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ABSTRACT

The possibility that the tropopause could be lower during an ice-age cooling leads to an examination of
the general sensitivity of global circulations to the tropopause height by altering a constant stratospheric
temperature Ts in calculations with a dry, global, multilevel, spectral, primitive equation model subject to
a simple Newtonian heating function. In general, lowering the tropopause by increasing the stratospheric
temperature causes the jet stream to move to lower latitudes and the eddies to become smaller. Near the
standard state with Ts � 200 K, the jets relocate themselves equatorward by 2° in latitude for every 5 K
increase in the stratospheric temperature. A double-jet system, with centers at 30° and 60° latitude, occurs
when the equatorial tropopause drops to 500 mb (for Ts � 250 K), with the high-latitude component
extending throughout the stratosphere.

The eddy momentum flux mainly traverses poleward across the standard jet at 40°, in keeping with the
predominantly equatorward propagation of the planetary waves. But when the jet lies at 30° (for Ts � 225
K) the flux converges on the jet in keeping with planetary waves that propagate both equatorward and
poleward. Two sets of such wave propagation occur in the double-jet system. As the troposphere becomes
even shallower, the flux reverts to being primarily poleward across the jet (for Ts � 260 K) but then becomes
uniquely primarily equatorward across the jet (for Ts � 275 K) before the circulation approaches extinction.
Thus the existence of a predominantly poleward flux in the standard state appears to be parametrically
fortuitous.

1. Introduction

Studies with an aquaplanet model1 of the atmo-
spheric circulation that existed during the Last Glacial
Maximum indicate that a cooling and shift in the sea
surface temperature gradient may have led to a lower
tropopause and to an equatorward shift in the westerly
surface stress of up to 10° in latitude—see Williams and
Bryan (2006) and the references therein. This raises
questions as to how sensitive atmospheric circulations
are in general to the height of the tropopause or to the
thickness of the troposphere relative to the strato-
sphere.

This problem differs from the issue of determining

which tropospheric processes actually influence the for-
mation of earth’s tropopause, as discussed by Held
(1982), Thuburn and Craig (2000), Haynes et al. (2001),
and Schneider (2004). In the present study, the changes
in tropopause height are enforced from above by alter-
ing the stratospheric temperature. Such states do not
exist on earth to the extent developed but, like changes
in the rotation rate, help define the range of atmo-
spheric circulations for basic and planetary studies. The
absence of moisture in our model also limits the appli-
cability of the results but does not negate their basic
nature.

The circulations are developed numerically using a
dry, global, multilevel, spectral, primitive equation
model subject to a simple Newtonian heating function
that represents a linear relaxation to a specified tem-
perature field. The relaxation temperature is set to a
constant in the stratosphere and its value has a signifi-
cant effect on the tropospheric circulation, primarily
because it determines the location of the transition in
the thermal equilibrium temperature profile. This con-
stant is the only parameter varied in the present set of
calculations. As we will see, lowering the tropopause

1 Such a model has a realistic radiative heating, moist convec-
tion, and a simplified global ocean surface with preassigned sur-
face temperatures.
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moves the jets from middle to low latitudes and thereby
alters their character.

The behavior of earthlike jets lying in midlatitudes is
well known: their eddy momentum flux is primarily
poleward and due to neutral planetary waves propagat-
ing equatorward aloft after being generated by a baro-
clinic instability near the surface—see Held and Hos-
kins (1985) for a review of the process and theory.
These characteristics alter, however, when the jets arise
in lower latitudes. Such jets have more complex eddy
fluxes and can easily be produced either by altering the
rotation rate (Williams 1988) or by a heating that cre-
ates a baroclinic zone in lower latitudes (Williams
2003a,b). We now show that the circulation form can
also vary for the standard baroclinicity and rotation
rate when the height of the tropopause is altered.

The presentation begins in section 2 with a brief dis-
cussion of the numerical model and parameters. Sec-
tion 3 then describes how the circulation changes when
the stratospheric temperature is altered from 100 to 300
K in steps of 25 K, with 200 K being the standard value.

2. Numerical model

a. System of equations

The numerical model is based on the dynamical core
of the Geophysical Fluid Dynamics Laboratory’s spec-
tral GCM and is driven by a simple heating function,
along the lines devised by Held and Suarez (1994). The
primitive equations have the standard hydrostatic, vor-
ticity–divergence form that is preferred for the semi-
implicit, spectral transform scheme as summarized by
Gordon and Stern (1982). The model predicts the
zonal, meridional, and vertical velocity components (u,
�, �), plus the temperature and surface pressure fields
(T, p*), as a function of the latitude, longitude, and
sigma coordinates (�, �, �), where � � p/p* is the nor-
malized pressure. The variable �(�, �) � �	� cos�d�
defines a quasi streamfunction for the zonally averaged
meridional motion.

As well as a heating function, the equations include

8 diffusion terms in the horizontal and, in the vertical,
a linear boundary layer drag of the form

��u, ��

�t
· · · � �kV����u, ��, �1�

kV � kf max�0,
� � �b

1 � �b
�, �2�

where k�1
V and �b define the time scale and the extent

of the mixing. Topography, moisture, vertical diffusion,
and convective adjustment are all omitted. The numeri-

cal procedure uses a triangular truncation at wavenum-
ber 42 in the horizontal, with 30 equally spaced � levels
in the vertical.

b. Heating function

All flows are developed from an isothermal state of
rest and are maintained by a Newtonian heating func-
tion of the form

�T

�t
· · · � �kT��, ��T � Tr��, p��, �3�

kT � ka � �ks � ka� max�0,
� � �b

1 � �b
�cos4�, �4�

where the heating rate is proportional to the difference
between the atmospheric temperature and a specified
radiative relaxation temperature Tr. The relaxation
damping rate kT(�, �) is set to increase in the tropical
boundary layer through the ks factor to try to reduce
the unrealistic cold layer that otherwise forms near the
surface. The following distribution, as prescribed by
Held and Suarez (1994),

Tr � max�Ts, �T0 � ��HT� sin2�

� ��V�� log� p

p0
� cos2��� p

p0
���, �5�

provides the heating, where T0 and Ts are tropospheric
and stratospheric reference temperatures. The con-
stants �HT and �V� define the amplitude of the hori-
zontal temperature and vertical potential temperature
gradients.

c. Parameter values

The fixed physical parameters needed in the calcula-
tions use the following standard values: a � 6370 � 103

m and � � 7.292 � 10�5 s�1 for the planetary radius
and rotation rate; g � 9.8 m s�2 for the acceleration of
gravity; cp � 1004 J kg�1 K�1 for the specific heat of air;
� � R/cp � 2/7, where R is the gas constant; p0 � 1000
mb for a mean surface pressure based on the total mass
p0/g; and T0 � 315 K and Ts � 100–300 K (in steps of
25 K) for the reference temperatures. The other param-
eters are: �b � 0.7, (kf, ka, ks) � (1, 1/40, 1/4) day�1,
�HT � 60 K, and �V� � 10 K.

In presenting the solutions, the figures use solid,
dashed, and dotted contour lines to plot positive, nega-
tive, and zero values, respectively. The fields shown
are time-averaged quantities, based on zonal means
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sampled once a day over the last 300 days of 1000-day
calculations.2

d. Analysis functions

The solutions are described using standard analysis
procedures and notation, with the overbar and prime
denoting the zonal mean and eddies. In particular, the
Eliassen–Palm (EP) flux vector F � [F(�), F( p)] and its
scaling, together with the flux divergence E, are defined
following Edmon et al. (1980) as

F��� � ��u����
cos2�

a
, �6�

F� p� � �f
����

�p
� cos2�, �7�

E �
�F���

��
�

�F� p�

�p
, �8�

for the dominant geostrophic components, where f �
2� sin�.

3. The circulation set

a. Circulation range

We examine the sensitivity of the tropospheric circu-
lation to the height of the tropopause as determined by
a constant stratospheric temperature, Ts, which is al-
tered from 100 to 300 K in steps of 25 K over nine cases.
An extra case with Ts � 260 K is inserted into the
sequence to examine the transition to extinction more
closely. Normally, Ts � 200 K provides the standard
(Held–Suarez) state.

In the solution set, the jet maximum moves from 55°
to 15° in latitude and from � equal 0.1 to 0.8 when the
troposphere becomes shallower as Ts varies from 100 to
300 K, Fig. 1. The jet amplitude goes from 55 to 2 m s�1,
with the circulation approaching extinction when Ts �
300 K. However, at the other end of the range, below
Ts � 150 K, the circulation hardly varies. The standard
state lies in the most sensitive region where the jet re-
locates equatorward at a rate of 2° for every 5 K in-
crease in Ts.

3 Thus we concentrate on those cases lying
between Ts � 150 K and 275 K, marked A–F in Fig. 1.
The shallower circulations are less well resolved in the
vertical and are more influenced by the boundary layer.

The primary fields are shown for the progressive

cases A–C in Fig. 2, and for the transitional and limiting
cases D–F in Fig. 3, with each case occupying a single
column. The thick curves superimposed on the tem-
perature fields in Figs. 2b and 3b indicate the position
of the radiative relaxation tropopause. All cases have
eddy flux forms that are consistent with the theories
describing nonlinear baroclinic instability and Rossby
wave propagation. Consequently, we can rely on the EP
cross sections to expose the processes underlying the
eddy fluxes, Fig. 4.

b. Progressive circulations

The basic circulation, case B in Figs. 2a2–g2, has the
well-known standard features for a dry idealized model:
(a) a 35 m s�1 jet at 40°, (b) Hadley and Ferrel cells
with the same 27° width, (c) surface easterlies and west-
erlies coinciding with these two cells, (d) a poleward
eddy heat flux, ��T�, that extends over the hemisphere
in the lower troposphere, with a secondary component
at the tropopause, (e) a poleward eddy momentum flux,
u���, that coincides with the downward branch of the
Hadley cell and the entire Ferrel cell and peaks near
the tropopause, together with a weak equatorward
component in high latitudes, (f) a ��T� cospectrum near
the surface that peaks at zonal wavenumber k � 6 in
the jet axis, and spreads to lower wavenumbers at
higher latitudes, and (g) a u��� cospectrum near the
tropopause whose main component also peaks at k � 6
but in lower latitudes than the ��T� spectral peak, and
whose weak equatorward component occurs at lower
wavenumbers.

The B case also has the well-known standard EP fea-
tures, Fig. 4b, namely, a flux divergence that accelerates
the zonal wind near the surface and decelerates it aloft.
The flux vector F displays a wave propagation that is
upward out of the baroclinic instability centered at 40°,

2 Differences between the Northern and Southern Hemispheres
provide a measure of the sampling limitations.

3 Such a Ts increase produces a 20-mb drop in the equatorial
tropopause level.

FIG. 1. Jet latitude as a function of the stratospheric
temperature Ts. Cases A–F are presented in detail.
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FIG. 2. Meridional sections of the primary mean, eddy, and spectral fields for the A–C solutions (one per column) with stratospheric
temperatures Ts. Labels at the top of each panel indicate the field depicted, the contour interval (CI), and the � level for the spectra.
The contours have units: (a1)–(a3) m s�1, (b1)–(b3) K, (c1)–(c3) s�1, (d1)–(d3) K m s�1, (e1)–(e3) m2 s�2, (f1)–(f3) K m s�1, and
(g1)–(g3) m2 s�2. The negative (zero) contours are dashed (dotted). The additional thick contour in the temperature fields indicates the
position of the radiative relaxation tropopause.
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FIG. 3. Meridional sections of the primary mean, eddy, and spectral fields for the D–F solutions with stratospheric temperatures Ts.
Notation and units as in Fig. 2.
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then equatorward in Rossby waves near the tropo-
pause, peaking at 30° before reaching extinction in criti-
cal layers extending over 5°–10°.

When the tropopause is higher, as in case A with
Ts � 150 K in Figs. 2a1–g1, the circulation has es-
sentially the same form as the basic case. Except now
the jet peaks at 52° and is wider, higher, and stronger
(47 m s�1), and is accompanied by 35°-wide cells and by
eddies whose spectra peak at k � 5. The main qualita-
tive difference occurs in the u��� flux which is now en-
tirely poleward. The EP scenario is very similar to case
B, but with the instability centered at 55° and the
Rossby waves peaking at 35° before expiring over 10°–
15° (Fig. 4a).

On the other hand, when the tropopause is lower, as
in case C with Ts � 225 K in Figs. 2a3–g3, the jet peaks
at 31 m s�1 in the subtropics near 29° and is accompa-
nied by a weak (5 m s�1) stratospheric jet in high lati-
tudes. The Hadley and Ferrel cells are a narrower 20° in
width, with the indirect cell becoming detached from
the surface and a secondary direct cell arising in higher
latitudes. The main change occurs in the u��� flux in Fig.
2e3 which now has equal equatorward and poleward
components, with the EP fields in Fig. 4c indicating that
the Rossby waves generated by the baroclinic instabil-
ity at 30° propagate both equatorward and poleward
out of the jet axis. The equatorward u��� component

also has a strong secondary contribution in the bound-
ary layer.

The u��� cospectrum in case C indicates that the up-
per-level Rossby waves generated by the instability
propagate equatorward with a narrow peak at k � 7 but
poleward with a broader peak over k � 6–9. Neither set
of waves propagates strongly into low or high latitudes.
The ��T� cospectrum associated with the baroclinic in-
stability is broader with a primary peak at k � 9 and a
secondary peak at k � 4 in higher latitudes. Overall, the
most energetic eddies are significantly smaller than in
the standard case.

c. Transitional circulations

When the tropopause approaches the ground at the
pole or in high latitudes, the baroclinic zone becomes
subhemispheric in extent and the circulations undergo
transitions, first to a double-jet state, then reverting to
single jets with a different eddy character as the flows
approach extinction, Fig. 3. Similar multijet states are
also seen in high rotation systems (Williams 1988,
2003a; Lee 1997, 2005).

Such changes begin in case D (for Ts � 250 K) where
the main jet peaks at 22 m s�1 near 24° and where the
second jet peaks at 12 m s�1 in high latitudes and ex-
tends throughout the troposphere and stratosphere.
The jets are accompanied by four meridional cells in

FIG. 4. Meridional sections of the Eliassen–Palm flux divergence E and flux vector F for cases A–D with
stratospheric temperatures Ts of (a)–(d) 150, 200, 225, and 250 K, respectively. The contour intervals (CI) are
(a)–(c) 2, and (d) 1, in units of 10�5 m2. The negative (zero) contours are dashed (dotted).
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each hemisphere, with the Hadley cell keeping a 20°
width, but with the Ferrel cell becoming elevated and
narrower as the eddies become smaller.

Likewise, the u��� flux in case D has four compo-
nents, with convergent zones near 25° and 60°, Fig. 3e1.
For the related EP fields, in Fig. 4d, there are two pairs
of equatorward plus poleward wave propagation, cen-
tered at these latitudes. They extend to 5° and 75°,
respectively. The midlatitude poleward propagation
and the weaker high-latitude equatorward propagation
meet and stop at 46°; the nature of their interaction, if
any, is unknown. The u��� cospectrum has two major
components, with confined peaks at k � 10 for the
poleward flux and at k � 9 for the equatorward flux.
The secondary, high-latitude components occur at
lower wavenumbers. The eddy heat flux, ��T�, remains
hemispheric but its spectrum becomes broader, with
wave peaks at k � 9, 6, and 4.

A special case E with Ts � 260 K is added to the main
set to examine the transition to the weak eddy state that
occurs for Ts � 275 K. When the tropopause reaches
the ground near 60° in case E, the two jets seen in case
D appear to merge to form a strong zonal flow with a
peak of 16 m s�1 and a highly tilted axis that extends
throughout the troposphere and stratosphere, Fig. 3a2.
As a result, the jet deviates from the tendency to move
equatorward as the tropopause drops and lies more
poleward than in cases C and D, Fig. 1. However, the
Hadley cell keeps the same 20° width as seen in case C
but is accompanied by a narrower Ferrel cell.

Also in case E, the u��� flux reverts to the mainly
poleward form seen in case B. The ��T� flux is no longer
hemispheric, however, but remains confined to the
baroclinic zone. Both spectra indicate that the eddies
are limited to wavenumbers around k � 10 and have
almost no activity at larger scales; in other words, the
eddy activity becomes more limited again.

Finally, the limiting case F with Ts � 275 K marks the
point at which the circulation approaches extinction
(for the prescribed stratospheric formulation), Figs.
3a3–g3. The jet now peaks at 12 m s�1 near 21° and
extends vertically throughout the troposphere and
stratosphere, but with little axis tilt. The meridional
circulation is unusual in that only a direct cell exists and
appears to consist of two components, namely, a 20°-
wide Hadley cell and a frictionally driven cell. The sec-
ond component completely replaces the Ferrel cell be-
low the � � 0.7 level. The u��� flux is also unusual in
that the equatorward flux dominates, being a complete
reversal of the standard state. Note, however, that all
eddy fluxes are weak and mostly confined to the bound-
ary layer. Both spectra are narrow, reflecting a flow
that exhibits a steady wave form at k � 12.

4. Conclusions

By changing the value of one parameter, the strato-
spheric temperature Ts, which influences the height of
the tropopause, it is possible to change the dynamical
scales and the circulation forms in the model atmo-
sphere. To begin with, we see a gradual progression in
the single-jet circulation toward lower latitudes, with
the Hadley and Ferrel cells becoming narrower until
they reach a 20° limit, as Ts is varied from 150 to 225 K.
This is followed by transitions to flows with: (a) a
double jet and four cells at Ts � 250 K, (b) a strongly
tilted low-latitude jet with narrow spectra at Ts � 260
K, (c) a deep jet with steady waves at Ts � 275 K, and
(d) a weak (2 m s�1) axisymmetric jet at Ts � 300 K
(not shown), as the circulations approach extinction.

All of the flows presented are baroclinically unstable,
with broader spectral peaks occurring when Ts lies in
the 225–250-K range. The eddy momentum flux u��� in
the jets goes from being mainly poleward to convergent
to mainly equatorward as the troposphere becomes
shallower. The associated EP fields display a Rossby
wave propagation aloft that goes from equatorward, to
poleward plus equatorward, to poleward.

Most of the concepts of standard circulation theory
seem to apply to the various solutions. For example, for
a lower tropopause the eddies become smaller and the
Ferrel cells narrower because their scale is primarily
determined by the Rossby radius, LR � NH/f, where N
is the Brunt–Väisälä stability parameter, for a tropo-
sphere of thickness H. Furthermore, the jets move to-
ward lower latitudes because the baroclinic zone shifts
equatorward and the eddies become smaller when the
tropopause is lower. The existence and width of the
double jet (at Ts � 250 K) are consistent with the action
of eddies at scales near the Rossby radius and the
Rhines (1975) length, L� � (U/�)1/2, where U is the
turbulence velocity amplitude. The double jets pro-
duced by a lower tropopause add another example of
multiple jet formation to those usually brought about
by higher rotation rates, as discussed recently by Lee
(2005) and Williams (2003a).

There are two theoretical scales that may apply to the
Hadley cell width. They are based on the hypotheses
that an angular-momentum conserving flow extends
poleward from the equator until either (a) the zonal
flow matches the thermal wind, or (b) the vertical shear
becomes baroclinically unstable. The first option gives
an angular width �H � (R�HT)1/2, where R � gH/(a�)2,
according to the axisymmetric theory of Held and Hou
(1980). The Held–Hou scale appears to be more ap-
propriate for the intense Hadley cells found in moist
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models (Williams and Bryan 2006). On the other hand,
the second option gives the traditional scale, �BC �
(R�VT)1/4, a scale that seems to be the more appropri-
ate for the present solutions as its value varies more
slowly with changes in the tropopause height. However,
neither theory really explains why the width of the
Hadley cell never falls below 20° in the solutions.4

Concerning the existing atmospheric state, the form
of the circulation appears to be relatively insensitive to
the observed variations in the tropopause height. The
solutions, however, indicate that a drop of about 100
mb (as when Ts � 225 K) could lead to Rossby waves
propagating both poleward and equatorward from mid-
latitudes, resulting in a change in the synoptic character
of the circulation.

It should be emphasized that the circulations de-
scribed by the solutions are not meant to represent ob-
served or possible physical states but, rather, are de-
signed to reveal trends and find alternative states by
making extreme parameter changes. As such, they
show that the standard jets relocate equatorward by 2°
for every 5-K increase in the stratospheric temperature,
as well as undergoing changes in the eddy character,
primarily in the form of the eddy momentum flux and
in the direction of the Rossby wave propagation. The
presence of moist dynamical processes and interhemi-
spheric differences would modify or complicate this be-
havior. Our dry model is too idealized to address issues
of recent concern, such as changes in the tropopause
height under increases in the greenhouse gases, changes
in the location of the subtropical jet, or changes in the
strength and width of the Hadley cell (Mitas and Clem-
ent 2005). However, the sensitivity of the Hadley cell
and the annular mode to heating changes in moist mod-
els, as well as a comparison with data, are discussed in
a related paper by Williams and Bryan (2006).
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