AuGuUST 1979

GARETH P.

WILLIAMS 1409

Planetary Circulations: 3. The Terrestrial Quasi-Geostrophic Regime

GARETH P. WILLIAMS

Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University, Princeton, NJ 08540

(Manuscript received 29 December 1978, in final form 2 April 1979)

ABSTRACT

The characteristics of the two-level quasi-geostrophic model are evaluated for a wide range of
parameters in the terrestrial domain. Flow form is determined primarily by B (the Coriolis gradient)
and by 7, (the time scale of the surface drag), acting through the influence of Rhines’ transitional wave-
number k; = (8/20)"2, where [’* is the barotropic energy level. Two extreme types of circulation occur:
jets when &, is large, and gyres when wave propagation and drag are negligible.

The present terrestrial circulation, in its quasi-geostrophic representation, is extremely efficient: the
system can cope with increased heating rates without a significant rise in the pole-to-equator
temperature differential. Although each hemisphere is, on occasion, near to transforming into a
double-jet state, muiti-jet circulations—corresponding to those in the Jovian regime—occur more
readily at higher rotation rates. For the existing circulation to switch to a gyre form requires a large,

unrealizable drop in surface drag.

1. Introduction

To classify the character (and Jovian relationship)
of the Earth’s atmospheric circulation, we need to
know what forms of planetary circulation can occur
and how stable each one is. A limited solution to
this problem can be obtained by evaluating the
parametric variation of the two-layer quasi-
geostrophic model. This model describes (to first
order) how the rotation rate, static stability, sur-
face drag and heating rate shape the circulation of a
rapidly rotating atmosphere. Although it excludes or
oversimplifies many of the complex processes con-
trolling the climate and its variability, the descrip-
tion it provides suffices for preliminary questions
concerning extreme changes in circulation pattern.

The main parameter determining the barotropic
characteristics is the Coriolis gradient 8 whose value
specifies the transitional wavenumber kg = (B/
2U)¥2 separating the wave and turbulent scales of the
circulation (Rhines, 1975). Because k; is large for
Jupiter, multiple, highly zonal jets prevail in that
atmosphere (Williams, 1978, 1979). For Earth the
wave transition occurs at a scale where the surface
drag is equally influential, and to disentangle these
two effects we have to evaluate how the circula-
tion varies as a function of 8 and ;.

The baroclinic characteristics are mainly decided
by the Rossby deformation wavenumber k,. Al-
though the circulations are often turbulent, the re-
sults of linear instability theory remain valid as re-
gards the scale selectivity of the baroclinic eddies
(Phillips, 1954; Stone, 1969) and the longitudinal

localization of energy conversion (Thacker, 1976;
Merkine, 1977); the localized instability of ultra-
long baroclinic waves has been suggested as an ex-
planation of Jupiter’s Great Red Spot (Williams,
1979).

To determine the parametric variability of the
two-level quasi-geostrophic model, we evaluate 1)
the computational effect of limiting the domain size
(Section 2); 2) the ‘‘basic’ circulation, i.e., the
circulation occurring at parameter values appropri-
ate to the present terrestrial state (Section 3); 3) the
effect of varying the surface drag, the rotation rate
and static stability (Sections 4-6). Finally, we ex-
amine the response of the basic quasi-geostrophic
circulation to increases in the heating rate, and
deduce conditions for a transition to a gyre form
(Section 7). The reader is referred to Part 2 for
details of the quasi-geostrophic model and to Table 1
for the parameter values used in the calculations.
For convenience, the main items of the notation
are repeated below:

prograde longitudinal coordinate (=0, X)

poleward latitudinal coordinate (=0, Y)

Coriolis term

northward gradient of Coriolis term

planetary radius

planetary rotation rate

specific gas constant

temperature

temperature difference between pole and
equator
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