fig. 9), subtropical cooling due to
conv(T'v', T'w’) exceeds that due to Q. In the
lowest layers Q becomes positive. But this is not
only caused by the minimum of conv(Tv', T'w’).
Also equatorward advection of heat (not shown)
gives an important contribution close to the

boundary, reducing the effective 9. Out of the
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Fig. 5. Contributions to the 2D angular momentum budget in case of Q. = 2 K/day: (a) /7, (b) £5. The contour
interval is 4 m/s/day. Shaded areas indicate negative values.

boundary layer, subtropical cooling due to
conv(T"v', T'w’) is definitely balanced by entropy
advection of descending zonal mean flow. This
interpretation holds because a(s) is the only posit-
ive contribution to the heat budget in that region.
The mechanism has been found to be general in
all our 3D simulations, independent from Qax,
0 Or the vertical diffusion scheme.

The total northward energy flux is given by the
time mean of

a,c

osa [ Pref

J di J dpo(c, T+ ®+0%/2). (29)
4 0 0
Inside the winter Hadley cell, this quantity is
positive because the net poleward flux of potential
energy exceeds the net equatorward flux of sensible
heat. (The contribution of kinetic energy is negli-
gible.) Therefore (29) increases in case of vertical
elongation of the Hadley cell. Fig. 10 shows 2D
and 3D total energy fluxes for Qu.,=0, 1 and
2 K/day. The effective Hadley cell intensities, i.e.
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the overall diabatic heating in deep tropics, can
be measured by the energy fluxes at about S
degrees north, indicated by vertical solid lines in
Fig. 10. This latitude approximately marks the
streamfunction maxima. (The 3D energy flux
increases northward of 5 degrees due to diabatic
heating in the low altitude equatorward flow.)
Fig. 10a reveals a striking 2D — 3D intensification
of deep tropical heating in case of Q,=0. The
effective 2D — 3D intensification decreases with
increasing amplitude of Q.. An intensification
remains even for maximum Q.. This is consistent
with the heating rates in Figs. 8a, 9a where deep
tropical heating is slightly stronger in 3D. It is
nevertheless consistent with Fig. 3 even though a
strong 2D — 3D reduction of the streamfunction
maximum shows up:

In 3D dynamics, the meridional circulation
generally increases at low altitudes. This is indi-
cated in Figs. 2, 3 by concentration of streamlines
close to the lower boundary. It follows that the
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total energy flux (29) generated by the Hadley
circulation (mainly the flux of potential energy)
strongly increases from 2D to 3D if no reduction
of the high altitude streamfunction maximum
occurs (which is the case for Q,=0). The two
effects, namely low altitude intensification (or ver-
tical elongation) and high altitude reduction tend
to vanish out for additional equatorial heating.

The first effect still dominates the latter even in
the realistic case (Fig. 10c).

Summarizing, in the free atmosphere the heat
budgets of the Hadley cell can approximately be
written as
_ 6, -
Q+a(s)—6a— T~0

(]

in 2D, (30)
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Fig. 7. Time and zonally averaged relative vorticity in the 200 mb layer. Computational 3D results are shown for
Qmax = 2 K/day (solid line), Q... = 1 K/day (dashed line) and Q_ =0 (dotted line). Data from ECMWF analysis for
southern winter (July 1984-93; dashed and dotted line) are plotted with negative sign and reversed latitude. The
mixing relation (28) is indicated by an additional straight solid line.

0 + a(s) + conv(T', T'w’) = 0 in 3D, (31)

where horizontal advection or eddy heat flux
convergence are relevant only in subtropics.

5. Discussion

Computations with Q. =0 have also been per-
formed with globally constant turbulent viscosity
v and linear wind stress condition as well as zero
heat flux at the lower boundary (see Section 2).
This model setup ensures that corresponding
experiments are closely related to those of Held
and Hou (1980) or Lindzen and Hou (1988). Figs.
11a, 11b summarize the results by showing the
streamfunction maximum according to 2D and
3D modelling as functions of the asymmetry para-
meter o4 of T, and viscosity v. In addition, Fig. 11c
shows the 2D — 3D amplification of the respective
Hadley cells maxima.

According to Fig. 11a, the 2D Hadley cell
strongly increases with increasing viscosity or
asymmetry which reflects results of Held and Hou
(1980) and Lindzen and Hou (1988). The quasi
inviscid limit is indicated in the left lower corner
by vertical alignment of contours. For decreasing
viscosity the present 2D results also showed (like
in Held and Hou (1980)) a rising in altitude of
the Hadley cell maximum. The 2D — 3D intensi-
fication (Fig. 11c) is strongest in the low viscid
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limit where the 2D Hadley cell is driven solely by
diabatic heating rather than by internal friction.
The amplification exceeds values of 40 for sym-
metry with respect to the equator and is larger
than 2 for all parameters used here. Results of a
2D-3D comparison in case of weak equatorial
heating have also been mentioned by Saravan
(1993) who used a two layer model with equator-
symmetric conditions. He found an amplification
factor of 5 which fits to Fig. 3c.

The 3D Hadley cell (Fig. 11b) is nearly inde-
pendent from v as long as v < 1 m?/s. This indicates
that in 3D the quasi inviscid limit is approached
faster than in 2D. Comparison of Figs. 11a, b with
Figs. 2a, b also suggests that the realistic vertical
diffusion scheme (17) corresponds to the low
viscous range of the idealized scheme. (Note that
the 2D winter Hadley cell computed with (17) is
even weaker than that obtained for v = 0.1 m?/s.)
For high values of v, the 3D Hadley cell becomes
stronger while eddy activity and Ferrel cell (both
not shown) become weaker. The 3D Hadley cell
reaches realistic intensities in case of high viscosity
but concentrates its mass circulation at low alti-
tudes which is not realistic. Hence, the quasi
inviscid limit in connection with additional equat-
orial heating ensures correspondence to observa-
tions rather than the high viscous range with
0.=0.

It is remarkable that the HHM (as described in
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James, 1994, for instance) predicts a stronger
Hadley cell due to vorticity mixing. Let us stay
with the assumption that the zonal wind increases
lineary with height by a rate proportional to the
high level relative vorticity. If we assume (28)
instead of (25) as starting point of the HHM, the
zonal wind is halfened inside the entire Hadley
cell. In turn, the thermal wind relation predicts
that the meridional temperature gradient also
decreases by a factor of 2. Finally, energy conserva-

tion can only be fullfilled by larger temperature
deviations from the prescribed equilibrium tem-
perature. At the equator the HHM predicts doub-
ling of diabatic heating. Because (28) is a much
better description of the 3D angular momentum
budget than (25), the simple analytical formulas
of the HHM give at least a qualitative explanation
of the 2D —3D Hadley cell intensification in
case of Q,=0. The situation is more complex if
additional equatorial heating is involved. Here a
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latitudinal dependency of sin’ o for the effective
equilibrium temperature in the HHM seems to be
less appropriate. Furthermore, as outlined in
Subection 4.2, energy conservation of the 3D
Hadley circulation can only be fullfilled with the
inclusion of eddies.

Our major 3D results for Qp,, =0 and Qpax =
2 K/day are closely related to the control and
standard perturbation experiment performed by
Chang (1995). In spite of the various differences
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between the present model and that used by
Chang, the computations are in good agreement.
Especially, we have also found (but not shown
here) an equatorward shift of the 3D zonal wind
maximum due to enhanced equatorial heating,
both in the northern and the southern hemisphere.
This shift fits well to Fig. 7 which shows decreasing
vorticity mixing (or increasing angular momentum
conservation) for increasing equatorial heating.
Furthermore, it follows from fig.10 that the 3D
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midlatitude energy flux increases from Q.=0 to
Q. > 0. This is also in accordance with the results
of of Chang (1995).

As mentioned in Section 1, a 2D-3D compar-
ison has been done by Satow et al(1995). The
Hadley cells found by the authors are character-
ized by a broad 2D circulation at high altitudes
and a strong 2D — 3D intensification of the low
altitude equatorward flow. Corresponding zonal
wind jets clearly show reduction and poleward
shift from 2D to 3D dynamics. These 2D — 3D
alterations are also visible in Figs. 3, 4.

Another 2D-3D comparison is possible from
the studies of Williams (1988a and 1988b). He
performed numerical computations similar to
those of Satoh et al.(1995). Williams discussed
that his 2D meridional circulation bears little
resemblance with a typical Hadley cell (see Fig. 2
in Williams, 1988b). Furthermore, his 2D — 3D
alteration of the zonal wind maximum seems to
indicate an equatorward shift of the tropospheric

jet (compare Fig. 1c in Williams, 1988b with
Fig. 2d in Williams, 1988a). This behaviour is
quite opposite to our results or those of Satoh
et al. (1995). We speculate that the discrepancies
are related to the numerical details of the models.

It has been proven that vertical diffusion of heat
(including surface heat flux) has little influence on
the overall results presented in this study. A weak
model response to neglection of heat diffusion is
only found in 3D for temperature and local heat
budget. The response is such that the lack in
heating due to diffusion is partly compensated by
enhanced heating due to relaxation but in the
main by pronounced vertical advection a(s) in
subtropics. Thus the heat transfer mechanism
described in Section 4.2 becomes even more obvi-
ous when diffusion of heat is switched off.

6. Summary and conclusions

For varying equatorial heating rates Q. we have
compared equivalent 2D and 3D SGCM simula-
tions. It has been shown that transient midlatitude
waves always have important impacts on the
Hadley circulation which cannot generally be
interpreted with prescribed eddy forcing, especially
not in case of realistic equatorial heating. This
seems not surprising: Eddy momentum flux con-
vergence for instance strongly depends on the
Hadley cell intensity in a dynamical model (Held
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and Phillips, 1990) while such a coupling is neg-
lected in diagnostic models.

The 2D — 3D alteration of the zonal wind is
characterized by reduction, broadening and pole-
ward shift of the jet. This effect is related to eddy
induced vorticity mixing into the poleward flow
of the Hadley cell. We have given an empirical
estimation (£~ —f/2, eq.(28)) which approxi-
mately applies to model and observational data.

The 2D — 3D alterations of the Hadley cell are
generally associated with an intensification of the
equatorward flow at low altitudes. In the upper
troposphere the changes strongly depend on the
amplitude of Q.. (Q. is maximum at 550 mb and
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confined to the intertropical convergence zone, see
Fig. 1.) If no additional heating is applied (Q. =
0), the 3D Hadley cell maximum is located at low
altitudes (Fig. 2b). When switching from 2D to
3D, the entire Hadley circulation strikingly
increases (Fig.2), but nevertheless its strength
amounts to less than one half of the observational
value. If a realistic tropical heating rate is simu-
lated with help of Q., the 2D — 3D alteration of
the Hadley cell is twofold. In addition to low level
intensification the upper level maximum of the
meridional streamfunction (located at ~ 350 mb)
is reduced by a factor of about 2 (Fig. 3).

In 2D, the basic assumptions of the analytical
model of Held and Hou (1980) apply, i.e., angular
momentum and energy are conserved within the
zonally symmetric flow (Figs. 5, 8). Comparisons
of 2D angular momentum and heat budgets with
corresponding 3D results (Figs. 6, 9) indicate how
Hadley cell and transient waves are locked. First,
the eddies contribute to the angular momentum
budget, giving rise to vorticity mixing and changes
of the zonal wind jet as described above. Using
the analytical model of Held and Hou, we have
shown that vorticity mixing amplifies the entire
Hadley circulation, which qualitatively applies in
case of Q. =0. Second, cooling in subtropics due
to eddy heat flux is in the main balanced by
entropy advection of descending flow and exceeds
diabatic cooling (Fig.9). Switching from 2D to
3D always causes enhanced advection into low
altitudes in order to balance the negative eddy
heat flux convergence, resulting in vertical elonga-
tion of the Hadley cell. This mechanism is in
accordance with the vorticity mixing argument in
case of Q. = 0. It also yields a qualitative explana-
tion in case of strong Q.: If we assume that deep
tropical heating remains approximately the same
from 2D to 3D, then enhanced advection into low
altitudes can only be achieved by reduction of the
high altitude circulation.

A detailed analysis to what extent the computa-
tional 3D heat budget applies to reality has not
been done yet. We expect deviations due to station-
ary waves which have been excluded but are
known to cause strong eddy fluxes in midlatitudes.
Also vertical mixing of angular momentum due
to cumulus convection (Schneider 1977) is not
considered in our investigation. This process is
known to alter the effective turbulent viscosity
and hence may be crucial especially in 2D compu-
tations. Furthermore, neglection of moisture pro-
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cesses and simulation of solar radiation by
temperature relaxation are generally to be ques-
tioned. Nevertheless, the present results support
the hypothesis that feedback of midlatitude waves
onto the Hadley cell plays an important role in
tropical—extratropical interactions.
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8. Appendix

Parametrization of equilibrium temperature

In the following, a zonally symmetric temper-
ature field

I.=T(o,p;...) (A.1)

is introduced. ¢ denotes the latitude and p the
pressure. The dependence on the free parameters
which control the temperature distribution is indi-
cated by ellipses. These free parameters are
defined as:

0., latitude of the seasonal equator

Dvo surface pressure

P Dressure at the tropopause above the equator
for g, =0

Pio top pressure level

1., surface temperature at o =0 for g,, =0

Ty surface temperature at the poles for o, =0
T, temperature at the tropopause above the

equator for o, =0
T,, temperature at the top pressure level above
the equator for g., =0
% latitude of the wind jets for g, =0
s, sharpness of the windjets with respect to
latitude
pj. Dpressure level of the wind jets for g, =0
s, sharpness of the windjets with respect to
pressure

We write T, as a product of two functions
T.(e, p;..)=Up;..)Bo, p; ..., (A.2)

where { describes the main dependence of T, on
pressure and B the main dependence on latitude.
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An appropriate meridional temperature gradi-
ent is achieved by
p— pje
Sp

1 §% —sin® o;,
X 5 — arctan —sz-- TP,

(A.3)

S equals sin ¢ if the temperature is symmetric with
respect to the equator (g, =0). In general § is
given by

. ( D — Do ) .
S=sing—| ——— |singg,.
DPvo — Pio

The term {...} in (A.3) describes the latitude
dependence of 7, at low altitudes. The term
arctan((p — p;c)/sp) is such that the meridional
temperature gradient changes sign at the jet level

With the assumption

B(o,p;..)=by +b, arctan(

(A4)

&P ="Pvo; --) =1, (A.5)

b, and b, are defined by the surface temperatures
at the equator and the poles for S =sin o:
T.q=b; + b, arctan (1—)1’—";————-1)”)

P

1 —sin® g;,
X 3~ arctan T ), (A.6)
T,o =b, + b, arctan (@)
P

1 1—sin’ g,
X\{z—arctan| ————~—| / n |. (A.7)
2 Sje

In addition to (A.5) { has to fullfill

C(pto;"')= 7;0/3(09 pto;“')=:cto’ (Ag)
C(Ptr; ) = 7;:/3(09 Ptrs ) =:Ctr= (A9)
Op{B(0, piii .. )Py -} =0, (A.10)

with the constraint that B is evaluated for g, = 0.
The vertical temperature profile is parametrized
by
81 &,

V=t G ot G

{p; - (A.11)

The four coefficients {,, {;, {, and @ depend on

the temperature parameters and are eliminated in
the following way. First, (o, {, and (, are repres-
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ented as functions of @ using (A.5), (A.8) and
(A9):

C - { 1-— Ctr

2 ((D+ptr)—l—((b+pbo)—l

_ I_Cto }
(CB + pto)_l - ((D + pbo)—1
/ {(C(_) + pto)_l - (d) + ptr)—-l}’

_ l"Cto
(@ + Po) = (@ + ppo) !

b= (A.12)

199
- CZ{((I)+pto)_1 +(a_)+pbo)_1}a

1 {
—1— + .
b @ + Poo (C‘ @+ pbo)

Then, inserting (A.12) into (A.10), & is determined
by the zero of the left-hand side of (A.10) and
must be found numerically.
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