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Abstract. The dynamical range of global atmos-
pheric circulations is extended to specialized pa-
rameter regions by evaluating the influence of the
rotation rate (£2) on axisymmetric, oblique, and
diurnally heated moist models. In Part I, we de-
rived the basic range of circulations by altering (2
for moist and dry atmospheres with regular and
modified surfaces. Again we find the circulations
to be composed of only a few elementary forms.
In axisymmetric atmospheres, the circulations
consist of a single jet in the rotational midrange
(£2*='-1) and of double jets in the high range
(£2* =2-4), together with one or two pairs of Had-
ley and Ferre_jl cells; where Q* =€2/€2; is the rota-
tion rate normalized by the terrestrial value. These
circulations differ from those predicted by first-
order symmetric-Hadley (SH,) theory because the
moist inviscid atmosphere allows a greater nonli-
nearity and prefers a higher-order meridional
mode. The axisymmetric circulations do, howev-
er, resemble the mean flows of the natural system
— but only in low latitudes, where they underlie
the quasi-Hadley (QH) element of the MOIST
flows. In midlatitudes, the axisymmetric jets are
stronger than the natural jets but can be reduced
to them by barotropic and baroclinic instabilities.
Oblique atmospheres with moderate to high tilts
(6p=25°-90°) have the equator-straddling Hadley
cell and the four basic zonal winds predicted by
the geometric theory for the solstitial-symmetric-
Hadley (SSH) state: an easterly jet and a westerly
tradewind in the summer hemisphere, and a west-
erly jet and an easterly tradewind in the winter
hemisphere. The nonlinear baroclinic instability
of the winter westerly produces a Ferrel cell and
the same eddy fluxes as the quasi-geostrophic
QG, element, while the instability of the summer
easterly jet produces a QG-Hadley (QGH) ele-
ment with a unique, vertically bimodal eddy

momentum flux. At high 6, and low 2%, the obli-
que atmospheres reach a limiting state having glo-
bal easterlies, a pole-to-pole Hadley cell, and a
warm winter pole. At low tilts (6, < 10°), the obli-
que circulations have a mix of solstitial and equi-
noctial features. Diurnal heating variations exert
a fundamental influence on the natural-Hadley
(NH) circulations of slowly rotating systems, es-
pecially in the singular range where the zonal
winds approach extinction. The diurnality just
modifies the NH element in the upper singular
range (Y4s<£2* <), but completely transforms
it into a subsolar-antisolar Halley circulation in
the lower singular range (0<*<'is). In the
modified NH flows, the diurnality acts through
the convection to enhance the generation of the
momentum-transferring planetary waves and,
thereby, changes the narrow polar jets of the non-
diurnal states into broad, super-rotating currents.
Circulation theory for these specialized flows re-
mains rudimentary. It does not explain fully how
the double jets and the multiple cells arise in the
axisymmetric atmospheres, how the QGH ele-
ment forms in the oblique atmospheres, or how
waves propagate in the slowly rotating diurnal at-
mospheres. But eventually all theories could, in
principle, be compared against planetary observa-
tion: with Mars testing the QGH elements; Jupi-
ter, the high-range elements; Titan, the equinoc-
tial and solstitial axisymmetric states; and Venus,
the diurnally modified NH flows.

1 Introduction

We continue the presentation, begun in Part I
(Williams 1988), of the circulation set generated
by varying some of the fundamental external pa-
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rameters and internal physical factors that control
the dynamics of a terrestrial global circulation
model (GCM). The solutions are developed for
two purposes: (1) to study basic circulation dy-
namics by altering the scale and mix of the jets,
cells and eddies; and (2) to broaden the perspec-
tive on planetary and terrestrial climates by defi-
ning the dynamical range and the parametric var-
iability of global circulations. In presenting the
solutions, we again explore the hypothesis that
circulation variability is limited to the mix of a
few elementary components that can be under-
stood in terms of standard theories.

In Part I, we derived the basic range of circu-
lations by altering the rotation rate (£2) and,
hence, the Rossby and Froude numbers of moist,
dry and modified-surface GCMs driven by a sym-
metric annual-mean heating. The resulting flows
were described in terms of four elementary com-
ponents, and interpreted in terms of standard
symmetric-Hadley (SH) and quasi-geostrophic
(QG) theories. We found that a natural-Hadley
(NH) element and a tropical quasi-Hadley (QH)
element prevail at low and high Q, respectively,
and that a momentum-traversing (QG,) element
and a momentum-converging (QGy) element oc-
cur in baroclinically unstable midlatitudes at me-
dium and high £, respectively. The scales and in-
teractions of these elements lack a full theoretical
explanation and deviations occur at transitions
and at parameter extremes.

Now, in Part II, we extend the parameter
range into three specialized regions, all unrelated
but all involving some form of latitudinal or lon-
gitudinal asymmetry, by evaluating the influence
of €2 on axisymmetric, oblique, and diurnally
heated GCMs. The three solution sets are ob-
tained for three basic (but diverse) purposes: (1)
to isolate the SH modes of the moist GCM; (2) to
define the dynamics of the tropical easterly jets;
and (3) to examine the transitions undergone by
the NH element as £2—0. The solutions also ex-
amine how the axisymmetric flows differ from the
natural ones when the barotropic and baroclinic
instabilities are suppressed, how the solstitial
flows differ from the equinoctial ones when an
extreme seasonality is allowed, and how the diur-
nal flows differ from the nondiurnal ones at very
low 2. As in Part I — to which the reader is refer-
red for notation and terminology — we assume
that the GCM is valid in these parameter ranges
and that a qualitative comparison between the so-
lutions and the theory is meaningful. We also use
the same standard methods for defining and ana-
lyzing the circulations, although these are clearly
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less useful for the eddy-free axisymmetric states
and the eddy-dominant Halley flows.

We begin in § 2 with the A XISYMMETRIC
set, created by omitting the large-scale longitudi-
nal variations from the basic GCM and by vary-
ing the rotation rate over the main range of inter-
est, from Q2* =4 to 4; where 2* =€/€2; is the ro-
tation rate normalized by the terrestrial value. To
explain the solutions, we turn to the first-order
symmetric-Hadley (SH,) theory of Held and Hou
(1980) — the most successful attempt at defining
the symmetric-Hadley state for Earth’s atmo-
sphere since Lorenz’s (1969) review (see § I-3.1).
This SH, theory allows for latent heating implicit-
ly, by localizing the cell upflow at the equator, but
moisture is not included in the associated numeri-
cal modeling. Our AXISYMMETRIC model, on
the other hand, includes latent heating explicitly,
so we can define the SH modes of moist atmo-
spheres and estimate their contribution to the nat-
ural MOIST circulations.

The AXISYMMETRIC solutions turn out to
have a more complex bearing on the MOIST
states than expected because the thermodynamic
forcing changes greatly — the baroclinicity dou-
bles — when the eddies are suppressed in a model
that determines its own surface temperature (7).
The AXISYMMETRIC solutions are also more
complex than the SH, states because the merid-
ional circulations are more nonlinear when the
free atmosphere is fully inviscid, and when the la-
tent heating amplifies the upflows; the SH, theory
explains only the simplest symmetric states. Axi-
symmetric circulations are generally more sensi-
tive than natural circulations to the subgrid for-
mulations and the surface conditions, so bridging
the gap between the two systems requires a hierar-
chy of models with different parameterizations.

We proceed to the OBLIQUE set in § 3 to ex-
amine the dynamics of the solstitial circulations.
Only the summer flows are really sensitive to the
interhemispheric heating asymmetries and, in the
solstitial limit, they contain a negative baroclinici-
ty, an unstable easterly jet, and an equator-stradd-
ling Hadley cell. To define the main range of sol-
stitial circulations and to isolate their invariants,
we vary the obliquity 6 from 10° to 90° and the
rotation rate 2* from % to 4 for a moist GCM.
The equinoctial or minimal-tilt states, on the
other hand, are adequately described by a GCM
forced by an annual-mean heating, as in Part I.

To understand the OBLIQUE solutions, we
must first define the solstitial-symmetric-Hadley
(SSH) state for the hot-pole limit by modifying
the geometric (equinoctial) SH, theory. Then, to




Williams: The dynamical range of global circulations — II

describe the eddy fluxes produced by the nonli-
near baroclinic instability of the easterly jet in the
summer tropics, we must define a new circulation
component — the QG-Hadley (QGH) element —
whose eddy fluxes and mean flow are governed,
respectively, by quasi-geostrophic and Hadley dy-
namics. The flow in the winter hemisphere, on the
other hand, is described by the standard QG, ele-
ment. Thus, the OBLIQUE circulations contain
some new modes and some old, yielding another
element whose characteristics must be theoreti-
cally understood.

Next, with the DIURNAL set in § 4, we exam-
ine how longitudinal heating asymmetries affect
the dynamics of the low-2* circulations. Diurnal
variations play a fundamental role only in the sin-
gular rotation range, 0<£2* < is, where the mo-
tion of the sun across the planet’s face is low
enough to produce a strongly localized heating.
In this range, the nondiurnal NH elements also
undergo an asymptotic transition — in which the
jet weakens and stops moving poleward — when
the Hadley cell reaches the pole. Such NH ele-
ments are only modified by the diurnality at the
top of the singular range, but are completely
transformed into subsolar-antisolar (Halley) flows
when the rotation rate drops below 2% ='4s. The
diurnal forcing can act either through radiation or
convection and so can influence an atmosphere
directly at upper or lower levels. To see how the
form and location of the forcing affects the flow,
we consider a special HIGH-CLOUD model in
which an opaque cloud adds an upper-level radia-
tive diurnality to the more prevalent low-level
convective component. The DIURNAL states
contribute to circulation theory in the low range
by displaying a different mix of Hadley modes
and planetary waves.

Finally in § 5, we assess the connection be-
tween the circulations of the various GCMs and
the various planets. The planets can test circula-
tion theory in parameter regions not reached by
Earth, while the GCM states can provide prelimi-
nary models for systems not yet well observed.

2 AXISYMMETRIC(£2*) circulations

To isolate the axisymmetric modes of a moist at-
mosphere, we evaluate a special version of the ba-
sic GCM, activating only the smallest and largest
longitudinal wavenumbers of the R42 model:
k; =0 and 42 (see Table I-1 for details). Solutions
for this small-sector model, dubbed AXISYM-
METRIC(2*) even though small longitudinal
variations are allowed, are obtained over Q%=
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2-4 for comparison with the main MOIST circu-
lations. We retain the largest k; to monitor the
flow for shear instabilities and to encourage the
development of pointwise convection at ten longi-
tudinal grid points — six more than necessary for
the spectral transforms. Convection and gravity
waves pervade the AXISYMMETRIC flows and
force the model to use a smaller time step and a
larger time filter. In one case, when Q% =4, the
solar constant must be reduced by 10% to prevent
the surface temperatures from exceeding 320 K
(see § 3 for the reason).

The AXISYMMETRIC2*) atmospheres
evolve from isothermal initial states into statisti-
cally equilibrated, troposphere-stratosphere sys-
tems in much the same way at all 2%, but they
take substantially longer to mature than do the
MOIST((2*) atmospheres: about 250 days com-
pared to 100 days (Table 1). Clearly, the Hadley
processes need more time to develop an axisym-
metric jet than the QG eddies need to create a
natural jet, so the MOIST eddies are unlikely to
sense the AXISYMMETRIC state in midlati-
tudes. The AXISYMMETRIC(4) circulation, like
the MOIST(8) flow, lacks a simple equilibrium
and its global kinetic energy fluctuates by a factor
of 3. This circulation, however, has a high-energy
anomaly, whereas the MOIST(8) flow has a low
one. Thus we define a fypical average using 100
days of data, and a variant average for the 40-day
period that differs most from the prevailing
norm.

Axisymmetric atmospheres can rarely exist
physically, so their models are essentially process,
not prediction, models. Consequently, tuning the
AXISYMMETRIC radiation, PBL and diffusion
parameters to the MOIST(1) values is physically
arbitrary, but useful for comparative purposes.
Furthermore, the axisymmetric flows also lack a
natural horizontal mixing by the planetary waves
and, therefore, have a greater dependence on the
vertical mixing (Held and Hou 1980, hereafter
HH&80). Nevertheless, the influence of the hori-
zontal mixing can be examined with “small-eddy”
models that reduce the sector gradually towards
the axisymmetric limit. But the evaluation of a
hierarchy of axisymmetric (or quasi-symmetric)
models with a variable sector size, PBL formula-
tion, surface state, or moisture content lies
beyond the scope of this study.

We begin the presentation of the AXISYM-
METRIC((2*) solutions by outlining how the
time- and zonally averaged states progress with
£2*, and then follow with a more detailed descrip-
tion and theoretical interpretation.
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Table 1. AXISYMMETRIC circulations: energy, heat and momentum integrals

Momentum

Heat

Energy

Case

Max

vl

Max*

Jul

Max* v'M’ —o'M'

—-o'T’

v/T/d

P:K; Kz:Kg ™

P:K,

K,

Tr

0*

torque

3.8
2.3
3.7
4.2
3.8

72
92

71
44
110

-25
-1

3
—-15

-31

-39
—14
—12
-2
-1

75
-57
—-33
—14

12

753
87
141
40
18

2
2
3
0.3
—0.1

— 788
—776
— 888
—904
-917

5.8
5.6
5.7
44
3.8

248.0*
248.4*
253.6
253.7
253.8

15

21
12
3
2

84
88

558
29
11

7
50

534
—263
132

0.2

740 0.3

1
1
1

113

90
212
491

F _
F 720
F 450
F 495
F 405

4ve

4
2
1
%3

102 ms

10°
kg?m~2s?

10' J m 102 m?s 2
kg~ 's! W m~?

1078 Ks™!

cm

107° W kg ™!

Jkg™!

Days

Units

a Solar constant reduced by 10%; ® Instantaneous value here only; © Max denotes local extreme. Global means given in other columns; ¢ Eddy integrals denoted symbolically;

¢ Variant is high kinetic energy phase of solution at 2*

=4

7; denotes integration period; A denotes integration domain and resolution, see Table 1 of Part I; RAD denotes radiative heating rate
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2.1 The AXISYMMETRIC(Q*) progression (Figs.
1-4)

The AXISYMMETRIC circulations generally
consist of one or two jets and one or two pairs of
cells. The mean zonal flows in Fig. 1 go from a
single broad westerly jet (plus deep equatorial
easterlies) in the £2* midrange to paired jets (plus
shallow easterlies) in the high range. The merid-
ional flows in Fig. 2 have a complex structure and
variability, but essentially consist of primary and
secondary pairs of Hadley and Ferrel cells. The
AXISYMMETRIC(1) system has an even more
complex meridional flow because it lies so close
to the double-jet transition.

All AXISYMMETRIC temperature fields in
Fig. 3 have three parts: a barotropic tropics, a ba-
roclinic midlatitudes, and a radiative-equilibrium
in high latitudes. When * increases, the baro-
tropic zone shrinks and the baroclinicity strength-
ens because the cells become narrower and trans-
fer less heat poleward: the gradient over the cen-
tral zone (=30°-60°) goes from 40 K at Q2*=
1, to 70 K at £2*=4, in 10-K intervals. The main
cell pair lies in the barotropic region and is corre-
lated, in the midrange, with the equatorward half
of the jet and, in the high range, with the tropical
jet. The shear layer between the high-range jets is
barotropically unstable and produces a weak
eddy kinetic energy, as does the moist convection
at the equator (see Fig. 4d).

The AXISYMMETRIC zonal flows resemble
the HH80 numerical solutions in their form and
in the way they progress with the Ekman number
(=ky/fH?. Changes produced by decreasing
in the HH80 study parallel changes produced by
increasing Q* here. But the emergence of the
shear layer separating the two high-range jets is
not explained by the SH; theory because internal,
rather than integral, processes are responsible.
The AXISYMMETRIC meridional flows also dif-
fer from their HH80 theoretical and numerical
counterparts, presumably because the GCM is
completely moist and completely inviscid above
the PBL, and hence more nonlinear. The cells in
Fig. 2, and the heat and momentum balances in
Figs. 5 and 7, all show that a higher-order mode
exists for the meridional circulation: the main cell
pair has half the width predicted by the SH; the-
ory, suggesting that the second harmonic prevails
in these more nonlinear states.

The latent heating contributes to the nonli-
nearity by intensifying the cells. The SH, theory
does not allow for such circulation-dependent
heating and, therefore, cannot explain the AXI-
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SYMMETRIC cells and their complex correla-
tion with the zonal flow and temperature. Para-
doxically, the SH; mode is better realized in the
MOIST NH and QH elements than in the AXI-
SYMMETRIC states — because the horizontal
wave mixing reduces the meridional nonlinearity
of the natural flows. Although the AXISYM-
METRIC states are more complex and more non-
linear, some SH, features are discernible: a mom-
entum wind and a Hadley cell in the lowest lati-
tudes, and a radiative thermal wind in the highest
latitudes. But the scale of the cells, the strength of
the Ferrel cell, and the dynamics of the jet-separa-
tion zone remain unexplained.

To compound the problem, the AXISYM-
METRIC circulations are also too idiosyncratic to
be a good guide to the dynamics of the MOIST
mean flows: their jets and baroclinicity are just
too strong when the heat transport is so reduced,
and their cells are too dependent on factors that
vanish when longitudinal variations are allowed.
Consequently, the behavior of the baroclinically
unstable eddies in a MOIST midrange flow is bet-
ter revealed by a comparison with a stable low-
range flow than with an AXISYMMETRIC flow:
the changes produced by varying the rotation rate
are less than those produced by suppressing the
longitudinal dependence. In the high range, how-
ever, the MOIST mean flows can only be usefully
compared with their AXISYMMETRIC counter-
parts. Such a comparison reveals similarities in
the low latitudes but large differences in the mid-
latitudes. In general, comparing the natural and
axisymmetric flows is meaningful only when the
drag is strong enough to limit the barotropic cas-
cade — see § I-6.

The AXISYMMETRIC process model re-
mains useful, despite the complexity of its circula-
tions, because it describes an intrinsic GCM
mode and because it defines the limits of the SH,
theory. The AXISYMMETRIC solutions repre-
sent the complex end of a hierarchy of SH states
and suggest that the elements defined in Part I are
first-order items at best.

2.2 The AXISYMMETRIC(Q*) basic fields

Zonal flow. Looking at the midrange solutions in
detail, we see from Fig. 1c, d that the jets, like the
temperature fields, consist of three parts: a mom-
entum wind u,, in the barotropic tropics, a baro-
clinic wind in the midlatitudes, and a radiative
thermal wind ug in the high latitudes. The zonal
flow matches u,, over the Hadley cell, but drops
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to uy,/2 at the jet peak because of the detrainment
and friction in the Ferrel cell. (Note that
afp =465 ms ') The midrange zonal flows, with
their broad westerly jets and deep equatorial east-
erlies, closely resemble the HH80 solutions for a
moderate dissipation (or Ekman number). These
jets are almost twice as strong as their MOIST
counterparts, and would obviously be reduced by
the natural shear instabilities.

In the high range, the zonal flow splits into a
tropical jet and a midlatitude jet (Fig. la, b).
These jets separate most completely at 2%*=2,
connecting only in the stratosphere. The AXI-
SYMMETRIC(4) jets, however, separate less and
resemble the HH80 solutions for a low dissipa-
tion. The sharp transitions that occur for the AX-
ISYMMETRIC and MOIST systems between
Q*=1 and 2 are related, and confirm the impor-
tance of the Hadley modes in the natural circula-
tions. But in midlatitudes the two systems differ
completely: the AXISYMMETRIC flows are ba-
rotropically unstable in the separation zone — see
K in Fig. 4d and {K,: K} in Table 1 — and baro-
clinically unstable in midlatitudes, whereas the
MOIST flows are only baroclinically unstable.
Clearly, the AXISYMMETRIC flows do not pro-
vide the basic state for the baroclinic instability.
In low latitudes, however, the high-range AXI-
SYMMETRIC and MOIST states have a closer
connection, in that the AXISYMMETRIC tropi-
cal jet and easterly tradewinds closely resemble
the mean zonal flow of the QH element in scale
and strength, especially when the MOIST eddies
are small, as at 2*=4. But only the equatorward
half of the tropical jet relates to u,,; the other half
depends on the higher-order effects associated
with the Ferrel cell and the separation zone (Fig.
1a).

Meridional flow. According to the SH, theory, the
meridional circulations should consist of a Had-
ley cell that extends from the equator to the jet
core to form the momentum wind aloft, and of a
weak Ferrel cell that lies beneath the jet core. Al-
though the AXISYMMETRIC meridional flows
are more complex than this, they do agree with
the SH; theory in the lowest and highest latitudes
— but not in between — and are strongly corre-
lated with the zonal flows and temperatures. The
implications of the AXISYMMETRIC solutions
for the SH, theory are simpler than their bearing
on MOIST circulations: they tell us that the the-
ory provides. only a first-order description and is
limited to minimally nonlinear states.

The AXISYMMETRIC Hadley cell deviates
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Fig. 1. Meridional distribution of the mean zonal wind for the AXISYMMETRIC model with £2*='4-4. Units: ms '
Fig. 2. Meridional distribution of the mean stream function for the AXISYMMETRIC model with £*=4-4. Units: 10" g s !

from the SH; theory in two significant ways: it is
vertically asymmetric (with a strong recirculation
aloft) and it extends to the jet core only for the
high-range tropical flow (Fig. 2). The HH80 nu-
merical solutions display a similar vertical asym-
metry in flows with a low dissipation. The AXI-
SYMMETRIC Ferrel cell is exceptionally strong
because of the nonlinearity allowed by the moist
inviscid atmosphere. This frictionally driven cell
lies in the barotropic region and, in the high
range, it interacts with the strong shear of the jet
separation zone.

Elsewhere, the secondary cell pair occupy the
baroclinic zone and try to make it less baroclinic,
just as the primary cells make their barotropic

zone more barotropic. The secondary Ferrel cell is
detached from the surface and linked to the inter-
nal heat sink provided by the strong radiative
cooling (Fig. 6a), in contrast to the PBL-bound,
frictionally driven main Ferrel cell. Exceptions
occur at 2* =1, where the secondary Hadley cell
is weak and the Ferrel cells merge, and at 2% =4,
where the secondary Ferrel cell vanishes. Elias-
sen’s (1951) theory describes the cell maintenance
in terms of the existing heat and momentum
sources and sinks, but it does not explain the cell
genesis and scale selection. The values of the con-
version term {P: K} in Table 1 show that the main
Hadley cell dominates at £2*="', and 2, that the
main Ferrel cell prevails in the transitional state at
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Fig. 3. Meridional distribution of the mean temperature for the AXISYMMETRIC model with 2% ="5-4. Units: K
Fig. 4. Meridional distribution of the mean zonal wind, temperature, stream function, eddy kinetic energy for the AXISYMMET-
RIC model with £2* =4, during the variant phase. Units: ms ~', K, 10"* gs ', 10" J kg '

0*=1, and that the major cells are comparable at
*=4. The main Ferrel cell is always strong, em-
phasizing just how important the higher-order
meridional mode is for the moist inviscid atmo-
sphere.

2.3 The AXISYMMETRIC(4) variant circulation
(Fig. 4)

In its high-energy variant phase, the AXISYM-
METRIC(4) circulation in Fig. 4 has most of its
extra energy located in the tropical jet, which in-
creases from 40 ms~' to 70 ms~' in amplitude,
while being displaced 5° poleward by the deeper

equatorial easterlies. With the development of the
intervening easterlies, the two jets separate as
completely as in the AXISYMMETRIC(2) case.
The midlatitude jet remains essentially unaltered,
however, and maintains a thermal wind balance
poleward of its core at §=40°. Related changes
occur for the meridional flow in the tropics and
the separation zone: the main Hadley cell widens
below and weakens aloft; the main Ferrel cell be-
comes stronger but slimmer; and the secondary
cells strengthen in the baroclinic zone (Fig. 4c).
According to the conversion term {P: K} in Table
1, the Hadley cell really dominates in this circula-
tion. Changes in the temperature field are limited
to the tropical jet, where a second baroclinic front
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forms in association with the stronger vertical
shear and Hadley cell. The eddy kinetic energy
produced by the shear instability and by the equa-
torial convection also increases in the AXISYM-
METRIC(4) variant state (Fig. 4d).

- We do not know why the AXISYMMET-
RIC(4) system fails to equilibrate simply, or why
the variant state has this particular form. We can
but repeat the argument made for the MOIST(8)
variant state in § 1-4.5: that the meridional circu-
lation becomes more nonlinear, through terms
such as V - (vv), when 2% increases and confines
the Hadley cell to the equatorial region. The ef-
fect occurs at Q2* =4, rather than at ©*=8, be-
cause the AXISYMMETRIC circulations are gen-
erally more nonlinear than their MOIST counter-
parts. We expect deviations from the SH, theory
to originate near the equator, and they do: only
the tropical flow fails to equilibrate simply. No
symmetric instabilities are apparent in this or any
other AXISYMMETRIC circulation, being elimi-
nated by the strong static stability set up by the
moist convection.

2.4 The budgets and balances (Table 1, Figs. 5-7)

The global temperatures in Table 1 again all ap-
proach Earth’s effective temperature despite ma-
jor changes in the heat balance. According to the
AXISYMMETRIC(1) case in Fig. 5, the advec-
tion and convection dominate the heat balance
and generally match each other at rates that ex-
ceed the radiative cooling by a factor of 3 at all
latitudes. Such intense dynamical exchanges oc-
cur only near the equator in the MOIST circula-
tions. The meridional circulation is clearly not
driven by a radiative-convective temperature
field: the cells and the convection are too strongly
coupled to be described by the SH; theory. Fur-
thermore, the advection and convection extend to
the pole, even though the atmosphere is in a ra-
diative equilibrium in high latitudes (Fig. 6a).
This shows that the high-order modes, unlike the
SH, modes, penetrate beyond their source region.
The radiation may still, however, determine the
gross zonal flow and temperature, given that the
advection and convection tend to compensate
each other locally. In transporting the heat pole-
ward, the AXISYMMETRIC(1) Hadley cell heats
its central region and cools its edges; the Ferrel
cell does the opposite.

According to the AXISYMMETRIC(1) mom-
entum balance in Fig. 7, the cells alter the zonal
flow significantly, despite the weakness of the sur-
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face momentum source, and help give the jet its
three-part structure. The surface torques become
strong when easterly tradewinds develop in the
high range (Table 1). To produce such trade-
winds, an atmosphere needs only a strong equa-
torward flow in the tropical PBL. This can be
eddy induced, as in the MOIST unstable ranges,
or diabatically driven, as in the AXISYMMET-
RIC high range and the OBLIQUE system. The
subgrid mixing balances the residual of the mom-
entum advection and the surface torque.

3 OBLIQUE@#2*,0,) circulations

To isolate the solstitial flow elements and to ex-
plore the parametric variability of oblique moist
atmospheres, we evaluate a GCM with tilts rang-
ing up to the 90° limit. Although the model is too
idealized for climate studies, the OBLIQUE solu-
tions indicate what seasonal extremes would oc-
cur, and what states Earth’s atmosphere tends to-
ward, in the absence of the restraint provided by
the oceanic heat storage. The solutions also indi-
cate how Mars’ circulation might change as its
obliquity varies from 15° to 35° over the millenia
(see § 5.2).

The OBLIQUE model is based on the moist
GCM described in § I-2. The solar insolation at
the top of the atmosphere is still specified as a
function of latitude, but is now based on a zenith
angle that depends on a solar declination angle
set permanently at the solstitial value 8p. The ra-
diation calculations then use the predicted water-
vapor distribution and the annual-mean values (at
0*=1) of the carbon dioxide (a constant), the
ozone (a function of latitude and height), and the
cloud properties (in three layers). No problems
occur in the frigid unlit winter hemispheres,
where the radiative exchanges are due mainly to
the carbon dioxide and a small amount of water
vapor, but the accuracy is reduced in tropospheric
regions cooler than 200 K because not all carbon-
dioxide lines are represented at such tempera-
tures. These limitations have no dynamical signif-
icance, but the OBLIQUE circulations are, like
the MOIST flows, relatively forced by radiative
exchanges that are partially tuned towards the an-
nual-mean state at Q2*=1.

The OBLIQUE(2*,0;) set covers low, me-
dium and high tilts by setting 8p=10°, 25° and
90°, and ranges over medium and high rotation
rates by setting 2*=1, 1, 2 and 4; see Table 2.
The solutions for = 10° and 25° represent states
in which the maximum surface temperature (7)
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HEAT BALANCE: AXISYMMETRIC (Q*=1)

T T T T ~T
mC.

5
4
3
2

(105K sec)

90° 75 60" 45 30° 157 [
LATITUDE
Fig. 5. Latitudinal distribution of the contributions to the
mean rate of temperature change by the meridional circulation
(M.C.), the eddies (EDDY), the radiation (RAD), the subgrid
processes (S.G.) in the AXISYMMETRIC model with Q*=1.
Units: 107> K s~!

occurs in midlatitudes and high latitudes, respec-
tively. The state with 8,=25° is also typical of
many planets (Williams 1985, Table 4). In the sol-
stitial limit at 8p=90°, the sun shines directly and
continuously over the pole and produces the peak
T, there. In such extreme cases, the area of maxi-
mum heating is much smaller than at equinox, so
the surface becomes very hot and produces mois-
ture amounts that cannot be handled by the
standard GCM radiation code. Consequently, to

53

ANGULAR MOMENTUM BALANCE: AXISYMMETRIC (Q*=1)
150 T T T T T

100} B

(m?52)

-100} Vo 4

-150 . I 1 I
90° 75° 60° 45° 30° 15° 0

LATITUDE

Fig. 7. Latitudinal distribution of the contributions to the
mean rate of angular-momentum change by the meridional
circulation (M.C.), the eddies (EDDY), the surface torque
(S.T.), the subgrid diffusion (S.G.) in the AXISYMMETRIC
model with 2*=1. Units: m? s 2

keep temperatures below the critical 320-K level,
the solar constant is reduced to % and ' its nor-
mal value when 6,=25° and 90°, respectively. On
the other hand, during equinox (8,=0°) the sur-
face temperature peaks at or near the equator, a

TEMPERATURE CHANGE BY RADIATION

(a)  AXISYMMETRIC (9*=1)

B s a=

2054

PRESSURE (mb)
W
b

() DIURNAL (@*=)4,, HIGH CLOUD, DIURNAL)

90° 75°

z : s ] . SRS I i
90° 75¢° 60° 45° 30° 15¢ 0°

(d) OBLIQUE (*=)4,6,=90°)

PRESSURE (mb)

LATITUDE

0 60°
LATITUDE

Fig. 6. Meridional distribution of the mean rate of temperature change due to radiation, for representative cases from various sets.

Units: 107> K s !
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state that is reasonably represented by the MOIST
solutions of § I-4.

For computational economy, an R15 resolu-
tion and a 120° crescent domain are used for the
integrations (see Table I-1). Although this resolu-
tion cannot describe the small high-range eddies
accurately, the solutions do give an adequate indi-
cation of the various flows — as is verified by an
R42 calculation for the OBLIQUE(4,90°) case. In
the presentation, we group the solutions by their
obliquity, because 6, has a greater influence than
£* on the circulation variability in the solstitial
regime. But first we must discuss theories for the
solstitial Hadley state and the unstable easterly
jet.

3.1 Solstitial circulation dynamics

Allowing heating asymmetries about the equator
introduces new dynamical modes. These modes
can be interpreted in terms of standard Hadley
and quasi-geostrophic theories if we first define
the solstitial-symmetric-Hadley (SSH) state, with
its summer easterly and winter westerly jets, and
if we then define the QG-Hadley and QG, ele-
ments that describe the natural forms of these
jets.
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The solstitial-symmetric-Hadley (SSH) circulation
(Fig. 8). In Part 1, we briefly described the HH80
theory for the symmetric-Hadley circulations
driven by a heating that peaks, and is symmetric
about, the equator. Such equinoctial flows con-
tain a momentum wind u,, and a Hadley cell in
lower latitudes, and a radiative-equilibrium ther-
mal wind ug in higher latitudes. The cell extends
from the equator to the latitude 8y where the two
winds meet to form a jet. This first-order SH; the-
ory is useful for understanding the NH and QH
elements that arise in the MOIST and DRY solu-
tions, but it has limitations, as the AXISYMMET-
RIC solutions in § 2 show. To help describe and
explain the OBLIQUE solutions, we now modify
the HH80 geometric argument to define the axi-
symmetric circulations driven by a solstitial heat-
ing having a strong asymmetry about the equa-
tor.

The SSH mode is best defined for the limiting
solstitial state in which the heating is strongest at
the summer (north) pole and weakest at the winter
pole. Systems with a moderate seasonal variation
then lie between the equinoctial (SH) and solsti-
tial (SSH) limiting states. The OBLIQUE solu-
tions show that the SH, state exists for atmo-
spheres with only a weak heating asymmetry,
whereas the SSH state prevails over a wide range

SOLSTITIAL SYMMETRIC CIRCULATION

E

p

z

=
0

z

O

9 ug

s

p

9 SUMMER WINTER
N. Pole Equator S. Pole

LATITUDE

Fig. 8. Schematic illustration of the interplay between the thermal winds u3 and u}! of the summer and winter hemispheres and
the momentum-conserving wind u,, in axisymmetric circulations during solstice. Shading indicates resulting zonal wind
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of obliquities (for 6,>10°). The simplicity of the
solstitial limit makes it easy to modify the geomet-
ric argument, but no rigorous theory is develop-
ed.

To represent the pole-to-pole baroclinicity, we
write the vertically averaged radiative tempera-
ture in the HH80 form

T, 2 .
Ti: 1— gA,,Pz(sm 0) 1)

where T, is the hemispheric mean temperature,
Ay the nondimensional hemispheric baroclinicity,
and P,(y)=(3y*>—1)/2 the second Legendre poly-
nomial. For plotting the temperature profile in
Fig. 8, we set A}y = 3|A%l, where the summer ba-
roclinicity A%, is negative and the winter baroclin-
icity A} is positive. This temperature field pro-
duces an easterly thermal wind u§ = —aQR% cos 0
at the summer tropopause and a westerly ther-
mal wind u} =aQRY cos 6 at the winter tropo-
pause; where RE=gHI|A}l/(a2)*> and RY =
gHAY /(af2)? are the hemispheric Rossby num-
bers for a Boussinesq atmosphere of depth H.

The summer thermal wind, being easterly,
does not violate the constraint that the angular
momentum not exceed a’2 — see HH80 for de-
tails. If such thermal winds occurred in both hem-
ispheres, they would represent the simplest solu-
tion to the full equations. But this requires that
both poles be hotter than the equator — an un-
likely configuration. The winter thermal wind, on
the other hand, cannot be valid in low latitudes
because it does violate the angular-momentum
constraint in that region. Consequently, a momen-
tum wind must exist in the winter tropics to elim-
inate the discontinuity between the two thermal
winds, and to replace the invalid ug wind in the
winter tropics. Given that a u# wind can exist as
a first approximation, it seems reasonable to as-
sume that its equatorial value provides the bound-
ary value for the momentum wind. The shaded re-
gion in Fig. 8 depicts the net zonal flow that forms
from the interplay of the three winds. The mom-
entum wind wuy,=af2(sin’f— R})/cos § extends
from the equator to the latitude where it intersects
the u} wind, to 8".

The vertical shear created between the mom-
entum and surface winds produces, through the
thermal wind balance, a dynamic temperature Tp
that increases more slowly northward than Ty in
Fig. 8. The Hadley cell associated with T, con-
serves heat by warming the winter tropics and
cooling the summer tropics, in such a way that the
shaded areas between T and T, cancel. The cell
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extends from 6° to 6%, where 6% ~10"|~(R%)"?,
and so has nearly the same latitudinal range as
the SH, cell pair. It produces westerly and east-
erly tradewinds in the summer and winter tropics,
respectively.

Thus the summer thermal wind u3 drives the
winter momentum wind u,, that bounds the
winter thermal wind u}, while inducing a dy-
namic temperature Tp and a Hadley cell that
transports heat southward. The u% wind then re-
sponds to the T, field by moving its peak from
the equator, thereby altering the value that initial-
izes the u,, wind and changing the temperature
and cell, and so on until equilibration. In this
view, the summer hemisphere is clearly in charge
of the circulation, as might be expected from its
being the energy source. The extreme case in
which the winter hemisphere is completely unlit,
so that A} and u) vanish, occurs as a natural
limit of the theory.

This SSH theory differs fundamentally from
the SH, theory in the way the momentum wind is
initialized. In the SH, case, the momentum wind
is set to zero at the latitude where the cell upflow
communicates the value of the surface momen-
tum to the atmosphere. But in the SSH case the
cell upflow occurs in the w3 wind, so the momen-
tum wind cannot be initialized by surface values.
Given these differences in the geometric argu-
ment, the SSH ideas remain tentative.

The QG-Hadley (QGH) circulation element. The
OBLIQUE mean flows resemble the axisymmetric
flows described by the SSH theory, and consist of
a cross-equatorial Hadley cell and four solstitial
winds: an easterly jet and a westerly tradewind in
the summer hemisphere, and a westerly jet and an
easterly tradewind in the winter hemisphere (see
Fig. 10g). The easterly jet switches from a thermal
wind to a momentum wind as it extends across
the equator into the winter tropics, where it then
merges with the easterly tradewinds. To define the
dynamics of the unstable easterly jet, we isolate
the invariant features of the OBLIQUE states and
form the idealized QG-Hadley (QGH) element in
Fig. 9 whose mean flow is governed mainly by
Hadley processes, and whose eddies are governed
mainly by quasi-geostrophic dynamics.

The QGH eddies in Fig. 9 produce a down-
gradient (equatorward) heat flux at low levels, re-
lease potential energy at midlevels ({P:Kg}>0),
and reduce the zonal flow aloft {K,:Kg}>0), all
in the manner expected of an easterly instability.
Note that the negative baroclinicity reverses the
sign of the correlation between the latitudinal and
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vertical fluxes, in agreement with the quasi-geos-
trophic wave relation w/v=—z0,/60, (Gill 1982,
§ 13.2). On the other hand, the vertically bimodal
eddy momentum fluxes — convergent aloft and
northward-traversing below — are unique to the
QGH element, but their cause remains uncertain.

Only the cause of the eddy momentum trans-
port (v’M’) in the winter tropics is clear: the north-
ward flux arises from waves dispersing south
from the easterly instability and north from the
westerly instability. The winter westerly otherwise
behaves like a QG, element, with its eddies trans-
porting momentum toward the south pole — see
§ 1-3.2. But in the summer hemisphere the trans-
ports in the tropics cannot be so accurately re-
lated to the waves and instabilities because no
eddy cycle has been evaluated for an easterly jet
that co-exists with a Hadley cell. Nevertheless, the
upper-level fluxes do appear to be consistent with
the action of an internal instability, and the lower-
level flux appears to be consistent with a south-
ward wave dispersion, according to the following
linear theories.

Consider first the momentum fluxes produced
by linear internal instabilities in a two-layer fluid.
At the quasi-geostrophic, f-plane order, they are
described by the expression

[('M")+ ("M,
A2 A2
_ Ec,»[lt{ll I |q_2| ] e2kat (2)
2 qiy 9>y

for baroclinic waves of the form ¢ exp[ik(x — cf)]—
see Held (1975) for details. For an internal insta-
bility to occur, the potential vorticity gradient g,
must change sign somewhere. In westerly jets, we
have ¢;,>0 everywhere aloft but 4,,<0 in the
center below, leading to a net flux of westerly
momentum into the low-level flow. In easterly
jets, we have g,, >0 everywhere below (because u,
is weak) but g;,<0 in the center aloft (because
both shears oppose f), leading to a flux into the
jet core (cf. Pfister 1985). Thus linear internal in-
stabilities converge momentum into both westerly
and easterly jets — but at different heights — to
boost the former and reduce the latter. The QGH
element can be regarded as having such a con-
verging flux aloft if the cross-equatorial compo-
nent is included. The lower-level flux, however,

Fig. 9. Schematic summary of the quasi-geostrophic-Hadley circulation ele-
ment that occurs in low summer latitudes during solstice (8> 10°) for the
0* mid and high ranges. See Fig. I-1 for notation
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cannot arise directly from a linear internal insta-
bility. Both westerly and easterly instabilities in-
duce a meridional circulation that has an indirect
cell at the center and direct cells at the edges
(Phillips 1954), but such flows would be sub-
merged by the Hadley cell in the QGH element.

Consider next the momentum fluxes produced
by linear surface instabilities in a continuous
fluid. At the quasi-geostrophic, S-plane order,
they are described by the expression

7 "1g1°
(UM)y=kCi J‘"_?dZ
0 qy
VA2
i P

where the double bar denotes averaging over lon-
gitude and height. From the second term on the
right, we see that an easterly shear produces a
northward flux near the surface and a southward
flux near the tropopause. Although the QGH
fluxes do have such a vertically bimodal form in
the subtropics, their latitudinal variation can be
explained only by including the internal g, factor.
The Hadley cell complicates the instability and its
fluxes by reversing the vertical shear near the sur-
face.

Planetary wave dispersion, however, is known
to be more important than the instability in shap-
ing the momentum fluxes of the QG, westerlies,
and the eddy geopotential fluxes in Fig. 17b and d
show that waves are also active in the QGH ele-
ment, propagating energy southward across the
equator near the surface and in the stratosphere.
Such waves tend to produce a northward momen-
tum flux, so could account for all of the lower-
level flux and for modifications to the upper-level
fluxes. Theory tells us that linear waves can prop-
agate in easterly currents with a negative g,, ac-
cording to the refractive index m’>= N>f; *[g,(u-
—¢)~'—=(k*+ %), and in regions where the Had-
ley cell has a poleward flow (aloft in the winter
tropics, below in the summer tropics), according
to Schneider and Watterson (1984). Consequently,
the planetary waves can easily contribute to the
QGH fluxes.

Thus, we tentatively conclude that the upper-
level converging fluxes in the QGH element are
due primarily to an internal instability (with some
modification by the southward-dispersing waves),
and that the lower-level northward flux is due pri-
marily to southward-dispersing waves (with some
modification by a surface instability). The ideal-
ized QGH momentum flux is best seen in those

61

OBLIQUE solutions where the easterly and west-
erly jets have comparable instabilities and waves,
at @p=25° (Fig. 16g). Otherwise, the flux in the
winter tropics is driven mainly by waves emanat-
ing from the westerly instability when 6p,=10°,
and from the easterly instability when 6,=90°.
The OBLIQUE fluxes vary substantially with the
parameters, with changes being attributable to
variations in ¢, and u,.

3.2 The OBLIQUE(Q*, 0p) solutions

Having defined the solstitial elements, we can
now describe the basic character and the parame-
tric variability of the OBLIQUE mean fields and
eddy fluxes.

The mean fields (Figs. 10-12). Solstitial circula-
tions, as represented by the OBLIQUE(1,25°) so-
lution in Figs. 10g-12g, are made up of four zonal
winds and two meridional cells: an easterly QGH
jet in the summer hemisphere and winter tropics,
a westerly QG, jet in the winter midlatitudes,
easterly and westerly tradewinds in the winter and
summer tropics, an equator-straddling Hadley
cell, and a Ferrel cell in the winter midlatitudes.
The Hadley cell extends more into the winter
hemisphere than the summer hemisphere and as-
sociates with the easterly jet, the equatorward half
of the westerly jet, and the two tradewinds — as
in the SSH theory. The eddy-induced Ferrel cell
lies at the core of the westerly jet — as in the QG,
theory. The temperature field has a pole-to-pole
gradient, with a moderate negative summer baro-
clinicity and a strong winter baroclinicity, as well
as a strong inversion and a vanishing tropopause
toward the winter pole.

Solstitial circulations occur when the planet
has a medium or high tilt (8,>25°). When it has
a low tilt (8p=10°), the circulations have a mix of
solstitial and equinoctial features in the summer
hemisphere: a tropical easterly jet and a midlati-
tude westerly jet (Figs. 10c-12c¢). Multiple jets,
such as occur in the MOIST high range, arise only
when the tilt is low and the rotation high; but they
are weak in Fig. 10a, b because of the low resolu-
tion.

The parameters 6, and £* control the scale
but not the form of the solstitial states. The east-
erly jet and the Hadley cell in Figs. 10 and 11
widen as 6p increases (because the baroclinicity
intensifies) and narrow as £* increases, in keep-
ing with the theoretical relation 8, ~ R>. The
amplitude of the easterly jet, however, varies only
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weakly with 2* because of compensating changes
in the baroclinicity. Meanwhile in the winter hem-
isphere, the westerly jet and the Ferrel cell have
widths and amplitudes that depend mainly on 0*
through the eddy-scale Lg, when sufficient space
exists for their full development. All jets move
equatorward as £2* increases. The Hadley cell is
moist and sharp for low tilts, but dry and diffuse
for medium and high tilts.

The temperature field, of course, depends
mainly on 6p, with the summer baroclinicity be-
coming stronger and the winter inversion becom-
ing hemispheric as the obliquity increases (Fig.
12). When the sun lies right over the north pole,
the summer hemisphere develops an intense ne-
gative baroclinicity (AT,~ —130K), and the
winter hemisphere develops a powerful inversion
centered on a midtropospheric warm (220 K) hole
(cf. Hunt 1982). The inversion arises from adia-
batic heating in the Hadley cell’s downflow, and
moves equatorward as the cell narrows with in-
creasing £2*. The tropopause forms only in the
summer hemisphere.

An exceptional solstitial state, in which the
easterly jet becomes global and the Hadley cell
extends from pole to pole, occurs for the OBLI-
QUE('2,90°) configuration (Figs. 101-111). In this
case, the inversion places its warm hole right at
the winter pole, making it 40 K warmer than the
summer pole aloft (Fig. 121). The creation of the
warm winter pole provides a powerful demonstra-
tion of the role of dynamics in shaping the tem-
perature distribution.

The dynamics of the OBLIQUE('%,90°) jet
differs from one hemisphere to the other: the east-
erly jet has a thermal-wind balance in the summer
hemisphere but a momentum-wind balance in the
winter hemisphere. Consequently, baroclinic in-
stability occurs only in the summer hemisphere,
and wave dispersion occurs only in the winter
hemisphere. The easterly jet peaks right at the
equator with a value (—207 ms~') that may be
close to the maximum possible in this system.
(Note that a€2=230 ms~' and Rg=1 in this
case.) Near the surface, each tradewind extends
over a hemisphere, so global transports are
needed to balance the torques. The global cell has
a tight moist upflow over #=(60°-90°)N and a
broad dry descent over §=(30°-90°)S (Fig. 111).

At medium tilts, changes in the amplitudes of
the instabilities cause a summer Ferrel cell to
emerge in the OBLIQUE('%,25°) case, and the
winter Ferrel cell to disappear in the OBLI-
QUE(4,25°) case (Fig. 11h,e). The OBLIQUE(1,25°)
Hadley cell rises near 25°N and descends near

Williams: The dynamical range of global circulations — II

35°S, and is clearly unrelated to the thermal
“equator” — which now lies at the summer pole.
In these cases, the baroclinicity is strong in both
hemispheres: AT, goes from —35 K in summer to
90 K in winter.

At low tilts, the OBLIQUE((2*,10°) surface
temperatures peak further from the equator than
Earth’s atmosphere does during its summer sol-
stice — because the GCM lacks an ocean heat
storage to reduce the seasonal variation. Earth, in
fact, corresponds to a GCM with an obliquity ly-
ing between 5° and 10°. (Note, however, that even
when there is almost no radiative gradient in
Earth’s summer hemisphere, motions can be
driven by the temperature gradients built up in
the ocean over a succession of winters.) The
OBLIQUE(1,10°) atmosphere has a low summer
baroclinicity (AT, ~ 5 K), a strong winter baroclin-
icity (AT, ~ 80 K), and zonal and meridional flows
that closely resemble Earth’s in January or July
(Manabe and Mahlman 1976, Fig. 4.1). The solsti-
tial tradewinds are strong (10 ms ~') and closely
related to the diabatically driven Hadley cell, in
contrast to the MOIST set where the tradewinds
are produced by eddy-induced contributions to
the meridional circulation. The westerly trade-
winds, however, barely arise on Earth but are
clearly present on Mars (Leovy 1985, Fig. 2).

The eddy fields (Figs. 13-17). The strongest kinetic
energies produced by the solstitial eddies occur in
the cores of the easterly and westerly jets, in asso-
ciation with the baroclinic instabilities (Fig. 13).
The peak energy generally occurs in the westerly
jet but switches to the easterly jet when that flow
becomes predominant at #p=90°. The easterly
tradewinds have the weakest eddies. The moist
convection is confined to the summer high lati-
tudes and contributes little to the generation of
the eddy energy. In the exceptional OBLIQUE
(2,90°) case in Fig. 131, the eddies arise in the
unstable summer easterly and propagate aloft into
the stable winter easterly, according to the eddy
geopotential flux (v'®’).

The strong southward heat fluxes in the east-
erly and westerly jets in Fig. 14 are typical of ba-
roclinic instabilities having a strong surface shear;
while the weak northward fluxes in the upper-
level tropics are typical of propagating planetary
waves. The vertical heat fluxes in Fig. 15 show
that all instabilities are located in the jet cores,
with those in the westerly extending to the top of
the atmosphere because no tropopause exists in
the winter hemisphere. In the high-tilt systems,
the heat fluxes fill most of the summer hemis-
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Fig. 17. Meridional distribution of the mean vertical angular-momentum transport, vertical geopotential transport, baroclinic
energy conversion, and northward geopotential transport — all by the eddies in the OBLIQUE model with 2*=1, §,=25°. Units:

10°kgs=2 10" Wm~2 10~*Wkg~', 102 Jmkg~'s~"

phere because the easterly instability is so strong;
whereas in the exceptional OBLIQUE(Y2,90°)
case, the winter heat flux vanishes because the
winter easterly is so stable. On the other hand, the
low-tilt flows have extra heat fluxes that show the
summer westerly as having an internal form of in-
stability.

The eddy momentum fluxes for the easterly
jets, in Figs. 16, 17a, are all close to the idealized,
vertically bimodal QGH form. Aloft, the eddies
transport momentum southward and upward
across the unstable uy part of the jet and north-
ward across the stable u,, part. The latter flux is
consistent with the northward heat transport and
the southward wave progagation — as the eddy
geopotential fluxes in Fig. 17b and d confirm. The
winter westerly, on the other hand, has a pole-
ward-traversing flux and the same QG, character
as the DRY midrange jets. The QG, westerly does
not change into multiple QG jets as £2* increases
because it remains wide and retains a f variation
that encourages an asymmetric, equatorward
wave dispersion. The eddies thus support all west-
erlies and reduce all easterlies, as in Fig. 17c.

Although the v’M’ fluxes generally change lit-
tle in form as 6, and Q2% vary, the following varia-
tions in Fig. 16 are notable: (1) in the hybrid
OBLIQUE(2*,10°) states, the additional summer
westerly has a QG, flux; (2) in the OBLI-

QUE(0*,25°) flows with ©2*>1, the additional
equatorward flux in the summer midlatitudes
helps converge momentum onto the westerly trad-
ewind; (3) in the OBLIQUE('2,25°) westerly, the
flux is weak because the instability is relatively
shallow (as is the Ferrel cell); (4) in the OBLI-
QUE(*,90°) flows with Q2*>1, the easterly’s
low-level flux dominates; and (5) in the excep-
tional OBLIQUE('%,90°) case, the fluxes are
uniquely equatorward in both hemispheres, with
the deep summer flux and the confined winter
flux reducing the easterly flow and reflecting the

_ OBLIQUE (2*=4,6,=90°)
° =

LATITUDE

-30°+

60°
LONGITUDE

120°

Fig. 18. Latitude-longitude distribution of the instantaneous
vertical pressure velocity at 515 mb in the OBLIQUE model
with 2*=4 and 6,=90°. This illustrates a special form of ba-
roclinic instability in the easterly jet. Units: 102 mbs~!
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baroclinic instability and the wave propagation,
respectively.

A synoptic anomaly. The exceptional form of dis-
turbance shown in Fig. 18 occurs in the OBLI-
QUE(4,90°) summer hemisphere, between lati-
tudes 0° and 30°N, during a high-resolution ex-
tension of the basic solution. The disturbance
peaks in the Hadley cell’s upflow, lasts for 30
days, and takes the form of diagonal bands of ver-
tical motion. The bands have a longitudinal wave-
number of 30 and are well resolved by the R42
model, but are excluded by the R15 model. The
disturbance has an environment whose surface
temperatures go from 150 K at the equator, to
270 K at 30°N — to produce an intense baroclin-
icity, but little moisture — and whose easterly jet
goes from — 50 ms ' at the equator, to —10 ms ™'
at 30°N — to give strong vertical and lateral

Williams: The dynamical range of global circulations — II

shears. We believe the disturbance is caused by a
baroclinic instability that is differentially ad-
vected by the easterly jet. The Rossby radius and
the jet width determine the scale and extent of the
bands.

The budgets and balances (Table 2, Figs. 19, 20).
The global mean temperatures of the OBLIQUE
states, like those of the previous sets, all approach
Earth’s effective temperature, despite the large in-
terhemispheric heating variations (Table 2). (The
lower values are due to reductions in the solar
constant at higher 6p.) The global mixing ratio
drops at higher tilts because the moisture is con-
fined to regions north of #=30°S, 0° and 30°N
when 6p=10°, 25° and 90°, respectively. The
eddy kinetic energy and the eddy fluxes remain
nearly constant as £* increases (for a given 65)
because the eddies remain strong as their sources

HEAT BALANCE: OBLIQUE (@p,Q*=1)

(o) 8p=25° s

3 T T

105K sec)
o

-3
90°N 60° 30° 0°

30° 60° 90°S

£t (b)_0p=90°
3 .

(10-5K sec™)
o

TN 50° 30° o
LATITUDE

30° 60° 90°S

Fig. 19. Latitudinal distribution of the contributions to the mean rate of temperature change by the meridional circulation (M. C.)
the eddies (EDDY), the radiation (RAD), and the subgrid processes (S.G.) in the OBLIQUE model with %=1, 6,=25° and 90°.

Units 107° Ks ™!
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ANGULAR MOMENTUM BALANCE: OBLIQUE (B;,Q*=1)
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Fig. 20. Latitudinal distribution of the contributions to the mean rate of angular-momentum change by the meridional circulation
(M.C.), the eddies (EDDY), the surface torque (S.7T.), and the subgrid diffusion (S.G.) in the OBLIQUE model with Q*=1,

0p=25°and 90°. Units: m?s~?

move equatorward. The mean kinetic energy,
however, has a substantial range, from 45 to
2990 J kg~', with the exceptional OBLIQUE
(¥2,90°) state having the largest — perhaps the
maximum possible — value.

The solstitial heat and momentum balances
mainly change their meridional scale, not their
form, as the parameters vary and may be repre-
sented by the typical OBLIQUE(1,25°) state and
the extreme OBLIQUE(1,90°) state. In the typical
case, the moist summer hemisphere is heated by
the convection at all latitudes, and cooled by the
radiation and the Hadley cell (Fig. 19a). The con-
vection follows the solar input, peaking at 70°N
and driving a secondary cell whose subsidence
creates the polar hot spot. The dry winter hemis-
phere is heated by the Hadley cell’s subsidence as
far as 50°S, with the eddies then heating the

higher latitudes and inducing a compensating
Ferrel cell. A similar heat balance occurs in the
high-tilt case in Fig. 19b, except that now the ed-
dies also cool the summer midlatitudes and a di-
rect cell cools the summer pole. The radiative
cooling fields in Fig. 6b and d show the thermal
forcing to be relatively uniform and to have rates
comparable with the MOIST midrange, despite
the existence of a dry, unlit winter hemisphere.
In the OBLIQUE(1,25°) momentum balance
in Fig. 20a, almost equal amounts of the momen-
tum produced by the easterly tradewinds (in
6=0°-45°S) are transported northward and
southward; north across the equator by the Had-
ley cell to balance the sink in the westerly trade-
winds, and south into midlatitudes by the eddies
to balance — through the Ferrel cell — the sink in
the westerly jet. In the OBLIQUE(1,90°) balance
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in Fig. 20b, the easterly jet supplements the east-
erly tradewinds in producing a strong momentum
source over a wide region (#=0°-60°S) in the
winter hemisphere. Most of this supply is trans-
ported northward across the equator by the Had-
ley cell to balance the sink produced by the hem-
isphere-wide westerly tradewinds. The eddies ex-
tend the transport into high latitudes in both hem-
ispheres.

4 DIURNAL(LOW £2%*) circulations

Circulations in the low singular range (0<(2*
<'i6) are essentially natural-Hadley elements
whose mean zonal flows restructure their balance
during the asymptotic transition, and whose ed-
dies are enhanced during the diurnal transition.
To understand such flows, we need a theory de-
scribing the propagation of large planetary waves
in symmetric-Hadley states at low Q¥*. Little is
known about this dynamical regime, so our pres-
entation is mainly descriptive. The singular-range
circulations are important, however, and are rele-
vant to slowly rotating planets such as Venus and
Titan (see Hou 1984, Rossow 1983, 1985).

To define the diurnal and asymptotic transi-
tions, we evaluate the moist GCM, with and
without the diurnal heating, for 2% =, Y52 and
Vea, and refer to the two groups of solutions as the
diurnal DL(£2*) and nondiurnal NDL(£2*¥) circu-
lations. The diurnal, asymptotic and Halley tran-
sitions follow one another closely as 2* decreases
over the singular range: the diurnal effects be-
come vital as Q2* approaches i, the asymptotic
transition occurs between Q2*="6 and Y52, and
the Halley mode emerges between Q* =" and
Yea. Diurnally modified NH elements — in which
diurnality boosts the planetary waves and the
eddy fluxes — occur in the outer singular range
(£2*>s), while diurnally dominated Halley
flows — in which the atmosphere moves mainly
from the subsolar to the antisolar region — occur
in the inner singular range (£2* <'ss). Solutions
at 2*='4s and 128 help define the Halley transi-
tion and state, but they differ so little from the
solution at £* =" that only their integrals are
documented (in Table 3).

Diurnal variations are included in the GCM
by prescribing a time-dependent zenith angle as a
function of the length of the solar day. The rela-
tions (74, To, Ts)=2I1/(, Qo, 25) define the si-
dereal day, the sidereal year and the solar day in
terms of the planet’s axial and orbital angular vel-
ocities, and the sun’s angular motion across the

Williams: The dynamical range of global circulations — 11

planet’s face, where 25=—£2,. For Earth these
periods are disparate and equal 1.0, 366.26 and
1.003 days, while for Venus they are all compara-
ble and equal —245, 225 and — 120 days; where a
‘day’ denotes the terrestrial sidereal period
(23.934 hours), and where the negative sign sym-
bolizes retrograde motion. Integrations with the
GCM in a Venus-like retrograde configuration
produce solutions that resemble the standard
DL(£2*) states, so are not presented. Most calcula-
tions use a minimally adequate R15 horizontal re-
solution, together with 360° and 120° hemispheric
domains for the diurnal and nondiurnal systems,
respectively (Table I-1). The NDL(") case is
equivalent to the MOIST("6) case, and it alone
has a higher (R30) resolution.

Diurnality can act either directly through the
radiation or indirectly through the convection and
the PBL mixing. In the standard GCM the diurnal
forcing is mostly convective and mostly confined
to the lower atmosphere, even though the re-
sponse is felt aloft. To examine how a radiative
diurnality behaves, we create a special HIGH-
CLOUD model that incorporates a single opaque
(100% cover) cloud near the 300-mb height to in-
crease heating in the upper atmosphere; all other
clouds are removed, but a small amount of ozone
is kept in the stratosphere. The new cloud has an
albedo of 0.6 and an absorptivity of 0.2, so only
20% of the solar radiation reaches the lower atmo-
sphere. The solar constant is then doubled to try
to maintain a normal temperature range. The
HIGH-CLOUD model, evaluated at Q%= "% for
the diurnal (HCDL) and nondiurnal (HCNDL)
configurations, remains relatively cool and,
hence, illustrates how a nearly dry atmosphere re-
sponds to diurnal forcing.

4.1 The basic fields (Figs. 21-25)

The NDL system. The natural-Hadley element of
the MOIST low range, with its polar jet and broad
Hadley cell, persists in the NDL singular-range
circulations (Figs. 21-24, cols. 1). But major
changes occur when the cell reaches the pole and
sets up the asymptotic transition between 2%
=16 and Y52: the jet loses two-thirds of its mom-
entum and halts the poleward migration of its axis
at 0=75°, while the surface baroclinicity drops
sharply from 40 K to 10 K and a new jet arises in
the stratosphere. Although all NDL jets have
momentum-wind features — vertical contours
and shears that increase with latitude — their am-
plitudes drop from 80% to 50% of u(75°) during
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the transition, presumably because the eddies and
the detrainment from the upper troposphere be-
come more effective. After the transition, the cell
and the temperature field remain almost invariant
at the MOIST(0) values, while the jet and the ed-
dies continue to weaken with ©*. The NDL ed-
dies in Fig. 24 retain the main NH features
throughout: a peak activity and a latitudinal in-
variance in the upper troposphere.

The DL system. Adding diurnal heating to the sin-
gular-range NH flows boosts the amplitude of the
eddies and, thereby, strengthens, broadens and
moves the jets to lower latitudes (Figs. 21-24,
cols. 2). The DL(i6) and DL('s2) circulations are
equivalent to diurnally modified NH elements
whose planetary waves have been strengthened by
the localization of the moist convective forcing.
The DL(Ya4) circulation, on the other hand, is a
diurnally dominated Halley element with a pre-
vailing subsolar to antisolar flow. Although the
Halley zonal-mean fields still have the modified

NH form, they are insignificant, given that the jet
and cell lack longitudinal continuity when
Kg> K, (Table 3). The asymptotic transition is
still discernible in the sharp baroclinicity drop,
but is otherwise submerged by the strong diurnal
transition.

The diurnally boosted planetary waves com-
pletely reverse a jet’s tendency to migrate pole-
ward as £2* decreases, to the extent that it actually
reaches the equator at the Halley transition (when
0Q*=Vis), Fig. 21f. Although the DL jets compare
closely with their NDL counterparts in amplitude,
they actually have 3-4 times more kinetic energy
— because they are broader, super-rotating, and
midlatitudinal (Table 3). Clearly, diurnality both
creates and redistributes westerly momentum. The
PBL easterlies become global when Q* =64, so
the Halley flows either retard the planet’s rotation
or have vanishing mean surface winds. Although
the diurnality acts through the planetary wave
fluxes to weaken the meridional circulation by
about 30%, the Hadley cell actually develops a
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broader upflow that cools a wider region (see Fig.
31b) and reduces the mean baroclinicity by 5-
10 K (Fig. 23). The temperature field, however,
still contains intense latitudinal and longitudinal
gradients in the subsolar hotspot.

The eddies produced by the diurnality in the
singular range are actually stronger than the ed-
dies produced by the baroclinicity in the mi-
drange, but they have the broader (k~?) energy
spectrum typical of low-range flows (Fig. I-15).
The DL eddy kinetic energies in Fig. 24 are rela-
tively independent of 6 and 2* and are produced,
presumably, by the same types of wave as occur in
the NDL circulations. Our analysis does not iden-
tify the waves, but they appear to behave just like
Rossby waves in Earth’s tropics (Hayashi 1974),
transporting heat and momentum equatorward.
Other planetary waves, such as the Kelvin and
Yanai modes, also become hemispheric in scale at
low £Q* but, given the absence of an upward
momentum flux, would appear to be inactive. Lo-
calized (Pacific Ocean) hotspots are known gener-

ators of Rossby waves in the terrestrial case
(Webster 1983), and the DL hotspots — although
mobile and hemispheric — probably produce
low-2* planetary waves in a similar way. Plane-
tary waves with the lowest wavenumbers tend to
dominate the flow fields because only they are ba-
rotropically stable for triad resonances in the sin-
gular range (Baines 1976, Rossow and Williams
1979).

The HIGH-CLOUD system. Adding an upper-
level radiative heating to the GCM through the
HIGH-CLOUD formulation produces a unique
circulation — two vertically stacked jets and three
vertically stacked cells — but only in the nondiur-
nal configuration (Fig. 25, col. 1). The lower com-
ponent of the HCNDL circulation has the same
features and dynamics as a dry NH element: a po-
lar jet that peaks at 6=75°, a cell that extends to
the jet axis, and weak eddies generated by baro-
tropic cascades in the jet core. Above it, the upper
component has a midlatitudinal jet that peaks at
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6=50°, and a cell that extends beyond the core
(to 8=75°) and appears to be purely thermally
driven by the radiative gradient (Fig. 6¢). This up-
per jet cannot develop an SH; momentum wind
because it lacks direct contact with the surface.
Indeed, the SH, theory can say little about verti-
cally complex flows whose depth is controlled by
the radiation field, rather than by the scale
height.

Subjecting the HIGH-CLOUD system to diur-
nal heating removes the above idiosyncracies and
restores the standard DL(%4) form of circulation
(Fig. 25, col. 2). The simple (single-cell, single-jet)
form is re-established because the momentum
fluxes associated with the strong planetary waves
take over from the diabatic driving in shaping the
mean circulation. These planetary waves have the
same form and same upper-level location regard-
less of the height at which the diurnal forcing is
applied. The HCDL eddies in Fig. 25h, however,
have only half as much kinetic energy as the
DL(1/64) eddies because the system is quite dry,

even though localized 300-K temperatures and
moist convection occur.

4.2 The eddy fluxes (Figs. 26-30)

Because the eddy fluxes maintain their form
throughout the low range, they can be used to
classify the eddies in the singular range, even
though zonal averaging becomes less meaningful
when £*—0. Only the diurnal eddy fluxes are
presented here; the nondiurnal fluxes are weak
and represented elsewhere by the MOIST(1/16)
solution in Figs. I-6i-9i.

The diurnality produces strong equatorward
heat fluxes both directly in the thermal wave at
low levels, and indirectly in the planetary waves
at upper levels (Fig. 26). The diurnality also ex-
tends the moist convection into higher latitudes in
the subsolar hotspot and, thereby, expands the
mean upward eddy heat flux (or baroclinic con-
version) from #=10° to #=30° (Fig. 27). This
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heat flux is vertically bimodal because the hotspot
is limited to low levels. In Figs. 26¢ and 27c, the
heat fluxes in the HCDL cloud are uniquely cor-
related — being poleward and upward — and
imply that a baroclinic wave exists in the upper
atmosphere.

The diurnally boosted convection also pro-
duces a better-organized, more-extensive vertical
momentum flux than do the nondiurnal eddies
(Fig. 28). This downward flux gives a measure of
the planetary wave forcing. Once generated, the
waves transfer momentum equatorward near the
tropopause in both systems, but 5 times more
strongly in the diurnal case (Fig. 29). The similar-
ity between the v’M’ fields of the standard and
HIGH-CLOUD systems again shows that the
height at which the diurnal forcing is applied in-
fluences only the wave amplitude, not the wave
form. The forced thermal wave produces no
momentum flux directly at low levels. In the
unique HCNDL case, the momentum flux has

two maxima, each associated with the barotropic
cascade of a stacked jet (Fig. 29c¢).

The influence of the diurnality on the momen-
tum transfer can also be seen in the midlevel geo-
potential field of the DL(1/32) case in Fig. 30b.
These instantaneous @5 contours act as a stream
function in higher latitudes (6>45°), showing
that the atmosphere flows gradually toward the
subsolar region but then moves poleward to avoid
the hotspot. Such flows transport momentum po-
leward, as in the lesser v’M’ component in Fig.
29e. The @, geopotential field has even steeper
gradients, suggesting that the planetary waves are
close to breaking in the upper atmosphere. The
flow in low latitudes, as illustrated by the mid-
level us field in Fig. 30c, also forms a continuous
westerly jet — except at the equator, where there
is a weak easterly flow into the hotspot. The sub-
solar hotspot, as defined by the 280-K contour of
the lowest-level temperature T, in Fig. 30a, ex-
tends over 60° of latitude and 180° of longitude
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and reaches a peak of 310 K, while allowing a re-  energy, conversion and flux integrals listed in Ta-

latively isothermal (275+5 K) unlit hemisphere.  ble 3; only the cell strength and the surface drag

The hotspot is relatively shallow: the T, contours  are reduced. The radiative cooling rates are in-

are open and trail to the east as the spot moves creased by 30% because the moisture, although re-
westward. duced globally, lies in the hottest regions.

The stacked cells give the nondiurnal HCNDL

system a complicated heat balance by producing

4.3 The budgets and balances (Table 3, Fig. 31) compensating fluxes: the lowest cell transports

heat like a Hadley cell — equatorward below and
The diurnally heated atmospheres are the only  poleward aloft — while the central and upper
systems whose global temperatures deviate signif-  cells transport heat only one way — equatorward
icantly (by +5 K) from Earth’s effective tempera-  and poleward, respectively. Together, the three
ture, but the reason remains obscure. The diurnal- cells cool the equator and midlatitudes and heat

ity also produces a substantial increase in all the  the pole and subtropics (Fig. 31a). The diurnal
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HCDL system, on the other hand, has a simpler
balance because its single cell has a broad upflow
like a dry Hadley cell and cools a wide region
(0=0°-25°) in response to the heating by the hot-
spot convection and the diurnal eddy flux (Fig.
31b).

5 Planetary circulations

The planets have diverse configurations and can
test circulation theory in parameter regions that
are inaccessible to Earth. Although observations
are still limited, the remote planets are in princi-
ple no more remote than the ancient terrestrial cli-
mates and could be equally useful. Many of these
atmospheres should have the same circulation
forms as the GCM solutions because the rotation
places such a dominant constraint on the large-
scale motions, limiting their variety to a few basic
types (Williams and Holloway 1982; Williams
1985). In fact the meteorology of the solar system
could be relatively simple, unified, and GFD-
based. Consequently, in this section, we try to
classify the various planetary circulations and the
theories they relate to.

5.1 Circulation factors and model range

Circulation form depends not only on the rotation
and the obliquity but also on the atmospheric
structure, depth, heat supply, and phase changes.
Of the latter factors, the structure has the most
fundamental influence and lies between the two
limits defined by: (1) a bounded (semi-infinite) at-
mosphere having a solid or fluid sublayer like the
terrestrial planets; and (2) an unbounded or ther-
mally confined layer having an underlying abyss
like the Jovian planets and Earth’s ocean. Com-
pared to the bounded states described by the
GCM, an unbounded atmosphere should have a
greater thermal inertia, a weaker dissipation and a
more internal form of baroclinic instability, and
should cascade further toward a zonal, barotropic
end-state. It must, however, experience some drag
and frictional interaction with the abyss for the
influence of Q to be communicated; free-slip
states are not realistic.

The thermal factors mainly influence the diur-
nal and seasonal variability. Whether an atmo-
sphere is heated from above or below is dynami-
cally immaterial, because either source can pro-
duce the baroclinicity to drive the large-scale flow
and the convection to stabilize the system. The
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thermal inertia becomes important when a deep
atmosphere has a radiative relaxation time 7z(z)
that exceeds the diurnal or seasonal periods at
some depth. In general, the abyssal source and
the thermal inertia tend to reduce the diurnal and
seasonal variability. But in multiphase atmo-
spheres, a condensational heating can add a
strong dynamical variability in all ranges (cf.
MOIST and DRY states), while sublimation can
add a strong thermodynamical variability.

The structural and thermal factors are not var-
ied in our GCM calculations, so their effect on
circulations can only be deduced from simpler
models. For example, quasi-geostrophic models
show that bounded and unbounded atmospheres
have essentially the same form of zonal motion in
midlatitudes, even though their baroclinic insta-
bilities differ (Williams 1979b). Thus, in midlati-
tudes, we expect future GCMs for unbounded at-
mospheres to develop QG, ; elements that have a
stronger barotropic component, just as the SLIP
models for bounded atmospheres do. In low lati-
tudes, the various Hadley elements could survive
in unbounded atmospheres — although they dis-
appear in the SLIP states — if the weak drag
needed to transmit  is strong enough to support
a momentum wind. Other simple models, such as
the shallow water model, also apply to both struc-
tural forms and suggest that coherent vortices are
the only phenomena unique to unbounded atmos-
pheres (Williams 1985).

5.2 Planetary progression

We can classify the various planetary circulations
to some extent by comparing them against GCM
states with the same rotational configuration and
implicitly allowing for structural and thermal dif-
ferences, as follows.

Earth: the 2* midrange (moist). Earth, with its mi-
drange rotation, medium tilt, and semi-moist sur-
face, lies at the center of parameter space and of-
fers data on the interactions between high and
low latitudes, between the QG, and QH elements.
Near equinox, it has a blend of MOIST(1) and
DRY(1) features and may be close to forming a
double jet and transitional phenomena in midlati-
tudes. Near solstice, it tries to develop a baroclin-
ically unstable easterly jet in the summer hemis-
phere — according to the OBLIQUE(1,10°) solu-
tion — but ocean heat prevents it from achieving
the necessary negative baroclinicity (except in the
stratosphere). Ocean heat can also prevent the de-
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velopment of glaciation but fails to do so at
higher rotation rates (£2* >2) — such as occurred
during the Precambrian era (Hunt 1979a, b, Kutz-
bach 1985) — because the smaller atmospheric
eddies (and the ocean currents they drive) trans-
port too little heat poleward. Similar glacial ex-
tremes may occur in the future when 2* < and
the eddies again become thermally inefficient.

Mars: the Q% midrange (dry). Mars lacks a sub-
layer constraint on seasonal variability and, there-
fore, provides a clearer example of solstitial
flows, and a clearer test on the existence of the
QGH element. Prediction models for Mars’ dust-
free (northern-summer) solstice produce a circula-
tion resembling that of the OBLIQUE(3/4,15°)
system: four zonal winds, two cells, a regular
wave in the unstable winter westerly, and a peak
T, near 8=60°N (Leovy 1985, Fig. 2). The insta-
bility of the easterly jet, however, appears to be
absent or undetected. In Mars’ dust-storm (north-
ern-winter) solstice, dust-loading increases the ba-
roclinicity and the static stability, widens the
Hadley cell, and pushes the peak T to the pole, to
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produce a circulation like that of the OBLI-
QUE(1,25°) system. Mars’ obliquity oscillates be-
tween 15° and 35° over a period of 10° years and
the changes in the seasonal variability appear to
have been recorded in the layered deposits seen in
the polar regions (Murray et al. 1981). Such layer-
ing could arise from the surface winds strengthen-
ing and shifting their peak from the winter to the
summer hemisphere as 6, increases, or from the
particles becoming lighter when the poles are
warmer.

Jupiter and Saturn: the Q* high range. Jupiter and
Saturn have the same type of eddying, multi-jet
zonal flow as the MOIST and HOT high-range
circulations (Williams and Holloway 1982, Fig. 4,
Williams 1985, Fig. 3) and, hence, relate to theo-
ries about the jet scales and the multi-element in-
teractions. The weak drag and dissipation of these
unbounded atmospheres allow a greater baro-
tropy in the QG jets in midlatitudes, and a greater
uncertainty about the Hadley flow in low lati-
tudes. Saturn’s thermal inertia and abyssal heat
prevent that medium-tilt planet from developing a
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strong seasonal variability and, hence, from re-
vealing the existence of Hadley dynamics through
a QH to QGH element transition.

Uranus: an Q* midrange mystery. Before the
Voyager encounter in 1986, it was hoped that
Uranus’ large (82°) obliquity would guarantee
that the atmosphere show a large seasonal re-
sponse and, thereby, expose the nature of Hadley
modes in an unbounded system. But Uranus
barely confessed its motion: only four isolated
clouds were seen in the southern (summer) hemis-
phere, and these suggest the existence of a broad
westerly jet that peaks at 55°S and an easterly
flow that extends equatorward from 20°S — when
measured relative to the magnetic frequency
(Smith et al. 1986). These observations can be in-
terpreted in at least three ways: (1) as a DRY(1)
circulation, if the drag is strong and the seasonal-
ity is weak (because of the thermal inertia); (2) as
a SLIP(1) circulation, if the drag and seasonality
are both weak; and (3) as an OBLIQUE(1,25°) or
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OBLIQUE(1,90°) circulation, if the drag and sea-
sonality are both strong, and if the flow is made
entirely easterly by referring it to a faster-rotating
frame. Changing the reference frame is not unrea-
sonable, given that the magnetic rotation vector
differs in direction from Q by 60°.

Titan: the £2* low range. Titan, with its slow (15.9-
day) rotation, medium (27°) tilt, and substantial
(1.6-bar) nitrogen atmosphere, provides an excel-
lent system for testing axisymmetric circulation
theory over the full range of seasonal variation.
Titan’s circulations should vary from the low-
range SH element at equinox to the SSH element
(with a pole-to-pole cell) at solstice. As yet, no
winds have been measured nor any longitudinal
variation seen, but large seasonal variations have
been detected in the albedo that could be related
to a cycle in the Hadley mode.

Venus: the £2* singular range. Venus’ stratosphere
has the same type of broad, super-rotating west-
erly current as the diurnally modified, singular-
range GCM solutions — such as DL(52) — and,
therefore, relates to various theories about the
NH elements, particularly about how the vertical
structure modifies their mean flows, wave propa-
gation, and diurnal transitions. Although the diur-
nal component of the heating is thought to be
confined to Venus’ stratosphere by the large opac-
ity and long 7z of the troposphere (Rossow 1985),
it could still generate planetary waves that are am-
plified as they propagate upward over many scale
heights to produce a strong equatorward momen-
tum flux and a broad jet in the upper atmosphere.
The lower atmosphere could remain immune to
the diurnality and contain a simple polar jet or
multiple stacked jets. Venus’ circulation has been
difficult to understand because the planet lies in a
parameter range where the zonal flow is sensitive
to thermal details, and where the meridional flow
— the essential Venus — is dominant and yet to
be observed.

6 Conclusions

We have examined the influence of various hem-
ispheric asymmetries on circulation form by vary-
ing the rotation rate for axisymmetric, oblique
and diurnal GCMs. Varying 2* changes the
Rossby and Froude numbers and alters the scale
and mix of the jets, cells, and eddies. We can then
isolate the invariant features of each system and
identify their QG and Hadley modes. In particu-
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lar, enforcing axisymmetry eliminates all QG
modes and reveals the SH element of the moist
model; while introducing solstitial heating re-
verses the baroclinicity and produces a new
(QGH) element with an easterly jet in the summer
hemisphere; whereas adding diurnal heating at
low Q* boosts the planetary waves and their im-
pact on the natural-Hadley element and, in the
limit, produces a Halley circulation. These spe-
cialized GCM states complement those of the ba-
sic parameter range discussed in Part I and, like
them, have a variability that is limited to a few
elementary forms.

The circulations in the moist AXISYMMET-
RIC set vary from a single, broad midlatitude jet
in the 2* midrange to double jets — one in mid-
latitudes and one in low latitudes — in the high
range. The meridional flows contain a primary
pair of Hadley and Ferrel cells in the barotropic
low latitudes and a secondary pair of cells in the
baroclinic midlatitudes. The AXISYMMETRIC
states can be partly understood in terms of the
geometric argument of the first-order symmetric-
Hadley (SH,) theory, but only towards the pole

and equator, not in midlatitudes. Differences oc-
cur because the AXISYMMETRIC flows are
more inviscid, more nonlinear, and contain high-
er-order modes than their SH; counterparts. La-
tent heating increases the nonlinearity by inten-
sifying the cells and by strengthening their cou-
pling with the temperature field. As in the
MOIST(8) case, the AXISYMMETRIC circula-
tions fail to equilibrate simply when the Hadley
cell becomes really narrow, as at £2*¥ =4.

The AXISYMMETRIC and MOIST flows do
not appear to be closely related to each other in
general. In midlatitudes, the AXISYMMETRIC
zonal flows greatly exceed the natural flows be-
cause a larger baroclinicity and thermal wind de-
velop when the surface temperature is not fixed.
Such AXISYMMETRIC jets are reduced toward
the natural jets mainly by a barotropic instability,
and so cannot provide the basic state for the
MOIST baroclinic instability. In the high range,
the AXISYMMETRIC system never has more
than one midlatitudinal jet, so the MOIST QGg
jets are obviously eddy driven. In low latitudes,
however, the AXISYMMETRIC flow has some
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connection with the QH element of the MOIST
flows. But, paradoxically, the theoretical SH;
modes relate more to the MOIST states than to
the AXISYMMETRIC states — because the hori-
zontal mixing limits the meridional nonlinearity
in the natural system. Clearly, there is no unique
symmetric-Hadley circulation, only a hierarchy of
symmetric states of varying complexity deter-
mined by the rotation rate and by the various
thermal, surface and subgrid factors.

The solstitial circulations in the OBLIQUE set
contain the unstable easterly jet and vertically bi-
modal eddy momentum fluxes of the QGH ele-
ment in the summer tropics, as well as the unsta-
ble westerly jet and poleward-traversing eddy
momentum flux of the QG, element in the winter
midlatitudes. These components are linked by an
equator-straddling Hadley cell, a winter Ferrel
cell, and wave propagation in the winter tropics.
The scales of the jets and cells increase with 6p
and decrease with Q%* through the thermal
Rossby number. An exceptional state at low 2*
and high 6, has a pole-to-pole Hadley cell, a
warm winter pole and global easterlies — with
thermal and momentum winds in the summer and
winter hemispheres, respectively. When the tilt is
low (0p=10°), the circulations have a mix of sol-
stitial and equinoctial features in the summer
hemisphere, with multiple QGg jets arising at high
£*. The solstitial Hadley cell splits into two equi-
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Fig. 31. Latitudinal distribution of the contributions to the mean rate of temperature change by the meridional circulation (M.C.),
the eddies (EDDY), the radiation (RAD), and the subgrid exchanges (S.G.) in the HIGH-CLOUD model with nondiurnal and
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noctial Hadley cells when the obliquity drops be-
low 5°.

The OBLIQUE circulations can be reasonably
well explained theoretically: the mean flows
closely resemble those predicted by the solstitial-
symmetric-Hadley (SSH) theory — even though
the theory involves a novel geometric argument
and remains unproven — while the eddy fluxes of
the winter QG, element can be understood in
terms of an eddy cycle for the nonlinear baro-
clinic instability of a broad westerly jet (§ I-3.2).
Furthermore, the bimodal momentum fluxes of
the summer QGH element can be attributed (ten-
tatively) to baroclinic instability aloft and to wave
dispersion below. The QGH element is complex
because the Hadley processes controlling the
mean flow and the QG processes controlling the
eddy fluxes both act in the same region. In the
winter tropics, the fluxes arise from waves propa-
gating out of the two instabilities, but the two
contributions cannot be individually attributed,
nor can the interaction between the two sets of
waves be theoretically defined, as yet.

The diurnal heating influences the singular-
range DIURNAL circulations mainly by boosting
the planetary waves. The increased momentum
flux then transforms the narrow polar jets of the
NH elements into broad midlatitude westerlies.
Following this diurnal transition at Q% = Vs, the
circulations pass through two more transitions as
£2*-0: the asymptotic transition when the Had-
ley cell reaches the pole between Q*="is and
Y52; and the Halley transition when the eddies
overwhelm the mean flow to give a subsolar-to-
antisolar flow at Q% = Vis.

The DIURNAL singular-range eddies are not
well understood. One theoretical approach to
such Venus-like wave dynamics assumes that the
Hadley a(6) field provides an equivalent Coriolis
gradient  for a horizontal planetary wave propa-
gation; another assumes that the Hadley a(z) field
provides an equivalent Coriolis term f for a verti-
cal inertial-gravity wave propagation. The plane-
tary waves prevail in the DIURNAL circulations.
The low-range and midrange circulations can be
regarded, like the circulations of Venus and
Earth, as combinations of SH modes and forced
planetary waves, with the cause of the forcing
(diurnality, baroclinicity) and the character of the
waves differing with *. In the low range, the
waves propagate away from the diurnally boosted
tropical convection zones to create low-latitude
westerlies; while in the midrange, they propagate
away from the baroclinic zone to create midlati-
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tude westerlies. Such theories, however, do not
explain the steady-state circulations.

In fact, none of the circulations of Part II are
as well explained as those of Part I — mainly be-
cause they occur at parameter extremes and de-
viate far from the terrestrial states for which the
theory was primarily developed. They do, howev-
er, have implications for that theory: for example,
the high-order AXISYMMETRIC modes imply
that the QG and QH elements based on the SH,
theory may only be first-order items; while the
need for a different geometric argument for the
SSH states throws doubt on the whole approach.
The SH and SSH states are needed as non-arbi-
trary initial states for the equilibrated eddy cycles
that define the elements. Eddy cycles cannot
equilibrate or be considered self-consistent if the
maintenance of the initial state is not considered.
Thus the midrange QG, element is not fully de-
fined by the calculations of Simmons and Hos-
kins (1978) because its jet is not self-sustaining,
leading us to condition what we said in § I-1: the
Lorenz problem is only partially solved. The high-
range QGg jet, however, has a self-sustaining
momentum flux and is less dependent on the ini-
tial state, but it too lacks a full theory.

To make circulation theory more complete,
the following problems need to be addressed
(along with those listed in § I-7):

1) What are the symmetric-Hadley modes like for
GCMs having a fixed surface temperature and no
moisture? A hierarchy of SH solutions is needed
to bridge the gap between the SH, theory and the
higher-order AXISYMMETRIC states.

2) What forms do the equilibrated eddy cycles
take for the hierarchy of SH basic states, at var-
ious £2*? This generalizes problem (1) of § I-7. At
high 2*, such studies could show what happens
when a barotropic instability pre-empts a baro-
clinic instability.

3) What are the solstitial-symmetric-Hadley
modes like for the hierarchy of GCMs? These are
needed to test the geometric argument of the SSH
theory.

4) What forms do the equilibrated eddy cycles
take for the SSH states, at various £2*? These are
needed to relate the QGH fluxes to the baroclinic
instabilities and the wave dispersion, and to de-
fine the interaction between the easterly and west-
erly jets.

5) What is the baroclinic instability of a tropical
easterly jet like? The behavior of instabilities lo-
cated in a Hadley cell is unknown but vital to the
understanding of the QGH element.

6) What happens to wave propagation in the sin-
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gular range? This could explain how modified
NH elements evolve into Halley circulations.

7) How does the vertical structure influence the
various QG and Hadley modes? To understand
the planets, we need to know how deep or un-
bounded atmospheres differ from thin or
bounded atmospheres in their dynamics.

8) And finally, we wonder if a unique invariant
exists for global motion, and how the QG and
Hadley modes can be disentangled to reveal it?
The isomorphism between f-turbulence and SH
circulations suggests that a more fundamental,
more unified way may exist for describing global
circulations. But this is, as yet, barely glimpsed.

The planets of the solar system can, in princi-
ple, provide unique tests of the various circulation
theories in parameter regions untouched by
Earth, over the full 2* range. Thus Mars can tell
us about the easterly jet of the QGH element; Ju-
piter and Saturn, about the scale, interaction, and
vertical structure of the QG and QH elements; Ti-
tan, about the seasonal variability of the symmet-
ric-Hadley modes; Venus, about the diurnally
modified NH element; while Uranus and Nep-
tune have yet to divulge their significance.

We have now come to the end of our story and
the patient reader may wonder what has been
gained by touching upon so many subjects. Stated
briefly, our concern has been with the synoptic
and the specific, with defining the circulation
range and isolating the circulation elements. In
addressing this concern, we have gained perspec-
tive on Earth’s atmosphere and extended dynami-
cal theory into new parameter regions. When we
began, we hoped — with much presumption — to
encompass all of the planets in a single view, but
this has proven premature given the limitations of
observation and theory. Nevertheless, the basic
thesis — that planetary variability is limited and
defined by a few elementary forms, with species
imposed by rotation and varieties allowed under
structural and thermal diversity — is supported
by the solutions. Although the demonstration is
far from complete and the analysis is schematic
and compressed, we have tried to seek out and de-
fine the remaining fundamental problems: for
Earth, to explain the regional interactions; for the
planets, to understand how the vertical structure
and the depth influence the dynamical elements.
Unified or not, the planets generalize and refine
the meteorological paradigm.
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