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Laboratoire d’Aérologie, Observatoire Midi Pyrénées, Toulouse, France

(Manuscript received 27 June 2001, in final form 25 March 2002)

ABSTRACT

The mean meridional circulation induced by zonal momentum forcing is considered in the context of (i) a
wave–mean model, in which the momentum forcing arises naturally from the explicit representation of the
stratospheric wave response to lower boundary forcing, and (ii) a zonally symmetric model, in which the
momentum forcing is prescribed externally. Wave forcing is confined to one hemisphere, as a simple represen-
tation of the difference between the Northern and Southern Hemispheres. The main focus of the paper is on
how the upwelling branch of the circulation in the Tropics depends on nonlinearity, model diffusion, and the
transient effects of the seasonal cycle. Significant tropical upwelling can occur in the steady state if the zonal
momentum force extends into the subtropics, provided the forcing is strong enough to redistribute angular
momentum throughout the Tropics. The circulation in these strongly forced cases depends nonlinearly on the
forcing amplitude. If the forcing is weak, so that the dynamics are approximately linear, significant tropical
upwelling can occur in the steady state if (i) the radiative equilibrium temperature is such that angular momentum
contours tilt poleward and upward, as at the winter solstice, or (ii) the model diffusion is large. In seasonally
varying cases, weak subtropical forcing can also induce a time average tropical upwelling through the interaction
of the transient angular momentum distribution and the transient forcing. When the forcing is strong, the effect
of the seasonal cycle leads to an increase in the tropical upwelling beyond that of the steady-state response.

1. Introduction

Crucial to our understanding of the chemical and ra-
diative properties of the middle atmosphere is an un-
derstanding of the mean meridional circulation and its
dynamical and radiative causes. By mean meridional
circulation we mean a zonally averaged, long-term, sys-
tematic motion of air parcels that, in particular, averages
over the more rapid, small-scale wave motions present
throughout the atmosphere. This circulation plays an
important role in carrying chemical species away from
source regions and influencing the distribution of chem-
ically active and radiatively important species (e.g.,
ozone). An example is the transport from the tropo-
sphere into the stratosphere of chemical species ulti-
mately responsible for significant stratospheric ozone
depletion in the Southern Hemisphere (SH). The trans-
port and redistribution within the stratosphere of ozone
itself also plays a fundamental role in the heating of the
stratosphere. A recent series of anomalously cold North-
ern Hemisphere (NH) stratospheric winters, and the con-
sequent implications for ozone chemistry, underline the
importance of the radiative properties of the strato-
sphere. Finally, the meridional circulation itself also cre-
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ates significant departures from local thermodynamic
equilibrium, for example, near the tropical tropopause
and in the polar winter stratosphere. [For a general over-
view, see, e.g., WMO (1985), Andrews et al. (1987),
and a recent review in WMO (1999).]

Because of the angular momentum structure of the
atmosphere, which is dominated by the contribution
from the earth’s axial rotation, a mean meridional ve-
locity at a particular extratropical location cannot per-
sist without a systematic zonal mean force acting at
the same location. This force is required for parcels
of air to cross the nearly vertical surfaces of constant
angular momentum. Such effects have been recog-
nized since the works of Dickinson (1968, 1969), and
have been discussed more recently in Held and Hou
(1980), and Haynes et al. (1991). The latter derived
an expression for the zonally symmetric, steady-state
vertical velocity at a given location, completely in
terms of the zonal momentum force above that lo-
cation, integrating upward along a path of constant
angular momentum. This expression [their Eq. (2.6)]
makes explicit the concept of the ‘‘downward con-
trol’’ by a given distribution of zonal momentum forc-
ing. In the real atmosphere, such a forcing arises from
breaking planetary and gravity waves in the strato-
sphere and mesosphere. Holton (1990) and Rosenlof
and Holton (1993) applied the downward control con-
cept to observed eddy momentum and heat fluxes in
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the stratosphere to deduce mass fluxes across the ex-
tratropical lower stratosphere and, by mass continuity,
the upward mass flux in the Tropics.

The steady-state downward control expression can be
extended to the case of a periodic forcing and response,
allowing a representation of the annual quasiperiodicity
of the atmosphere. Denoting the time average of a quan-
tity q by ^q& 5 T21 q dt and the departure as q9 5T#0

q 2 ^q&, and following the analysis of Haynes et al.
(1991), the transformed Eulerian mean zonal momen-
tum equation yields the following expression for the
residual vertical velocity w*:

1
^w*& 5

r a cosf0

` 2 2] r a ^F & cos f 2 ^J &03 dz9 .E5 5 6 6]f ^m &f f5f(z9)z

(1)

Here, (f, z) are log-pressure coordinates, r0(z) is den-
sity, F is the prescribed zonal force per unit mass, J 5
](c9, m9)/](f, z) is the Jacobian determinant of the time-
varying components of the streamfunction c and an-
gular momentum m, and the integral is along a path
f(z) of constant m. Below, we will use (1) to determine
the extent to which the interaction of the transient terms
J, arising from an imposed seasonal cycle in thermal
and momentum forcing, influences the residual circu-
lation, with particular emphasis on the low-latitude up-
welling circulation.

Despite a good understanding of the mechanisms in-
volved in driving the observed mean meridional cir-
culation in the extratropics, we still do not have a clear
idea of those involved in low latitudes, where surfaces
of constant angular momentum deviate significantly
from the vertical, and where the dynamical link between
the zonal mean velocity and temperature fields is weak-
er. In particular, there is still no complete explanation
of the nonzero, time-averaged upward motion observed
throughout low latitudes in the lower stratosphere. Yu-
laeva et al. (1994) derived the diabatic vertical ascent
in the Tropics and found a seasonal cycle with a max-
imum in NH winter, consistent with the stronger wave
activity in the NH stratosphere. However, even in the
annual mean, the net ascent in the Tropics is still pos-
itive, which, according to (1), with a realistic distri-
bution of m and neglecting transient terms appearing in
J, cannot be explained by extratropical wave forcing
alone.

Recently, Plumb and Eluszkiewicz (1999; hereafter
PE99) considered the extent to which the downward
control principle could account for the time mean dia-
batic ascent rates observed in the Tropics. In the context
of zonally symmetric model simulations, they found that
very small zonal forces arising from artificial viscosity
(required for model stability) were ultimately respon-
sible for driving the low-latitude response in the lower

stratosphere. Because of the vanishingly small angular
momentum gradients in the Tropics, such small low-
latitudinal forces can result in a significant tropical up-
welling response, as can be seen from (1). Although the
model viscosity in their study is artificial, the general
point remains the same: that very small zonal forces,
arising in the atmosphere, for example, from the break-
ing of equatorial waves or other weak wave breaking
effects, are able to drive a significant circulation in low
latitudes.

In the present paper, we examine the dependence of
the tropical upwelling on mechanical forcing, together
with the effects of low-latitude diffusive-type forces of
the sort considered by PE99, nonlinearity, and the tran-
sient interaction of the seasonal cycle with the forcing.
The latter is represented by the term J in (1), which is
nonzero if there is time correlation between the tran-
sience of the angular momentum distribution (forced by
the seasonal cycle in the radiative basic state) and the
unsteady meridional circulation response to time vary-
ing mechanical forcing. To investigate these effects, we
first use a model in which the waves are explicitly re-
solved, the zonal momentum force taking the form of
the Eliassen–Palm (EP) flux divergence, arising self-
consistently from wave dissipation in the model. Per-
petual winter and seasonally evolving basic states are
both considered. Further calculations using a zonally
symmetric model are later used to analyze in more detail
some of the features seen in the wave model, and how
these arise from diffusive, nonlinear, and transient ef-
fects.

The structure of the paper is as follows. Section 2
contains a brief description of the model. Section 3 con-
siders the response to wave forcing in the zonally asym-
metric model, using the amplitude of the lower bound-
ary wave forcing as an external parameter, and consid-
ering the dependence of the meridional circulation re-
sponse as this parameter is changed. The response
depends on the details of the stratospheric wave evo-
lution rather than showing a simple dependence on the
wave forcing amplitude. Section 4 considers the re-
sponse to prescribed zonal momentum forcing in the
zonally symmetric model. First the forcing is prescribed
to be the EP flux divergence obtained from the zonally
asymmetric model simulations, and the response is ver-
ified to follow closely that of the zonally asymmetric
model. Thereafter, the forcing is given a meridionally
compact analytic structure, enabling a more detailed in-
vestigation of the response to forcing in particular lat-
itude ranges. Again, both steady and seasonally varying
radiative basic states are considered. In section 5, we
discuss in more detail the results of the zonally sym-
metric simulations of section 4. It is shown how nu-
merical diffusion and the transience associated with the
seasonal cycle both play an important role in modifying
the low-latitude circulation. Conclusions are presented
in section 6.
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2. Model description

The model used is a mechanistic primitive equation
model in spherical geometry, and is used here in es-
sentially the same configuration as that described in
Scott and Haynes (2002), to which the reader is referred
for more complete details. It was originally developed
by Saravanan (1992). There are 31 vertical levels equal-
ly spaced in log p, where p is the pressure, with the
lowest model level near 11 km and the highest near 83
km. A spectral representation is used in the horizontal
comprising M 5 32 or M 5 64 meridional modes, with
further truncation in the zonal direction as follows. In
section 3, waves are explicitly represented in the model
by including the zonal mean and the first (wavenumber-
one) zonal mode. This severe zonal truncation is deemed
to adequately capture the most important features of the
stratospheric response for present purposes (Haynes and
McIntyre 1987). Scott and Haynes (2002) showed that
the effect of adding further zonal wavenumbers in nu-
merical simulations of a similar nature to those pre-
sented below was small. In section 4 there is no zonal
structure at all and the model corresponds to a zonally
symmetric atmosphere.

The model is forced radiatively by including New-
tonian relaxation to a zonally symmetric radiative equi-
librium potential temperature uR that may be either con-
stant in time or time varying, the latter case providing
an approximation to the annual cycle. The height–lati-
tude distribution of uR is determined as that which is in
thermal wind balance with a specified semirealistic dis-
tribution of zonal winds. In sections 3 and 4a, the time-
varying distribution of uR is specified exactly as in Scott
and Haynes (2002, section 3 therein), and the steady
distribution of uR is set to the winter solstice of the time-
varying distribution. The relaxation timescale is ap-
proximately 20 days throughout the stratosphere and
there is a sponge layer above 50 km. In section 4b, a
time-varying uR is used that is antisymmetric about the
equator (to give an annually averaged uR in thermal wind
balance with a resting atmosphere), the relaxation time-
scale is 20 days, and there is no sponge layer.

In the zonally asymmetric version of the model,
waves are forced by applying a wave-one perturbation
to the geopotential height at the lower boundary. The
forcing is restricted to the NH only, with zero amplitude
south of 308N, and maximum amplitude h0 at 608N. This
restriction of the forcing provides a crude model of the
stronger forcing of planetary waves in the NH by oro-
graphic effects and land–sea temperature contrasts com-
pared with that in the SH. The forcing amplitude h0 is
held constant throughout each simulation (after a
smooth switch-on time of 10 days) and is treated as an
external parameter. In the zonally symmetric version of
the model, a prescribed body force F(f, z, t) is applied
to the zonal momentum equation in the stratosphere.
Various forms of F will be considered, including steady
and seasonally varying.

Finally, scale-selective horizontal diffusion and ver-
tical diffusion are included for model stability. The for-
mer is included as a ¹8 hyperdiffusion, with a value of
four per day on the smallest wavenumber, and the latter
has a value of 0.1 m s22, except in section 4b, when it
is zero.

3. Zonally asymmetric model results

We first consider the diabatic circulation induced in
the zonally asymmetric configuration of the model by
wave dissipation and thermal forcing. The model is trun-
cated in the zonal direction to include only the zonal
mean and the first zonal wavenumber, and waves are
forced by a wave-one perturbation in the lower bound-
ary geopotential height field with amplitude h0. Here,
h0 is varied as an external parameter, taking incremental
values between h0 5 200 m and h0 5 300 m.

We present two sets of experiments: one, Wsteady, in
which the radiative basic state is constant in time and
corresponds to perpetual winter; the other, Wseasonal , in
which the radiative basic state is time varying and cor-
responds to the seasonal cycle in solar heating. In each,
we consider the vertical component of the diabatic cir-
culation, defined by

Q
dw 5 , (2)

u0z

where Q 5 a(uR 2 u) is the diabatic heating in the
model due to radiative relaxation at rate a to the ra-
diative equilibrium potential temperature uR , and
where u 0(z) is a reference potential temperature profile.
Overbars denote a zonal average. The diabatic circu-
lation wd is an approximation to the full transformed
Eulerian mean (TEM) residual circulation w* under
the condition of small local potential temperature ten-
dency ]u/]t and neglecting ageostrophic eddy heat
transport, both reasonable in the lower stratosphere
(see, e.g., Shine 1989).

a. Perpetual winter

Figure 1a shows the response wd at 17-km altitude as
a function of latitude to lower boundary wave forcing
amplitudes h0 5 0, 240, 260, 270, and 290 m. Recall
that the wave forcing is restricted to the NH only (and
poleward of 308N). In all cases there is downwelling in
mid- and high latitudes, accompanied by upwelling in
low latitudes, which extends considerably into the op-
posite hemisphere from that in which the waves are
forced. An important feature of Fig. 1a is the depen-
dence of wd on the amplitude of the lower boundary
wave forcing.

For h 0 5 0 m, wd is almost indistinguishable from
zero everywhere, and would indeed be identical to zero
everywhere were it not for the model diffusion and
artificial viscosity (¹ 8 hyperdiffusion and vertical vis-
cosity), which prevents the temperature from exactly
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FIG. 1. Diabatic vertical velocity wd at 17 km calculated by (2) and
averaged over the last 100 days of 1000-day simulations, obtained
with steady radiative basic state and lower boundary forcing ampli-
tude h0. (a) h0 5 0, h0 5 210, h0 5 260, h0 5 270, h0 5 300 in
order of increasing magnitude of wd. (b) wd averaged over the latitude
range [2308, 308] for various forcing amplitudes (stars and left axis)
together with the total upward EP flux through the lower boundary
for the same time period and forcing amplitudes (diamonds and right
axis).

following the radiative equilibrium potential temper-
ature uR . This is because uR has been determined from
thermal wind balance with a specified wind profile that
is finite at the equator, and so ]uR /]f must be zero at
the equator. As noted by Dunkerton (1989), a nonzero
]uR /]f at the equator is required for efficient thermal
driving of a low-latitude circulation (see also PE99;
Semeniuk and Shepherd 2001a,b). The present choice
of uR therefore enables a partial isolation of the wave-
driven circulation from the thermally driven circulation
in low latitudes. In particular, note that the response
wd due to stratospheric thermal forcing alone, that is,
that obtained with h 0 5 0, depends entirely on the
viscosity, and that for small, physically reasonable val-
ues, the thermal response is at least an order of mag-
nitude smaller than the wave-driven response obtained
with physically reasonable values of wave forcing (the
other solid curves in Fig. 1a). Note that while this
approximation is appropriate in the lower stratosphere,
the thermal response in the upper stratosphere is prob-
ably more important.

For forcing values between h0 5 0 m and h0 5 260
m the magnitude of wd increases steadily with increasing
forcing amplitude. However, between h0 5 260 m and
h0 5 270 m there is a sudden increase to a significantly
stronger response, as well as a shift in the latitudinal
structure of the response. Beyond h0 5 270 m the mag-
nitude of wd again increases gradually with further in-
crease in forcing amplitude. Note that simple scaling
considerations would suggest that the magnitude of wd

would be a quadratic function of h0.
The sudden change in wd between h0 5 260 m and

h0 5 270 m can be related to the meridionally averaged
vertical component of the Eliassen–Palm flux at the low-
er boundary, ^F (z) | B&f, given by

p /21
(z) f (z)^F | & [ F cosf dfB E2 )2pa 0 z5zB

1 1
5 2 r Fa cosf dV 5 2 T , (3)E 02 22pa 2paV

where F 5 (1/r0a cosf)= ·F is the force per unit mass,
F 5 (F (f) , F (z)) is the Eliassen–Palm flux [as defined
by, e.g., Andrews et al. 1987, Eq. (3.5.3)], V denotes
the domain of the model (i.e., the stratosphere), and T
is the total torque produced by the waves on the zonal
mean flow. The quantity F in the second line of (3) can
be identified with the F in (1) and we therefore expect
^F (z) | B&f to be directly related to the magnitude of the
response wd. Figure 1b shows a strong correlation be-
tween ^F (z) | B&f and the tropically averaged wd over a
range of forcing amplitudes, even though the details of
the response are ultimately governed not only by the
magnitude of ^F (z) | B&f but also by the distribution of F
within the stratosphere. The larger than expected in-
crease in ^F (z) | B&f and hence in wd from h0 5 260 m
and h0 5 270 m arises because of two qualitatively
distinct stratospheric equilibrium states that exist for the
different forcing values (see Scott and Haynes 2000 for
details).

The EP cross sections for representatives of the two
states are shown in Fig. 2 and illustrate the different
distributions of wave dissipation (as represented by the
EP flux divergence). In both cases, the region where
= ·F is negative (i.e., where there is wave dissipation)
is confined to north of the equator, and therefore (1)
cannot explain the substantial upwelling all through the
Tropics and into the opposite hemisphere [restricting
attention to those regions where f ± 0 so that them
integral in (1) is valid, e.g., south of around 58–108S].
We will see in section 5 that the extension of the up-
welling into the opposite hemisphere can be accounted
for by considering the small zonal forces arising from
artificial model diffusion, as described in PE99, together
with the distortion of the angular momentum contours,
in the case of Fig. 2 caused by the wave forcing itself.
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FIG. 2. EP flux convergence for two of the cases shown in Fig. 1:
(a) for h0 5 240 m and (b) for h0 5 270 m. Solid lines denote negative
values (divergence) and dotted lines denote positive values, in units
of 2pa3rs 3 1027 m s22; note the different contour interval between
the two plots. Also shown dashed are various contours of constant
angular momentum (contour values not important).

b. Seasonally varying radiative basic state

In this section we consider the induced meridional
circulation when a representation of the seasonal cycle
in solar heating is included in the radiative equilibrium
state. The form of the seasonal cycle is given by

u 5 ru 1 (1 2 r)u , (4)R RS RW

1 2p t
r(t) 5 1 1 cos , (5)1 22 365 days

and is a sinusoidal superposition of summer and winter
basic states uRS and uRW as defined in Scott and Haynes
(2002, section 3). Because propagation of wave activity
into the model domain from the lower boundary is re-

stricted to times when the zonal flow is westerly, the
seasonal cycle in basic state also gives rise to a seasonal
cycle in wave dissipation in the stratosphere.

First consider the response to radiative forcing alone.
Under seasonally evolving conditions the potential tem-
perature follows the radiative basic state with a time lag
dependent on the relaxation rate, so the radiative forcing
will be nonzero throughout the year. Figure 3a shows
wd as defined by (2) for this case (h0 5 0). The seasonal
cycle is clear in the extratropics, with downwelling in
the autumn, when the vortex is warmer than the radiative
basic state, and upwelling in the spring, when it is colder.
In the Tropics, there is still a seasonal cycle but, again,
since ]uR/]f 5 0 at the equator, it is very weak, with
values of wd less than 0.01 mm s21 throughout the range
(158S–158N). The weakness of the thermally driven cir-
culation allows a clearer focus on the wave-driven cir-
culation.

For nonzero lower boundary wave forcing the re-
sulting wave dissipation in the stratosphere modifies the
thermally driven circulation. For h0 5 240 m there is
a substantial increase in the low-latitude response (Fig.
3b), with maximum upwelling of 0.12 mm s21, and a
corresponding increase in the NH winter downwelling.
For h0 5 270 m there is a still larger increase in the
low-latitude response (Fig. 3c), with maximum equa-
torial upwelling in excess of 0.24 mm s21, and sub-
tropical upwelling reaching 0.54 mm s21 in NH spring.
Note that for h0 5 270, the model response (to steady
wave forcing and annually periodic heating) exhibits an
internal biennial oscillation of the type investigated in
Scott and Haynes (1998), in which quiescent and dis-
turbed winters alternate, and this signal is clearly visible
in wd. As in section 3a the difference in wd between the
disturbed and quiescent years is again correlated with
the meridionally averaged upward component of the EP
flux through the lower boundary.

The annually averaged wd is shown in Fig. 4 for the
forcing amplitudes h0 5 0, 210, 240, and 270 m. There
is a marked increase in response between the h0 5 240
and h0 5 270 m cases, though less dramatic than for
the steady case above. There is also a clear difference
between the annually averaged wd of the disturbed and
quiescent years obtained with h0 5 270 m (dotted lines).
Note that the annually averaged wd for h0 5 0 is ev-
erywhere small and almost indistinguishable from zero
in the Tropics.

4. Zonally symmetric model results

To help understand the nature of the wave-driven cir-
culation, we consider the response of a zonally sym-
metric version of the model to a prescribed zonal mo-
mentum force, designed to represent the forcing that
arises from wave dissipation in the zonally asymmetric
model. The residual circulation (y*, w*) of the TEM
formulation is now just the zonally symmetric circu-
lation (y, w). For uniformity with section 3, we continue
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FIG. 3. Diabatic vertical velocity wd at 17 km as a function of time and latitude, taken from the last 2 yr of 10-yr simulations with a
seasonally varying radiative basic state, but constant lower boundary forcing amplitude h0: (a) for h0 5 0, (b) for h0 5 240 m, and (c) for
h0 5 270 m. The contour interval is 0.04 mm s21 equatorward of 6608 and 0.16 mm s21 poleward of 6608, except in (a), which has
additional contours equatorward of 6308 at intervals of 0.01 mm s21.

to use the vertical component of the diabatic circulation
wd as our principal diagnostic. It has been verified that
the difference between w and wd is in general small in
all of the following cases.

a. Zonal forcing derived from the asymmetric model

We first investigate the extent to which the meridional
circulations produced in the wave-one model of the pre-
vious section can be reproduced in the zonally sym-
metric model using an applied zonal momentum force
that is derived from the EP flux divergence of the wave-
one model. Three sets of experiments are described. In
the first, Zsteady, the radiative forcing is the same as that
of the perpetual winter cases Wsteady of section 2 above,
and the prescribed zonal momentum force is the steady-
state wave-induced zonal momentum force per unit mass

obtained with a lower boundary forcing amplitude of
h0 5 240 m, that is

1
F 5 = · F, (6)

ar cosf0

where = ·F is the EP flux divergence output from Wsteady

with h0 5 240 m. In the second set, Zseasonal , the radiative
forcing, is the same as that of the seasonally varying
cases, Wseasonal , of section 2, and the zonal momentum
force is the seasonally varying wave-induced zonal mo-
mentum force per unit mass produced by Wseasonal with
h0 5 240 m. Finally, in the third set, Zmean, both the
radiative forcing and the zonal momentum force are
constant in time and equal to the annual average of the
values used in Zseasonal. In all cases the zonal momentum
force is smoothed in space and time to ensure a more
stable response of the zonally symmetric model.
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FIG. 4. Diabatic vertical velocity wd at 17 km, as in Fig. 3, averaged
over the 2-yr period. Solid lines show wd for h0 5 0 m, h0 5 210
m, h0 5 240 m, h0 5 270 m in order of ascending magnitude; dotted
lines show the consecutive annual averages of the case h0 5 270 m.

FIG. 6. Diabatic vertical velocity wd from the zonally symmetric
model forced with the EP flux divergence output from the seasonally
varying wave-one model integration Zseasonal (solid), along with the
corresponding wd from the wave-one model integration Wseasonal

(dashed), both annually averaged over the 10th yr of simulation. Also
shown dotted is the steady-state wd from Zmean obtained with thermal
and momentum forcing equal to the annual average of that used in
Zseasonal.

FIG. 5. The EP flux divergence from Wseasonal used to force the zonal model integration Zseasonal: (a) vertically integrated from z 5 20 to the
upper boundary and (b) the annual average. Units: (a) 2pa3rs 3 1027 m2 s22 and (b) as in Fig. 2.

The meridional distribution of F in the steady case
Zsteady is shown in Fig. 2, and the time evolution and
vertical structure of F in the seasonally varying case
Zseasonal is shown in Fig. 5. In each case, we see that F
goes to zero at the equator. However, as already men-
tioned, small forces at low latitudes can still play an
important role in driving a meridional circulation
throughout the Tropics.

The results are summarized in Fig. 6, which shows
the time average wd at 17 km in the seasonally varying
case. The solid and dashed lines represent wd from the
zonally symmetric and asymmetric models, respective-
ly. The good agreement between the two responses is
also present in the steady case (not shown). The good

agreement is obtained despite the spatial and temporal
smoothing of the zonal force, consistent with the ex-
pectation that it is the broad-scale structure of the zonal
force that is important in determining the response. In
particular, note that the zonally symmetric model ac-
curately reproduces the broad region of upwelling
throughout the Tropics and well into the opposite hemi-
sphere.

Figure 6 also shows the response to Zmean (dotted line),
the steady-state calculation forced with the time-aver-
aged values of the thermal and momentum forcing used
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in Zseasonal . The tropical upwelling in the seasonally vary-
ing Zseasonal is about 25% greater than that in the steady
Zmean, which is an increase similar to that found by PE99,
although for different reasons, to be discussed presently.
Larger increases (up to around 50%) have also been
obtained in the same model used here by different choic-
es of radiative basic states.

The seasonally varying radiative equilibrium tem-
perature used by PE99 (their Te) had a kink at the equa-
tor and nonzero latitudinal gradient arbitrarily close on
the winter side. Considering as an example the linear-
ized TEM equations, the singular curvature of the an-
nually averaged Te at the equator gives rise to a two-
cell Hadley circulation with significant upwelling in the
Tropics. As pointed out by PE99, the increase in tropical
upwelling obtained by including this seasonal cycle in
heating is essentially due to the linear superposition of
the wave-driven circulation and the Hadley circulation.

In the present case, however, the radiative equilibrium
(potential) temperature uR has no gradient at the equator,
resulting in a much smaller thermally driven circulation,
as described in section 3b above. Thus, the increase seen
in Fig. 6 cannot be accounted for by a linear superpo-
sition of the wave-driven and thermal circulations. We
postulate instead that the seasonal cycle in thermal forc-
ing alters the instantaneous angular momentum distri-
bution in such a way that the downward control influ-
ence of the zonal momentum forcing can be felt closer
to the equator. This can happen when the tilting of the
angular momentum contours is temporally in phase with
the zonal momentum forcing, leading to a nonzero time

average for the term J appearing in (1). This mechanism
is discussed in more detail in sections 4b and 5b.

Observations of the lowermost stratosphere indicate
that the maximum values of tropical upwelling are lo-
cated in the summer hemisphere, and that the total re-
gion over which upwelling occurs also shows a seasonal
migration toward the summer hemisphere (Rosenlof
1995; PE99). In the present model the wave forcing is
confined to the NH winter, so most of the annual average
wd comes from the NH winter response to forcing. Thus
a maximum wd in the summer hemisphere would appear
in the annual average of Fig. 6 as a maximum in the
SH. It is seen from Fig. 6 that the addition of the sea-
sonal cycle (difference between solid and dotted lines)
alters the structure of wd so that its maximum lies over
the equator rather than at 258N. Thus, although the struc-
ture of wd obtained with the seasonal cycle does not
have a maximum in the SH, the change induced by the
addition of the seasonal cycle is such as to bring the
structure of wd closer to that suggested by observations.

b. Compact zonal forcing

To isolate the relation between the zonal momentum
forcing and the induced low-latitude upwelling, we con-
sider a simplification of the form of the forcing distri-
bution. In this section the force has a compact form with
a maximum of A(t) at a variable latitude f0 and fixed
altitude z 5 40 km, decaying smoothly to zero within
158 on either side of the maximum, and within 20 km
above and below:


p |f 2 f | p |z 2 40 km|02 2A(t) cos cos , |f 2 f | # 158, |z 2 40 km| # 20 km01 2 1 2F 5  2 158 2 20 km (7)

0, otherwise.

We first consider the steadily forced case A(t) 5 A0 [
21025 m s22 ø 21 m s21 day21, which is a physically
reasonable value in terms of the magnitude of the re-
sponse produced. The forcing amplitude is reduced by
a factor of 100 [i.e., setting A(t) 5 A0/100] in some of
the experiments below to investigate the linear depen-
dence of the model response. The radiative relaxation
rate is fixed at a 5 0.05 day21 throughout the model
domain. The vertical viscosity is set to zero to allow an
easier consideration of the effect of the horizontal hy-
perdiffusion below. All the experiments in the remainder
of this section are run at the higher resolution of M 5
64 latitudinal modes.

1) RESTING ATMOSPHERE

We first consider the case where the radiative equi-
librium potential temperature corresponds to a resting

atmosphere; that is, uR is constant throughout the model
domain and is constant in time (no seasonal cycle).

Figure 7a shows wd at 17 km for four different lati-
tudinal locations of the imposed momentum forcing,
given by (7) with f0 5 408, 308, 258, and 208. Each
simulation was run for 2000 days, which was found to
be long enough to reach a sufficiently steady state. The
curves are ordered with the maxima and minima in wd

occurring further poleward for larger f0. For f0 5 408
the response lies entirely in the NH extratropics, with
upwelling on the equatorward flank of the forcing region
and downwelling on the poleward flank. The slight lat-
itudinal spread of the response beyond the latitudinal
extent of the forcing is a result of the model diffusion,
here a scale selective ¹8 hyperdiffusion acting in the
horizontal. This effect is discussed in more detail in
section 5a.
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FIG. 7. Diabatic vertical velocity wd at 17 km from the zonally
symmetric model forced with the compact zonal momentum force of
(7): (a) with forcing amplitude A 5 A0 and (with peaks moving
equatorward) f0 5 408, f0 5 308, f0 5 258 (heavy), f0 5 208; (b)
for f0 5 258 with A 5 A0/100 (solid) and A 5 A0 (dotted and rescaled
by a factor of 1/100). Values are calculated after 2000 days of sim-
ulation except the solid line in (b), which is calculated after 20 000
days and has also had the thermal response removed.

As f0 is decreased the response increasingly spreads
across the Tropics and into the opposite hemisphere.
The dependence of the upwelling in the Tropics is dif-
ferent from that of the downwelling in midlatitudes.
Whereas in midlatitudes the response simply shifts to
lower latitudes with decreasing f0, in low latitudes there
is a systematic increase in the upwelling throughout the
Tropics. For f0 5 258 (heavy line), there is a distinct
subtropical upwelling maximum, presumably a direct
response to the forcing overhead, and a weaker, but
substantial, broad region of upwelling extending across
the Tropics and into the opposite hemisphere. For forc-
ing at still lower latitudes, f0 5 208, these two regions

begin to merge into a single upwelling maximum cen-
tered over the equator. In the remainder of this paper
we will focus on the case f0 5 258, and look more
closely at the nature of the tropical upwelling response.

The momentum forcing in the case f0 5 258 is zero
equatorward of 108N. Assuming linearity, that is, that
the angular momentum distribution of the basic state
remains unaltered by the forcing, the downward control
integral of (1), predicts an upwelling response that is
also zero equatorward of 108N, since the angular mo-
mentum contours, in this case of a resting atmosphere,
are vertical. Therefore, the broad region of tropical up-
welling seen in Fig. 7a, must either result from addi-
tional zonal forces arising from the effects of model
diffusion (PE99) or else there must be significant de-
partures from linearity.

Considering f0 5 258, Fig. 7b shows the response
to forcing amplitude A(t) 5 A0/100 (solid line), one-
hundredth of the value used in Fig. 7a (the response to
which is reproduced, scaled appropriately, in Fig. 7b as
the dotted line). For this small amplitude A 5 A0/100
of mechanical forcing, the response to thermal forcing
alone is comparable to the response to mechanical forc-
ing, and so the response to thermal forcing is subtracted
out to enable comparison of the A 5 A0/100 and A 5
A0 responses.1 Comparison of the two responses reveals
two effects. First, in midlatitudes and in the subtropics
the response for A 5 A0 appears to be shifted poleward
and reduced in magnitude. In particular, the response
does not scale linearly as the forcing is increased from
A 5 A0/100 to A 5 A0. Second, upwelling throughout
the Tropics and into the opposite hemisphere is only
obtained for A 5 A0; the case A 5 A0/100 shows a
distribution closer to that which would be obtained from
(1) applied to a resting atmosphere. Therefore, if model
diffusion is indeed responsible for the tropical upwelling
obtained with A 5 A0, it appears that the precise way
in which it acts is still fundamentally nonlinear.

An idea of the degree of nonlinearity in the above
case, f0 5 258, can be obtained by considering the
distribution of angular momentum m of the steady-state
responses for A 5 A0/100 and A 5 A0 (Figs. 8a,b). The
difference between the two responses in midlatitudes
seen in Fig. 7b arises from the bunching together of m
contours in the region of the forcing in the case A 5
A0. This bunching together increases the local gradient
mf, resulting in a reduction of the induced circulation
from (1). The tilt induced in the m contours by the
forcing is also responsible for the poleward shift in the
downwelling branch of the circulation around 408N.

In low latitudes, the effect of the strong forcing on
the m distribution creates a broad region of weak m
gradients in the upper stratosphere, which intrudes into
the forcing region at 158N and 40–50-km altitude. Thus

1 The smallness of the circulation in the case with A 5 A0/100
means that the dynamics is essentially linear (except possibly very
close to the equator) and so this subtraction is justified.
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FIG. 8. Angular momentum distribution for the calculations illus-
trated in Figs. 7b and 9. (a) Thermal forcing corresponding to a resting
atmosphere and momentum forcing amplitude A 5 A0/100, (b) ther-
mal forcing corresponding to a resting atmosphere and momentum
forcing amplitude A 5 A0, and (c) thermal forcing corresponding to
winter solstice conditions and momentum forcing amplitude A 5 A0/
100. Units: 6.4 3 107 m2 s21. The closed contours represent the
momentum forcing with contour values 0.1, 0.3, . . . , 0.9 of the
maximum amplitude.

FIG. 9. Diabatic vertical velocity wd at 17 km with forcing amplitude
A 5 A0/100, f0 5 258, and steady radiative basic state corresponding
to perpetual winter (solid) and a resting atmosphere (dotted).

the low-latitude forcing is able to drive a circulation that
connects across the equator and into the opposite hemi-
sphere, relying only on the distortion of the basic state
m distribution by the forcing itself. In the case of weak
forcing A 5 A0/100 (Fig. 8a) the distortion of the trop-
ical distribution of m is correspondingly weak and no
cross equator circulation is possible.

2) PERPETUAL WINTER

Another way in which the distribution of m can be
altered is by the action of the seasonal cycle in radiative

heating. For example, in winter the strong westerlies in
midlatitudes result in m contours that tilt poleward with
height in the middle stratosphere, as shown in Fig. 8c.
As can be seen from (1), zonal forcing at a given height
and latitude will then result in an upwelling response
that extends downward and equatorward of the latitude
of the forcing (see also Haynes et al. 1991, their Fig.
8). If the zonal forcing is located in sufficiently low
latitudes, this tilting of the upwelling response by the
distribution of m may bring the response close to the
region of weak m gradients at the equator where un-
forced latitudinal motion is possible, resulting in up-
welling throughout the Tropics. The role of this mech-
anism in the upper stratosphere has also been considered
recently by Tung and Kinnersley (2001).

The distribution shown in Fig. 8c was obtained using
thermal forcing equal to solstice conditions of the sea-
sonal cycle described in the following section. The zonal
momentum forcing was as above, given by (7) with A
5 A0/100 to avoid the nonlinear redistribution of m,
and with f0 5 258. Figure 9 shows the response wd to
these forcings (solid line). Because of the tilt in the m
contours associated with the radiative equilibrium tem-
perature distribution, the low latitude zonal forcing is
again able to induce a cross-equator circulation resulting
in mean upwelling into the opposite hemisphere. Here,
however, the effect is a linear one since the weak forcing
does not induce a noticeable change in the distribution
of m. For comparison, the dotted line in Fig. 9 shows
the response to the same momentum forcing in a resting
atmosphere.

3) SEASONAL CYCLE

In sections 3 and 4a it was shown that the low-latitude
upwelling obtained with time-varying thermal and mo-
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FIG. 10. Annual average of the seasonally varying response (solid)
and the corresponding steady-state response (dotted): (a) strong forc-
ing, A(t) given by (8) (solid) and A(t) given by the annual average
of (8) [i.e., A(t) 5 ^A(t)& 5 1/3A0] (dotted); (b) weak forcing, with
forcing amplitude 1/100 that used in (a). The light solid lines denote
the annual average values at 5-yr intervals for the cases with a sea-
sonal cycle, wd decreasing in magnitude at the equator with increasing
time.

mentum forcing was greater than that obtained with con-
stant thermal and momentum forcing equal to the time
average of the time-varying forcing. We now use the
compact forcing profile given by (7) to investigate in
more detail how the seasonal cycle influences the re-
sponse. The radiative equilibrium temperature has been
modified from that used in section 3 to be antisymmetric
about the equator, so that the time average basic state
corresponds simply to a resting atmosphere.2 The mo-
mentum forcing is given by (7) with f0 5 258 and with
a seasonal cycle in A(t) defined by


A 2p(t 2 60 days)0 1 2 cos ,1 2 2 240 days

A(t) 5 
(8)

|t 2 180 days| # 120 days
0, otherwise,

giving a maximum forcing in midwinter on day 180,
and zero forcing during the summer, days 0–60 and
300–360 (where, for simplicity, 1 year 5 360 days).
The annually averaged amplitude ^A(t)& 5 1/3A0, where
as before A0 [ 21 3 1025 m s22.

Figure 10 shows the annually averaged response to
seasonally varying thermal and momentum forcing (sol-
id) and the steady-state response to steady forcing equal
to the annually averaged thermal and momentum forcing
(dotted). As for the steady-state calculations described
above there is a marked difference between the strongly
forced [with amplitude A(t) as given by (8)] and the
weakly forced [with amplitude A(t)/100] cases, shown in
Figs. 10a and 10b, respectively. Again, we attribute these
differences to the nonlinear adjustment of m to the strong
forcing, both in midlatitudes and in the Tropics.

In both the strongly and weakly forced cases there is
also an equatorward shift in the wd response and sig-
nificant increase in the tropical upwelling when the sea-
sonal cycle is included. This can be understood by con-
sideration of the perpetual winter case above, which
showed a distortion of the m contours by the radiative
forcing that allowed the effect of the zonal momentum
forcing to be felt at lower latitudes. In the seasonally
varying cases here, the distortion of m by the radiative
forcing is in phase with the zonal momentum forcing,
resulting in a bias of the upwelling toward lower lati-
tudes. This effect appears in (1) through the term J,
since the annual average and steady-state angular mo-
mentum distributions are approximately equal, by con-
struction. With strong zonal momentum forcing J is fully
nonlinear since changes in m arise in response to the
forcing. On the other hand, for weak zonal momentum

2 For reference, the coefficients detailed in Scott and Haynes
(2002), Eq. (6) have been changed to u0 5 30, u1 5 2u2 5 150, b0

5 0.01, b1 5 b2 5 0.06, f0 5 0, f1 5 2f2 5 60, a1 5 a2 5 0.04,
and z1 5 z2 5 55. The zonal mean zonal velocity basic state deter-
mined by these coefficients is similar to that shown in Scott and
Haynes (2002), Fig. 2.

forcing J is linear, since the changes in m are imposed
externally by the radiative heating. Thus, the difference
between the solid and dotted lines in Fig. 10b can be
explained by J, even though the forcing is so weak that
the dynamics are essentially linear. Note, the conver-
gence to a constant time-averaged upwelling in the
weakly forced seasonally varying case, Fig. 10b, is very
slow, the thin lines denoting the annual averages every
5 yr (1800 days).

5. Discussion

The results presented above indicate that nonlinearity
in the steady-state case and transience in the seasonally
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FIG. 11. As in Fig. 7b, except with a model resolution of: (a) M 5 32 meridional modes and (b) M 5 96 meridional modes. The solid
and dotted lines represent the responses to momentum forcing with amplitude A(t) 5 A0/100 and A(t) 5 A0, respectively, with the response
for A(t) 5 A0 rescaled by a factor of 1/100.

varying case can both alter the distribution of angular
momentum so that a zonal momentum force in low lat-
itudes can induce an upwelling circulation across the
Tropics and into the opposite hemisphere. In this section
we consider these effects in more detail and some of
their implications for the wave-one calculations pre-
sented in section 3.

a. Hyperdiffusion

For stability, the model used in all the above exper-
iments contains a scale selective ¹8 hyperdiffusion that
acts on the momentum equation. As discussed by PE99
such artificial diffusion can contribute to a tropical cir-
culation, since the zonal force required to balance lat-
itudinal motion is small close to the equator. Although
PE99 considered vertical viscosity similar arguments
apply to horizontal diffusion of the kind used here.
There is no explicit vertical viscosity in the model equa-
tions used here.

To see how the latitudinal scale of the induced cir-
culation depends on the hyperdiffusion, we consider the
following simple scaling arguments. Using similar anal-
ysis to that used in Holton et al. (1995) and Garcia
(1987) the linearized TEM equations on the sphere (e.g.,
Holton et al. 1995), with a frictional force 2ku in the
zonal momentum equation, lead to a steady-state rela-
tion of the form

2] 1 ] k N ] cosf ]w
(r w) 10 2 2 21 2[ ]]z r ]z a 4V a cosf ]f sin f ]f0

1 ] cosf ]F
5 , (9)1 22Va cosf ]f sinf ]z

where k is the friction timescale, a is the radiative time-
scale, and other variables are as in Holton et al. (1995).
If the frictional term is replaced by a hyperdiffusion of
the form 2k9¹8u (as in our model), then k in (9) can
be replaced by a term of order gmaxd8/L8, where gmax is
the rate at which the smallest wavenumbers are damped,
d is their length scale (i.e., the grid resolution), and L
is a horizontal length scale. Balancing terms of (9) out-
side the forcing region, that is, where F 5 0, leads to
the following scaling for L:

1/10 1/5
g NDmax 24/5L ; d , (10)1 2 1 2a V

in midlatitudes (a sinf ; a/2) and

1/12 1/6
g aNDmax 22 /3L ; d , (11)1 2 1 2a 2V

in low latitudes (a sinf ; L), where D2 5
, with a vertical length scale D, and a2Ïmin(HD, D )

vertical scale height H 5 7 km. In (10) and (11), L is
the scale on which an upwelling response decays away
from the forcing region. Note that L depends very weak-
ly on gmax, so that moderate changes in the hyperdif-
fusion will have little effect on L, but depends more
strongly on the resolution d. For example, in the Tropics,
resolutions of M 5 32, 64, and 96 meridional modes
give L ø 1200, 750, and 580 km, respectively. In mid-
latitudes M 5 64 gives L ø 570 km.

Figures 11a and 11b show the dependence of the
response on the resolution for steady forcing with A 5
A0/100 (solid) and A 5 A0 (dotted). These should be
compared with Fig. 7b. For both strong and weak forc-
ing, higher resolution gives a tighter response in mid-
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FIG. 12. Vertical velocity at 17 km calculated from (1) with A(t)
given by (8) with f0 5 258 and A 5 A0/300, and with J taken from
the corresponding calculation with seasonal cycle [A(t) given by (8)
divided by 100] shown in Fig. 10b (solid). The dotted line is the
same but without the term J.

latitudes, approximately following the above scaling.
However, the low-latitude response to strong forcing
(dotted lines) is unaffected by the resolution, which sup-
ports the assertion made in section 4b that the low-
latitude response is nonlinear for A 5 A0.

Since the diffusion acts to spread the response lati-
tudinally away from the forcing region, its presence will
increase the effect described in section 4b above, name-
ly, that the tilting of angular momentum contours can
lead to increased tropical upwelling. For even if the
tilting m contours fail to link the forcing region with
the region of weak m gradients in the Tropics, the lat-
itudinal spreading of the circulation by the diffusion
may be sufficient to bridge the gap. As an example, if
the seasonal cycle in thermal heating induces a tilt in
the m contours (see Fig. 8c) of around 58 between the
forcing region (maximum at 40 km) and where the up-
welling is measured (here at 17 km), and if we take the
latitudinal spreading of the response in the Tropics with
M 5 64, that is 750 km ; 7.58, then forcing at 12.58N
will penetrate to the region of weak m gradients at the
equator. In weakly forced cases of Figs. 9 and 10b, the
forcing is nonzero north of 108N and so a small cir-
culation is able to penetrate through the Tropics.

b. The effect of the transient term

As we saw in section 4b, the addition of a seasonal
cycle in thermal and mechanical forcing can influence
the tropical upwelling response, even in the almost lin-
ear regime with very weak momentum forcing. One way
in which this can happen is through the transient inter-
action of the momentum forcing and the distribution of
m: the momentum forcing occurs predominantly during
winter, at the same time as the thermal forcing induces
a poleward and upward tilt in the m contours. The tran-
sient interaction is represented in (1) by the term J de-
fined by

J 5 c9m9 2 c9m9 (12)f z z f

5 2r cosf(aw9m9 1 y9m9 ), (13)0 z f

where the primes denote deviations from the time av-
erage. In general, the second term on the right-hand side,
y9 , is much larger than the first, and so J representsm9f
the horizontal advection of m. As mentioned above, J
can be nonzero even for weak forcing, since the tran-
sience in mf arises from the thermal forcing indepen-
dently of the amplitude of the momentum forcing. For
strong forcing on the other hand, O(1) transience in both
y and mf can also arise as a result of the transience in
the momentum forcing itself.

In model simulations it was found that the biggest
changes to the steady-state circulation were usually ob-
tained when both the thermal and mechanical forcing
were made time varying. This suggests that the role of
the seasonal variations in thermal forcing cannot be ne-
glected. The effect of the transience in the momentum

forcing may be most significant at very low latitudes,
where a zonal force is balanced preferentially by a zonal
acceleration rather than by a Coriolis torque due to a
meridional circulation.

To isolate the response to the above transient inter-
action from the effects of model diffusion, consider w
given by (1), where J has been evaluated using the
model fields output from the weakly forced seasonal
calculation described in section 4c [A(t) given by (8)
divided by 100]. The response w, shown in Fig. 12
(solid line), was obtained by interpolating F, J, etc.,
onto a regular grid in (m, z) space to obtain F(m, z),
etc., performing the integral and derivative, and plot-
ting the result against f (m, z) at z 5 17 km. Also
shown (dotted line) is the same calculation but leaving
out the term J. Although the calculation does not allow
the evaluation of w very close to the equator, one nev-
ertheless sees a clear increase in the tropical upwelling
when the term J is included. Further, the increase seen
here is in rough agreement with the increase seen be-
tween the solid and dotted lines in Fig. 10b, the sea-
sonal cycle and steady-state responses, respectively.
Note that the small differences between Figs. 12 and
10b arise from the neglect of unresolved diffusive forc-
es in the integrand of (1), that is, the neglect of the
hyperdiffusive effects discussed in section 5a.

c. The zonally asymmetric response and the observed
circulation

The effective momentum forcing on the zonal flow
in the wave-one experiments of section 3, namely, the
EP flux divergence, was closer to the strong forcing
amplitudes used in section 4 than to the weak forcing
amplitudes. As seen in Fig. 2, the distribution of m in
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low latitudes is significantly distorted from the vertical,
similar to the zonally symmetric case shown in Fig. 8b.
The region of weak m gradients is larger for the stronger
EP flux divergence of h0 5 270 m. In both cases h0 5
240 and h0 5 270 the EP flux divergence extends toward
the edge of the region of weak m gradients but not far
enough into it to account for the penetration of the trop-
ical upwelling well into the opposite hemisphere. In the
light of the analysis in section 5a, it seems reasonable
that the model diffusion is acting here to spread the
response of the wave forcing latitudinally to the extent
where it can drive a significant circulation through the
region of weak m gradients in the Tropics. The length
scale for the latitudinal spreading by diffusion in this
case is around 128.

In section 4, the compact forcing centered on f0 5
258N extended to 108N, and the m contours in the per-
petual winter case allowed a penetration of the circu-
lation into the Tropics (Fig. 8c). In the stratosphere, the
edge of the surf zone lies near 208N, in approximate
agreement with the edge of the EP flux divergence in
Fig. 2. Thus, the distribution of m needs to be relatively
strongly distorted to provide a link between the wave
forcing region and the Tropics. Although thermal heat-
ing alone may be insufficient to cause such a strong
distortion, it may combine with the additional nonlinear
distortion of m by the momentum forcing (e.g., Figs. 2
and 8b) to create this link into the Tropics.

Finally, we note that in none of the above experiments
was an upwelling maximum produced in the opposite
hemisphere to the forcing. Although the addition of such
features as the seasonal cycle, model diffusion, and non-
linearity all contribute to an increase in the tropical up-
welling, and an apparent shift of the response to lower
latitudes, it is possible that these are nevertheless unable
to produce such a maximum. A more plausible expla-
nation for this feature of the observed circulation may
be simply the presence of summer hemisphere wave
drag.

6. Conclusions

We have used a simple mechanistic model of the
stratosphere to investigate the mean meridional circu-
lation response of an atmosphere subjected to zonal mo-
mentum and radiative forcing, with particular emphasis
on the low-latitude tropical upwelling. Both a zonal
wavenumber-one model, in which zonal momentum
forcing arose self-consistently from wave dissipation,
and a zonally symmetric model, in which the momentum
forcing was derived from the wave-one model, produced
circulations that are in good agreement with each other
and with the vertical velocities derived from observa-
tions of the real stratosphere. Further experiments using
the zonally symmetric model with compact momentum
forcing investigated in more detail the importance of
nonlinearity, model diffusion, and the transient effects
of the seasonal cycle.

As discussed in a recent investigation by PE99, model
diffusion plays an important role in the penetration of
the steady-state-induced circulation into low latitudes.
In our zonally symmetric model, significant tropical up-
welling can occur in the steady state if the momentum
forcing extends into the subtropics, but only if the forc-
ing is strong enough to alter the distribution of angular
momentum in the Tropics. In our wave-one model with
realistic wave evolution, the substantial upwelling seen
throughout the Tropics can be explained by the sub-
stantial wave dissipation occurring well into the sub-
tropics, together with effects of the model diffusion and
the nonlinear adjustment of angular momentum.

The role of nonlinearity in allowing a steady-state
tropical upwelling was supported by calculations in
which the forcing strength was reduced significantly, as
well as by calculations at different resolutions. The latter
calculations showed that the tropical upwelling obtained
with strong forcing was independent of the resolution
(the dotted lines in Figs. 7b and 11a,b), contrary to the
predictions of the linear scaling arguments in section
5b.

Modification of the annually averaged induced cir-
culation from the steady state was found when a sea-
sonal cycle was included in both the radiative basic state
(i.e., the thermal forcing) and in the momentum forcing.
In the wave-one model, the seasonal cycle in wave dis-
sipation arose naturally from the dependence of wave
propagation on the seasonally evolving basic state,
whereas in the zonally symmetric model it was imposed
externally. In both models the addition of the seasonal
cycle resulted in an increase in the tropical upwelling.
This increase was found in the zonally symmetric model
even when the zonal momentum forcing was weak, so
that the dynamics were approximately linear (Fig. 10).
Thus, the increase appears to arise largely from the in-
teraction of the seasonal cycle in thermal and momen-
tum forcing, and not from the nonlinear effect of the
redistribution of angular momentum by the zonal mo-
mentum forcing.

In the real atmosphere, tilting of the angular mo-
mentum distribution by the seasonal cycle in the thermal
forcing may be insufficient in itself to link the surf zone
to the region of weak angular momentum gradients in
the Tropics. However, it appears from the foregoing that
it can certainly make the effects of extratropical wave
drag be felt closer to the equator. Thus, it is possible
that such tilting could combine with other effects, for
example, the nonlinear redistribution of angular mo-
mentum by the wave drag, to allow extratropical wave
drag to influence the circulation across the Tropics.
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