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Sponge layer feedbacks in middle-atmosphere models
T. G. Shepherd, K. Semeniuk, and J. N. Koshyk

Department of Physics, University of Toronto, Toronto, Ontario, Canada

Abstract. Middle-atmosphere models commonly employ a sponge layer in the
upper portion of their domain. It is shown that the relaxational nature of the
sponge allows it to couple to the dynamics at lower levels in an artificial manner. In
particular, the long-term zonally symmetric response to an imposed extratropical
local force or diabatic heating is shown to induce a drag force in the sponge that
modifies the response expected from the “downward control” arguments of Haynes
et al. [1991]. In the case of an imposed local force the sponge acts to divert a
fraction of the mean meridional mass flux upward, which for realistic parameter
values is approximately equal to exp(—Az/H), where Az is the distance between
the forcing region and the sponge layer and H is the density scale height. This
sponge-induced upper cell causes temperature changes that, just below the sponge
layer, are of comparable magnitude to those just below the forcing region. In
the case of an imposed local diabatic heating, the sponge induces a meridional
circulation extending through the entire depth of the atmosphere. This circulation
causes temperature changes that, just below the sponge layer, are of opposite sign
and comparable in magnitude to those at the heating region. In both cases, the
sponge-induced temperature changes are essentially independent of the height of the
imposed force or diabatic heating, provided the latter is located outside the sponge,
but decrease exponentially as one moves down from the sponge. Thus the effect of
the sponge can be made arbitrarily small at a given altitude by placing the sponge
sufficiently high; e.g., its effect on temperatures two scale heights below is roughly
at the 10% level, provided the imposed force or diabatic heating is located outside
the sponge. When, however, an imposed force is applied within the sponge layer
(a highly plausible situation for parameterized mesospheric gravity-wave drag),
its effect is almost entirely nullified by the sponge-layer feedback and its expected
impact on temperatures below largely fails to materialize. Simulations using a
middle-atmosphere general circulation model are described, which demonstrate
that this sponge-layer feedback can be a significant effect in parameter regimes of
physical interest. Zonally symmetric (two dimensional) middle-atmosphere models
commonly employ a Rayleigh drag throughout the model domain. It is shown that
the long-term zonally symmetric response to an imposed extratropical local force
or diabatic heating, in this case, is noticeably modified from that expected from
downward control, even for a very weak drag coefficient.

Haynes et al. argued that the long-term mean response
in the meridional circulation or temperature is exclu-
sively “downward.” (In this paper, “heating” is under-
stood to include both positive and negative values.) In
particular, an equal and opposite force is induced in
the boundary layer through a slight adjustment of the
surface winds, which leads to a steady mean meridional
; " circulation extending between the surface and the level
h.eatmg acts to relax temperatures back to some radia-  ,f the imposed force. In the vertical branches of this cir-
tively determined temperature field and that there is  cyjation, temperatures are pulled away from radiative
a relaxational frictional boundary layer at the ground, equilibrium by adiabatic heating.

1. Introduction

Haynes et al. [1991] have considered the zonally sym-
metric response of the middle atmosphere to an imposed
extratropical quasi-steady force F', conceived to be as-
sociated with the upward propagation and breaking of
Rossby and gravity waves. Assuming that the diabatic

It is also instructive to consider the zonally symmet-
ric response to an imposed extratropical quasi-steady
diabatic heating @, conceived to be associated with a
Paper number 96JD01994. change in the radiatively determined temperature due
0148-0227/96/96JD-01994$09.00 to changes in concentration of radiatively active con-
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stituents. Although Haynes et al. [1991] did not ex-
plicitly consider this problem, their arguments would
imply that the long-termm mean response in this case
is exclusively local, with a modification of the tempera-
ture in the vicinity of the imposed heating and no mean
meridional circulation. (This thought experiment was
discussed by MclIntyre [1992, section 6]; see also Holton
et al. [1995, section 3].)

Of course, any realistic middle-atmosphere model is
subject to forcing and diabatic heating throughout its
domain. The point of the thought experiments de-
scribed above is to identify the expected response to
a local change in forcing or diabatic heating. Evidently,
this response must involve other changes in forcing or
diabatic heating in the long-term limit, in order for
the model to reach a steady state balance. If these
induced changes are complex (involving, for example,
O(1) changes in the wave-induced forcing), then the
imposed F or Q) cannot really be regarded as given and
a simple cause-and-effect understanding of the response
cannot be obtained. A key assumption of the scenario
proposed by Haynes et al. [1991] is that such com-
plex feedbacks are second-order effects and the domi-
nant response involves induced changes in two model
components that are relaxational and therefore easy to
understand, namely, boundary layer frictional drag and
radiative heating. Both kinds of induced changes are
highly plausible on physical grounds.

Yet many middle-atmosphere models have mechani-
cal drag processes in addition to boundary layer fric-
tion that are also relaxational. Two-dimensional mod-
els commonly include a Rayleigh drag throughout the
model domain, and three-dimensional models commonly
include a Rayleigh drag or diffusive sponge layer in the
upper portion of the model domain. In both cases the
drag acts primarily as a surrogate for missing gravity-
wave drag, in order to produce a reasonable climate.
Yet its response to perturbations can be expected to be
quite different from that of gravity-wave drag, in that a
Rayleigh or diffusive drag is relaxational and will thus
(like a spring) react with whatever strength is required
to oppose an applied force. In contrast, the strength
of middle-atmosphere gravity-wave drag is determined
by the tropospheric gravity-wave sources; changes in
local wind conditions will change where the drag is de-
posited, but not its total amount. (There could be a
small feedback on the tropospheric flow and therefore on
the strength of the gravity-wave sources, but for middle-
atmosphere drag this should be a second-order effect.)
Therefore it is quite possible, as noted by Haynes et
al. [1991], that middle-atmosphere models with a re-
laxational drag could respond to an imposed local force
or diabatic heating in an unphysical manner.

The purpose of this paper is to explore this possi-
bility. In particular, we consider the long-term zonally
symmetric response of a middle-atmosphere model with
a Rayleigh-drag sponge layer (in addition to a frictional
boundary layer) to an imposed extratropical local force
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F or diabatic heating Q. (The case of a diffusive sponge
layer is briefly considered in section 6 and is found to
give a similar response.) The problem is first studied
through idealized numerical simulations in section 2.
The results suggest a departure from the “downward
controlled” response, including significant temperature
changes above the level of the imposed force or dia-
batic heating. In section 3 an asymptotic analysis of
the long-term response is performed, extending the re-
sults of Haynes et al. [1991]; this analysis provides
information on parameter dependences. Two exper-
iments with a middle-atmosphere general circulation
model are described in section 4, which demonstrate
that sponge-layer feedbacks in middle-atmosphere mod-
els can be important, in practice. The case of a uniform
Rayleigh drag, relevant to many two-dimensional mod-
els, is considered in section 5; a noticeable departure
from the downward controlled response is also found in
this case, even for a very weak drag coefficient. The re-
sults are summarized in section 6, and some conclusions
are drawn in section 7.

2. Idealized Numerical Solutions

We wish to consider the problem of the zonally sym-
metric, balanced response to an imposed (switch on)
extratropical local force or diabatic heating, in the pres-
ence of a lower frictional boundary layer, an upper
sponge layer, and Newtonian cooling toward a reference
state. For mathematical tractability it is advantageous
to consider the limit of small perturbations, with the
reference state at rest. Haynes et al. [1991] have shown
that such an idealization captures the essential nature
of the dynamical response in the extratropical middle
atmosphere. (The tropics have a different character;
see, e.g., Dunkerton [1989].)

We thus consider the zonally averaged primitive equa-
tions, linearized about a state of rest, under the assump-
tion that the zonal flow remains in geostrophic and hy-
drostatic balance [see, e.g., Andrews et al., 1987):

% —2Quv = F - r(2)u, (1)
%—€+Sw=Q—aT, (2)
2%% = —a%(l—uz)l/zg—i, (3)
sp[= ]+ 2 2 (o) =0, @

In the above, u, v, and w are the zonal, meridional, and
vertical velocities, respectively; po(2) and Tp(z) are ref-
erence profiles of density and temperature, respectively;
T is the departure of the temperature from the refer-
ence profile; S = dTp/dz + kTp/H is a measure of the
static stability, where x = R/cp; R is the gas constant,
and ¢, is the specific heat at constant pressure; H is
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the (constant) density scale height; Q and a are the ro-
tation rate and radius of the Earth, respectively; z is a
log-pressure vertical coordinate; and u = sin ¢, where
¢ is latitude. The nondivergence condition (4) allows

the introduction of a meridional mass stream function
1 defined by

S S
po(l — p2)1/2 8z’

1 oy

v= w=———.
poa Op

(3)

We have included a force term in the zonal momen-
tum equation (1) consisting of an imposed (switch on)
force per unit mass F together with a Rayleigh drag
with a coefficient r(z) that is zero except in the lower
frictional boundary layer and the upper sponge layer.
In a similar way we have included a diabatic heating in
the temperature equation (2) consisting of an imposed
(switch on) heating @ together with Newtonian cooling
on a timescale 1/a; making @ # 0 in a certain region
is thus equivalent to changing the radiative equilibrium
temperature there. It is appropriate to identify (v,w)
in (1)—(5) with the transformed Eulerian mean circula-
tion (7*,w*) in the zonally averaged equations of mo-
tion [Andrews et al., 1987]. In the steady state limit,
(v,w) can also be identified with the diabatic circula-
tion. The mass stream function 1 is taken to be zero
at ¢ = 0°, ¢ = 90°, and at the top and bottom of the
model. (As shown by Haynes and Shepherd [1989], this
lower boundary condition involves an approximation,
but its effects are unimportant for middle-atmosphere
applications.)

We solve (1)—(5) numerically over the northern hemi-
sphere using finite differences on a height-latitude grid.
Parameter values are To = 240 K, a = 1/(5days),
H=7km, N2=10"*572, pp(0) = 1.225 kg m~2, and
Q = 27 d71. The model top is placed at z = 80 km,
and the imposed force and diabatic heating are Gaus-
sian distributions in 2z and ¢ centered at 40 km and
45°N, with half widths of Az = 5 km and A¢ = 10°.
Their maximum strengths are, respectively, —10 m s—!
d~! and 1 K d~!. The vertical grid spacing is 0.4 km,
while the horizontal grid spacing is 0.9°. The plane-
tary boundary layer and sponge layer (when applied)
are represented by a Rayleigh drag with r(2) given by

1
<z<
2days Pim s zs80km
1- cos[l'lré; ; 60)/5] 60 km < z < 65 km
r(z) = 4 d

0 5 km < z < 60 km
1+ cos(nz/5) 0km < z<5km
L 6 days T .

(6)

The numerical solutions are carried forward for 1 year.
The model has not yet reached a steady state by then,
but the results are indicative of the long-term response.
We first consider the case of a localized switch-on
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(westward) force F < 0, with Q = 0 (Figure 1). The
initial (transient) response is shown in Figure la, the
sponge-free response after 1 year is shown in Figure 1b,
and the response after 1 year in the presence of the
sponge is shown in Figure 1c. We consider the sponge-
free, downward controlled response (Figure 1b) to be
the true response, and differences between Figures 1b
and lc to be a spurious sponge-layer feedback.

The initial response (Figure 1la) is as predicted by
the theory of Eliassen [1951]: the force acts locally
to decelerate the atmosphere but also drives a pole-
ward mean meridional circulation which returns equa-
torward, partly above but mainly below the forcing
region (Figure la, top). This meridional circulation
causes adiabatic heating that leads to a quadrupole pat-
tern of temperature tendencies 8T/t (Figure 1a, mid-
dle). The net effect is to spread the zonal wind tenden-
cies Ou/0t (Figure la, bottom) out in such a way that
the combined wind and temperature tendencies are in
thermal wind balance (3). The response is elliptic and
therefore nonzero everywhere, but it is most pronounced
in the vicinity of the forcing.

As the temperature perturbation grows in time, the
oT term in (2) becomes increasingly important. Since
aT will have the same sign as 8T/0t, as the former
grows in magnitude, the latter must correspondingly
decrease, with the sum of the two balancing —Sw (the
mean meridional circulation being essentially prescribed,
on these timescales), until eventually 8T /0t shuts off.
This local saturation of the response occurs on a time-
scale of order 1/a and leaves a quasi-steady local bal-
ance between adiabatic heating and diabatic heating,.
(If the forcing region is “tall” then the saturation time-
scale may be considerably longer; see Haynes et al.
[1991].) As described by Haynes et al. [1991], the
meridional cells then “burrow” both upward and down-
ward, away from the forcing region, with the mass flux
of the lower cell slowly increasing at the expense of
the upper cell. The cells eventually run into the up-
per and lower boundaries. In the presence of relax-
ational drag processes near those boundaries, the nega-
tive zonal wind acceleration driven by the equatorward
meridional circulation induces positive drag forces.

When the drag is purely at the lower boundary, as
envisaged by Haynes et al. [1991], the upper cell dies
away, leaving only the lower cell (Figure 1b, top). The
associated temperature change is located exclusively be-
tween the ground and the forcing region, in a dipole
pattern (Figure 1b, middle), and is maintained by the
meridional circulation. Because of the decreasing den-
sity with height, a constant mass flux translates into
an exponentially decreasing temperature change as one
moves down from the forcing level. The positive merid-
ional temperature gradient below the forcing region
leads, through (3), to a negative change in the zonal
wind both below and above the forcing region, flanked
by positive values, with no vertical shear above the forc-
ing (Figure 1b, bottom).
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Figure 1. Numerical solutions of (1)-(5) for an imposed negative Gaussian force F' < 0 centered
at 40 km and 45°N, with a maximum strength of —10 m s~! d=!. The model lid is at 80 km,
and the sponge begins at 60 km, ramping up to a constant value of r = 1/(2days) between 65
and 80 km; density scale height H = 7 km; and a = 1/(5days). (a) Instantaneous response,
(b) model response after 1 year with no sponge layer, and (c) model response after 1 year with
the sponge layer. Shown for each response are the meridional mass stream function ¢ (top), the
temperature perturbation T' (middle), and the zonal wind perturbation u (bottom). In Figure 1a,
the tendencies T /8t (middle) and du/dt (bottom) are shown. Contour intervals are as follows:
Figure 1a (top), 0.5 kg m~! s~!; Figures 1b and lc (top), 2.0 kg m~! s~!; Figure 1a (middle),

0.1 K d71; Figures 1b and 1lc (middle), 2.0 K;
and 1c (bottom), 20 m s1.

When, however, the relaxational drag is also exerted
through an upper sponge layer, a positive force is in-
duced at the top as well as at the bottom of the model,
and the upper cell can persist indefinitely. The long-
term response consists of meridional cells both above
and below the forcing region, although in this case the

Figure la (bottom), 0.4 m s—! d—1; Figures 1b

force is imposed sufficiently far away from the sponge,
about three scale heights away, that the upper cell is
practically invisible (Figure 1lc, top). Yet its effect is
clearly seen in the temperature change, which is now a
vertically elongated quadrupole (Figure 1c, middle); the
constant mass flux above the forcing level translates into
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an exponentially increasing temperature change as one
moves up. The zonal wind change is similar to the pre-
vious case below the forcing region but decreases with
height above the forcing region (Figure 1c¢, bottom).
Another way to understand the response in this case
is that the downward controlled response (Figure 1b)
implies negative zonal wind accelerations in the sponge
layer, which induce positive drag forces. The combined
response is thus consistent with downward control, so
long as one considers the induced positive sponge-drag
force together with the imposed negative force F.

In terms of temperature, the sponge-layer feedback is
comparable in magnitude to the presumably real, down-
ward controlled response. The temperature changes be-
low the level of the imposed force are, in this case, es-
sentially unaffected by the sponge (compare Figures 1b
and 1c, middle), but if one presumes that all portions of
the model atmosphere below the sponge are of physical
interest (this is usually the criterion that dictates the
position of the sponge) then one must conclude that the
sponge induces spurious temperature and zonal wind ef-
fects that are quantitatively significant.

We next consider the case of a localized switch-on
(positive) diabatic heating @ > 0, with F = 0 (Fig-
ure 2). The initial response (Figure 2a) is again pre-
dicted by the theory of Eliassen [1951]: the heating
acts locally to warm the atmosphere (Figure 2a, mid-
dle) but also drives a rising mean meridional circula-
tion which returns downward on either side of the heat-
ing region (Figure 2a, top). This meridional circulation
causes Coriolis forces that lead to a quadrupole pattern
of zonal wind tendencies du/8t (Figure 2a, bottom).
The net effect is to spread the temperature tendencies
0T /8t (Figure 2a, middle) out in such a way that the
combined wind and temperature tendencies are in ther-
mal wind balance.

As described above, the relaxational heating term

acts to saturate the temperature response in the vicinity
of the imposed diabatic heating on a timescale of order
1/a, and the two meridional cells then burrow upward
and downward away from the region of imposed heating,
until they hit the upper and lower boundaries. When
the drag is purely at the lower boundary (Figure 2b),
then any induced drag force cannot be balanced else-
where in the atmospheric column (as is required under
steady state conditions) and the circulation must even-
tually collapse. In fact, in this case there is some cir-
culation remaining after one year (Figure 2b, top), but
this is a transient effect. The temperature response has
already confined itself to the vicinity of the imposed di-
abatic heating (Figure 2b, middle), producing a dipole
barotropic zonal wind change above (Figure 2b, bot-
tom).

In contrast, when the relaxational drag is also exerted
through an upper sponge layer (Figure 2c), the Coriolis
forces imposed at the top and the bottom are of oppo-
site sign within each column and the induced drag forces
can therefore balance each other indefinitely. In this
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case the two-cell meridional circulation can and does
persist (Figure 2c, top); moreover, it is quite broad. It
might be thought that the breadth of this circulation
is a transient effect, that the circulation would even-
tually collapse onto the latitude band of the heating
region. This is not the case, however, as can be seen
from the fact that there is a strong meridional flow in
Figure 2c (top) in both the sponge layer and the fric-
tional boundary layer, extending right to the equator.
In fact, it is clear that if the transient circulation of Fig-
ure 2b (top) is removed from Figure 2c (top), then what
is left is a pair of cells extending through the depth of
the model atmosphere, with essentially vertical flow in
the drag-free regions. These cells persist indefinitely,
being driven by the drag force that has spun up in the
sponge layer, and there is nothing to force them to be
meridionally confined.

Despite the breadth of this sponge-induced merid-
ional circulation, the temperature change associated
with it is in this case largely confined to its ascending
branch. The combined temperature response (Figure
2c, middle) is a superposition of local warming in the
vicinity of the imposed diabatic heating, essentially un-
changed from the sponge-free case (Figure 2b, middle),
together with a sponge-induced cooling that decreases
exponentially as one moves down from the sponge. The
maximum value of this sponge-induced cooling is com-
parable to the maximum value of the warming below.

Therefore the presence of an upper sponge layer is
seen to significantly affect the zonally symmetric re-
sponse to an imposed extratropical local force or di-
abatic heating. It does this by allowing a drag force to
develop in the sponge, which then drives a circulation
extending through the entire depth of the model. Al-
though the sponge-layer feedback is attenuated by the
density decrease with height, it still has a significant im-
pact on the temperature response just below the sponge,
even when the imposed force or diabatic heating is lo-
cated about three scale heights away from the sponge.
The asymptotic analysis in the next section shows that
this is always the case, no matter how far away the
sponge is from the imposed force or diabatic heating.
It should also be noted that the sponge-layer feedback
is not latitudinally confined to the region of the imposed
force or diabatic heating. This effect, which is another
departure from downward control, is particularly evi-
dent in the case of the imposed diabatic heating, where
the sponge-free circulation vanishes.

The parameter dependences of this sponge-layer feed-
back will be quantified by means of an asymptotic anal-
ysis in the next section. Before doing so, we consider
one more idealized numerical solution, motivated by the
following considerations. The available evidence [e.g.,
Holton, 1982; Garcia and Solomon, 1985; Shine, 1989]
suggests that most of the middle-atmosphere gravity-
wave drag is imposed in the upper mesosphere and
mesopause regions. It is generally accepted that this
drag is crucial for determining the temperature struc-
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Figure 2. Same as in Figure 1, except for an imposed positive diabatic heating with maximum
strength of 1 K d~!. In Figures 2a—2c (top) the meridional cells are ascending at 45°N. Contour
intervals are as follows: Figure 2a (top), 0.1 kg m~! s~1; Figures 2b and 2c (top), 0.02 kg m~!
s~1; Figure 2a (middle), 0.04 K d~!; Figures 2b and 2c (middle), 0.4 K; Figure 2a (bottom), 0.05
m s~! d~!; Figures 2b and 2¢ (bottom), 2.0 m s~*.

ture in the mesosphere [e.g., Andrews et al., 1987],
possibly down to the middle stratosphere in polar re-
gions [Haynes et al., 1991; Garcia and Boville, 1994).
However, in most middle-atmosphere general circula-
tion models the lid is no higher than the mesopause
and any sponge layer is therefore acting in the upper
mesosphere. This implies that gravity-wave drag pa-
rameterization schemes in such models will be applying
the bulk of their drag within the sponge layer. It is
therefore interesting to consider the extent to which the

response to an imposed drag force is modified when the
drag is imposed within the sponge layer itself.

This case is shown in Figure 3, which corresponds to
Figure 1 but with the imposed force centered at 73 km,
in the heart of the sponge layer. As before, the instan-
taneous response is shown in Figure 3a, the sponge-free
long-term response is shown in Figure 3b, and the long-
term response in the presence of the sponge is shown in
Figure 3c. By comparing Figures 3b and 3c, it is evi-
dent that the sponge completely distorts the long-term
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Figure 3. Same as in Figure 1, except for an imposed force located within the sponge layer.
Contour intervals are as follows: Figure 3a (top), 0.01 kg m~! s~!; Figures 3b and 3c (top),

0.025 kg m~! s~!; Figure 3a (middle), 0.1 K d~

1. Figures 3b and 3c (middle), 1.5 K; Figure 3a

(bottom), 0.3 m s—! d~*; Figures 3b and 3c (bottom), 20 m s™*.

response. The mass circulation (Figures 3b and 3c, top)
is weakened in overall strength by about a factor of 5
and is spread over the entire hemisphere, instead of be-
ing confined directly below the force. The temperature
response (Figures 3b and 3c, middle) is likewise weak-
ened, by a factor of 5 to 10 in its maximum values, and is
meridionally broadened and vertically shortened. This
suggests that the response to the imposed force has been
almost completely nullified by the sponge; in addition,
a spurious mass circulation has developed that forces
(weak) temperature changes over all latitudes.

3. Asymptotic Solutions

In this section we consider asymptotic solutions of
(1)-(5) in the long-time limit, following Haynes et al.
[1991]. For consistency with Haynes et al., we set z =0
at the level of the imposed force or diabatic heating.
The upper boundary is then at z; > 0, and the lower
boundary is at zp < 0. The sponge and the planetary
boundary layer are represented with a Rayleigh-drag
coefficient given by r(z) = FH(z — 2,) +¥6((2 — 20)/ H),
where 4(-) is the Dirac delta function and H(-) is the
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Heaviside step function and where 0 < 2, < z;. The
fields are decomposed into a Hough-mode representa-
tion (see appendix), in which case (A1)-(A4) may be
combined into the single equation

2
(5+) 75 55 (0 52) + s (5 +7) wn
_ €, N?F, exR 0

T 402a% T 2QapoH E(pOQ")’ @

where N2 = RS/H is taken to be constant.

We first consider the case of an imposed force F,,(z, t)
= faH(t)0(z/H), with Q, = 0. Haynes et al. [1991,
equation (3.21)] showed that the intermediate-time re-
sponse consists of upward and downward propagating
adjustments. After a time ¢ ~ b,2,/aH, the upward
propagating adjustment encounters the sponge layer
and induces a “sponge force” that causes a downward
propagating adjustment just like the original one; the
resulting sponge-induced modification to the zonal wind
u}, takes the form

8 fﬂb‘n e(z—z,)/H

Up ~ 7 2a

bpz’ Ha? 1/2
% erfc{‘(t + aH) [4b,.(b,, + 1)|z’|] } ®
where 2z’ = 2z — 22, b, = —€, N?H? /40202, and

1-2) { 1 —exp[A(zs — 2:)/H] } (9)
T+X | 1- (32)% explA(zs — 2)/H] |

with A = [1 + (4b,7/a)]'/2. The latitudinal distribu-
tion of this sponge force is not the same as that of the
imposed force f,, since 17 depends on n. When the orig-
inal downward propagating adjustment encounters the
planetary boundary layer, an upward propagating ad-
justment u®, is induced, which is given by Haynes et al.
[1991, equation (5.4)]. In the presence of both upper
and lower boundaries the long-term response then con-
sists of an infinite series of responses from each bound-
ary to the adjustments induced by the other. In the
steady state limit we obtain

n=

. fabn
a[l - nfe—(z- —20)/H]

Un

where £ = (a/b,y)—1. The part of u,, in (10) associated
directly with the imposed force does not contain % or
€. Terms that involve 1 but not ¢ represent the sponge
response to the u, induced by the imposed force, with-
out any feedback from the planetary boundary layer.
Terms that involve £ but not # are the response of the
planetary boundary layer to this same u,,, without any
feedback from the sponge layer. (Note that with n = 0,
(10) reduces as expected to the result given by Haynes
et al. [1991, equations (3.21) and (5.4)].) The remain-
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ing terms represent the infinite series of responses of
the sponge to the u, induced by the planetary bound-
ary layer and vice versa. (A more revealing form of
(10), which shows this infinite series of responses, is ob-
tained by expanding the factor [1 —n¢e(2s—20)/H]~1 jp
nge~(===)/H )

For reasonable values of the parameters, £e?/H will
be extremely small for a force imposed many scale
heights away from the lower boundary; hence the terms
involving £ will be negligible for practical purposes and
the steady state response will be given to good approx-
imation by

foby [ 1 metm2E,

0<z<z
(11)

e?/H 4 pele=2)/H 40 < 2<0.

Up

Some of the parameter dependences of 7 are explored
in Figure 4, where it is seen that for reasonable values
of the model parameters, n &~ —0.5. In fact, it is easily
seen from (9) that n ~ —1 in the limit b,7/a > 1,
this limit being of some relevance to middle-atmosphere
models. In short, n can be expected to be an order
unity, negative number.

The sponge-layer feedback therefore reduces the zonal
wind change nearly to zero just below the sponge, with
the effect exponentially decreasing as one moves down.
This explains the results seen in Figures 1b and 1c (bot-
tom). The corresponding temperature change can be
inferred from (A3); in the steady state limit, neglecting
the terms involving &,

n e(z—z.) /H ,

an2H2 0<z<z,

T 2QaRo

e H ypelz=2)/H = 50 < 2<0.
(12)
The magnitude of the (spurious) sponge-induced tem-
perature change just below the sponge is seen to be com-
parable to the (presumably real) temperature change
just below the imposed force; both decrease exponen-
tially in z as one moves down. This explains the results
seen in Figures 1b and 1c (middle).
To determine the effect on the meridional mass cir-
culation, note that in the steady state limit, (A2) and

14 nele=2)/H 4 gezo/H | peela—zatzo)/H

ez/H+ne(z—z.)/H+£ezo/H+n£e—(z,—zo)/H,

0<z<z
(10)
20<2<0

(A5) imply ¥, = —(poac/S)T,.. The e*/H factors in
Ty, seen in (12) are therefore removed when it comes to
¥n, and we find meridional cells of opposite orientation
above and below the forcing, with a ratio in strength
given by (again ignoring the small corrections involving

£)

mass flux in upper cell ne%/H

1+ ne—2/H '

(13)

mass flux in lower cell
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When the sponge is several scale heights away from the
forcing level, its effect on the mass circulation is thus
seen to be small. This explains the results seen in Fig-
ures 1b and 1c (top). Yet even the weak upper cell
is seen to have significant effects on the temperature
structure within one or two scale heights of the sponge.

Haynes et al. [1991, p. 668a] did, in fact, briefly con-
sider the case where the “surface” drag was imposed
above the level of the forcing. In that case they found
a reduction in the strength of the lower cell of order
e~%/H for b,y/a > 1, which is consistent with (13).

We now consider the case of an imposed diabatic
heating, Qn(z,t) = ¢.H({)d(z/H), with F, = 0. The
analysis proceeds much as above. The sponge-induced
fields behave as if they originated from a switch-on forc-
ing at the base of the sponge; for intermediate times,
before feedback from the planetary boundary layer, the
sponge-induced modification to the zonal wind takes the
form

s bR (..,

Up ~ 1
1 2 /
2113)[41,”(1,[51 1)|z,|]1 2}- (14)

n N2H?%q
X erfc{ - (t +
In the steady state limit we find
gnb.200aR
~ N2H2a(1 _ nge—(z,—zo)/H)

1+ ne(z_zs)/H , 0<2z< 2z
) (15)
ele2)/H 4 pee=(G=s0)/H | 30 < 3 <0

Un

As above, the terms involving £, which reflect the feed-

back from the planetary boundary layer, are negligible
for a diabatic heating imposed many scale heights away
from the lower boundary and the long-term response is
then given, to good approximation, by

@nbn2QaR { 1+ pelsm2)/H 0<z <z,

Up ~
N2H?a ne(#=2)/H 20<2<0.
(16)
This explains the results seen in Figures 2b and 2c
(bottom). The corresponding steady state temperature
change is
z—2z,)/H
T, o~ 20T %"5@/1{). (17)
As in the case of the imposed force, the sponge-induced
temperature change is oppositely signed to the temper-
ature change at the level of the imposed heating and
achieves a comparable magnitude just below the sponge
(allowing for integration over the d function, of course).
This explains the large sponge-induced cooling above
the level of imposed heating seen in Figure 2¢ (mid-
dle). The meridional mass circulation in this case is
entirely due to the sponge and may be calculated from
Yo = —(poaa/S)T,; it extends through the depth of
the atmosphere with a vertically uniform mass flux (see
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Figure 4. Dependence of 7 [defined in (9)] on n and
7/a, with fixed parameters (a) #/a = 2.5 and (b) n =
2. In both cases, 2; — 2; = 17.5 km and H = 7 km.

Figure 2c, top). That the sponge-induced response has
a different latitudinal structure than the imposed heat-
ing is again explained by the fact that 1 depends on
n.

4. Experiments With a Middle-Atmos-
phere General Circulation Model

In this section, sponge-layer feedbacks are examined
in a developmental version of the first-generation Cana-
dian middle-atmosphere model (CMAM). The model is
based on a developmental version of the third-generation
Canadian Climate Centre (CCC) general circulation
model (GCM); the second-generation CCC GCM is de-
scribed by McFarlane et al. [1992]. The CMAM is
briefly described by Shepherd [1995], and a full descrip-
tion is provided by S.R. Beagley et al. (The radiative-
dynamical climatology of the first-generation Canadian
Middle Atmosphere Model, submitted to Atmosphere-
Ocean, 1996). Triangular spectral truncation at wave-
number 32 (T32) and 50 vertical levels between the
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Figure 5. (a) Zonally and temporally averaged sponge-
layer plus planetary boundary layer zonal momentum
forcing from the Canadian middle-atmosphere model
(CMAM) control run for a single June-July-August sea-
son. (b) Same as Figure 5a, but for a run including
surrogate mesospheric gravity-wave drag centered near
(60°S, 0.1 mbar). (c) The difference between the fields
in Figures 5a and 5b, i.e., Figure 5b minus Figure 5a.
Contour intervals are 5 m s~ d=1.
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ground and 0.001 mbar define the model resolution,
with an approximate vertical resolution of 3 km above
the tropopause. The sponge layer consists of Rayleigh
drag with a maximum relaxation coefficient of 1.0 d 1,
acting on the horizontal wind above 0.01 mbar.

One major discrepancy between CMAM and observa-
tions is that the model overestimates the magnitude of
the southern hemisphere wintertime mesospheric zonal
jet by almost a factor of 2. This problem is com-
mon to many middle-atmosphere models [e.g., Hamil-
ton et al., 1995; Boville, 1995] and is at least partly
associated with the inadequate representation of meso-
spheric gravity-wave drag (GWD) effects. Although
some mesospheric drag is generated over the Antarctic
plateau in CMAM by the orographic GWD parameteri-
zation of McFarlane [1987), this is insufficient to correct
the excessive zonal winds.

Figure 5a shows the temporally and zonally averaged
sponge-layer plus planetary boundary layer zonal mo-
mentum forcing obtained from the model in the stan-
dard configuration for a single June-July-August (JJA)
season (the control run). In an attempt to reduce the
excessive zonal winds associated with this model (not
shown), a second version of CMAM was developed.
This version includes an additional forcing that can be
considered a crude surrogate for missing mesospheric
gravity-wave drag (the wave drag run). The additional
forcing consists of Rayleigh drag F', which is activated
only when the local horizontal wind speed in the model
exceeds 100 m s~! and which has a damping coefficient
proportional to the excess.

Figure 5b shows the sponge-layer plus planetary boun-
dary layer forcing for the wave drag run together with
the additional Rayleigh drag F', temporally and zonally
averaged over the same JJA season. Comparison of Fig-
ure 5a to 5b indicates that F has a maximum amplitude
of about 15 m s~! d~! at approximately 60°S and 0.1
mbar. The difference between the fields shown in Fig-
ures 5a and 5b is displayed in Figure 5c, which demon-
strates that the drag on the zonal wind associated with
F (negative-valued, dashed contours) is accompanied by
a decrease in the magnitude of the sponge-layer forcing
(positive-valued, solid contours). Thus, compared with
the control run, a positive force is induced within the
sponge layer in the wave drag run.

This change in the sponge-layer drag is consistent
with the arguments of section 2. From (1) the steady
state zonal momentum balance in the model sponge
layer can be approximately expressed as

—2Quv = Fj, (18)
where F, is the forcing provided by the sponge. When
F is initially applied in the model, a transient picture
not unlike that of Figure la (top) emerges, adding an
equatorward component to the meridional wind (i.e.,
Av > 0) above the forcing region. As this meridional
wind change works its way up into the sponge layer, F,
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Figure 6. Zonally and temporally averaged tempera-

ture difference between the CMAM control run and a

run including surrogate mesospheric gravity-wave drag

for the June-July-August season. Contour interval is 5

K.

adjusts to smaller negative values. Thus, as shown in
Figure 5¢, AF; > 0 according to (18) (note that u < 0
in the southern hemisphere).

The zonally and JJA temporally averaged tempera-
ture difference AT between the control and wave drag
runs is shown in Figure 6. Figure 6 is similar to Figure
1c (middle), although the meridional asymmetry in the
quadrupole of the former is stronger. Possible reasons
for the difference include the use of a sophisticated ra-
diative cooling parameterization in CMAM (for which
radiative relaxation times vary with latitude and alti-
tude) as well as the existence of secondary feedbacks in
CMAM, such as differences in the amount of parame-
terized orographic GWD between the control and wave
drag runs. The latter effect turns out to play a signif-
icant role in the perturbed heating experiment consid-
ered later in this section.

The quadrupole pattern of Figure 6 is similar to those
seen in some previous GCM studies. For example, Mc-
Farlane [1987, Figure 13] studied the effects of an oro-
graphic GWD parameterization on the Canadian Cli-
mate Centre first-generation GCM and found that the
addition of a localized lower stratospheric drag resulted
in a quadrupole temperature anomaly compared with a
run without this drag. The shape of the quadrupole pat-
tern suggests that this was a sponge feedback and not a
transient response; the sponge in his case consisted of a
Rayleigh “roof” drag applied at the uppermost model
level.

In order to verify that the temperature difference seen
in Figure 6 reflects the steady state behavior of CMAM,
it is useful to consider (2) in the form

oT

E+Sw=Q8+QiT7
where Q, and Q;, represent solar heating and infrared
cooling, respectively. For the special case of Newto-
nian cooling, Qi = —aT as in (2). Although not ex-

(19)

23,457

act, (19) provides a reasonable approximation to the
zonally averaged thermodynamic equation in CMAM.
Subtracting the equations corresponding to (19) for the
respective experiments discussed above and seasonally
averaging gives

S 8L 4 (sauw) = (AQu),

(20)
where AT; and AT} denote the difference in temper-
ature between the control and wave drag runs at the
beginning (June 1) and end (August 31) of the simula-
tion, respectively; 7 = 92 days is the length of the JJA
season; and the angle brackets denote the seasonal aver-
age. Since @, is essentially prescribed for CMAM (cli-
matological ozone distributions are used in the model),
it does not appear in (20). To establish that Figure 6
is indicative of the steady state behavior of CMAM, it
is sufficient to show that the dominant balance in {20)
is between the second and third terms or, equivalently,
that either the second or third term in (20) is much
larger than the first. (Note that it is not required that
the full thermodynamic balance (19) be close to steady
state.)

Figure 7a shows the first term in (20) and Figure 7b
shows the third term in (20) as calculated from CMAM,
both terms zonally averaged and shown in kelvins per
day. Comparison of Figure 7a to 7b indicates that the
term on the right-hand side of (20) is about 1 order
of magnitude larger than the first term on the left-
hand side. This confirms that the upper portion of the
quadrupole pattern seen in Figure 6 is indeed associated
with the sponge-layer feedback seen in Figure 5c.

A second experiment consists of perturbing CMAM
with a source of diabatic heating (the perturbed heat-
ing run). The heating perturbation consists of a zon-
ally symmetric Gaussian function centered on (60°S, 60
km), with a maximum amplitude of 10 K d=!. The
model is restarted at the beginning of May and inte-
grated through to the end of August. The first month
is discarded for the purpose of comparison with the con-
trol run described earlier.

Figure 8a shows the imposed heating perturbation,
and Figure 8b shows the difference in temperature be-
tween the control run and the perturbed heating run.
The region in the vicinity of the heating perturbation
shows increased temperatures, as expected, while a re-
gion of reduced temperatures is seen above, extending
well into the sponge layer. This aspect of the response
is similar to the response seen in Figure 2c¢ (middle).
However, significant differences are also apparent.

Before discussing those differences, we first establish
that the response seen in Figure 8b reflects a steady
state response of CMAM. The approximate relation
(20) again applies, provided the imposed heating per-
turbation is added to the right-hand side. Figure 9 is
analogous to Figure 7, and shows that the difference
in total heating (Figure 9b) has values about 1 order
of magnitude larger than the difference in temperature
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Figure 7. Zonally averaged fields appearing in (20),
(a) (ATy — AT;)/T, contour interval of 0.1 K d~!, and
(b) (AQ;r), contour interval of 1 K d=!. Differences
between the CMAM control run and the wave drag run
are denoted by A.

tendency (Figure 9a). This confirms that the response
seen in Figure 8b is a steady state response.

Yet it is clear that the sponge-layer feedback is not
the only feedback in this case. In particular, the tem-
perature increase is spread quite broadly and attains
its maximum value over the pole. The difference in
sponge-layer drag between the two runs, shown in Fig-
ure 10a, is positive across the sponge, instead of having
the dipole structure (positive to the north and negative
to the south) that one would expect from the heating
perturbation alone. It turns out that these features
are associated with changes in the structure of the pa-
rameterized orographic GWD, which are shown in Fig-
ure 10b. These changes induce their own response, in-
cluding their own sponge-layer feedback, which together
with that from the heating perturbation contribute to
the temperature response seen in Figure 8b. Such “sec-
ondary feedbacks” serve to remind us that the response
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Figure 8. (a) Diabatic heating perturbation imposed
in the CMAM perturbed heating run, contour interval
of 2 K d~!, and (b) zonally and temporally averaged
temperature difference between the CMAM control run
and the perturbed heating run, contour interval of 2.5

K. The temporal average is over a single June-July-
August season.

to an imposed extratropical local force or diabatic heat-
ing in a real middle-atmosphere model may be signifi-
cantly more complex than that described in section 2.
Nevertheless, sponge-layer feedbacks can be expected to
be part of the response.

5. Case of a Uniform Rayleigh Drag

In sections 2-4 we have considered the case of a ver-
tically confined upper sponge layer, which is the situ-
ation of most relevance to three-dimensional middle-
atmosphere models. However, it is also of interest
to consider the case of a background Rayleigh drag
throughout the domain, as is commonly used in two-
dimensional middle-atmosphere models [e.g., Garcia and
Solomon, 1985; Gearcia et al., 1992]. Such models are
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still widely used for climate change and impact assess-
ment studies, because of their reduced computational
cost. The impact of Rayleigh drag on the long-term re-
sponse to an imposed force or diabatic heating has been
previously examined by Garcia [1987], and Haynes et al.
[1991] have suggested that the use of a Rayleigh drag
could lead to an underestimation of downward control.

Figure 11 shows the result of an idealized numeri-
cal calculation corresponding to Figure lc¢ (namely, an
imposed local force centered at 40 km), but with the
sponge-layer drag replaced by a weak uniform back-
ground Rayleigh drag imposed throughout the model
domain, with » = 1/(100days). (This is the value used
by Garcia et al. [1992].) The instantaneous response
and the long-term response in the absence of Rayleigh
drag (with only the planetary boundary layer) are given
as before by Figures la and 1b, respectively. As in sec-
tion 2, we consider the downward controlled response
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Figure 10. Zonally and temporally averaged dif-
ferences in (a) sponge-layer drag and (b) orographic
gravity-wave drag between the CMAM control run and
th? perlturbed heating run. Contour interval is 2.5 m
s~ dt.

(Figure 1b) to be the true response, and differences be-
tween Figures 1b and 11 to be a spurious Rayleigh-drag
feedback. Comparing Figures 11 and 1b, it is clear that
the meridional mass circulation departs from a down-
ward controlled regime in this case (it is spread out
meridionally, particularly toward lower latitudes) and
that the total mass transport has been reduced by the
Rayleigh drag. The temperature response is likewise
distorted and is nonzero above the level of the imposed
force. As for the zonal wind response, it is reduced by
about a factor of 2.

Figure 12 shows the same fields as in Figure 11, but
for the case of an imposed local diabatic heating as
in Figure 2. Comparing Figures 12 and 2b, we again
find the response to depart from a downward controlled
regime in this case: there is a meridional mass circula-
tion extending over most of the model atmosphere. The
temperature response is not very different in terms of
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Figure 11. Same as in Figure lc (case of imposed
force), except with the sponge layer replaced by a uni-
form Rayleigh drag throughout the depth of the atmo-
sphere, with r = 1/(100 days). Contour intervals are as
in Figure 1c.

the maximum value of the warming, but it is spread out
latitudinally so that the zonal wind response is reduced
by about 20%.

We now try to understand these effects quantitatively
by means of an asymptotic analysis as in section 3. We
assume r < a, which is appropriate for two-dimensional
middle-atmosphere models. In this case it is convenient
to ignore the boundaries altogether. We can still use
the approach of Haynes et al. [1991], though note that
it fails as + = a. (The propagating character of the
solutions disappears when # = a, in which case the time
dependence is the same for all z, namely, 1 — e=°%.)
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Figure 12. Same as in Figure 2c (case of imposed
diabatic heating), except with the sponge layer replaced
by a uniform Rayleigh drag throughout the depth of the
atmosphere, with r = 1/(100days). Contour intervals
are as in Figure 2c.

In the case of the switch-on force Fy,(z,t) = frH(t)-
0(z/H) with @, = 0, after a sufficiently long time the
response is given by

Jnbn 1 (OFNz/2H

2a )\
2
xerfc{ ( Il;,;z/\) [4b :Ia+/\)\2)|z|] }, (21)

where the minus sign in the F is used for z > 0 and the
plus sign for z <0, A= {1 + (4b,r/a)]? > 1 as before,
and b, = b,(a — 7)/a. This has the steady state limit

Un ~




SHEPHERD ET AL.: SPONGE LAYER FEEDBACKS

b 1 (1-N:2H 5 g
Up ~ (22)
a le(1+)\)z/2H’ 2<0,
A
with associated temperature change
1-X
(1-X)z/2H
1, ~ FoNH2 LT3 T o
" 2QaRo

1
——2-';\'\ elItNz/2H 5 (),

Without Rayleigh drag, A = 1; with Rayleigh drag,
A > 1. Without Rayleigh drag, (23) implies that the
temperature change in steady state is proportional to
e*/H below the force and is zero above. With Rayleigh
drag there is a more rapid decay below the force, to-
gether with a temperature change above the force of
opposite sign, decaying more slowly with |z| than the
temperature change below [cf. Garcia, 1987, Figure 1].
This explains the results seen in Figures 1b (middle)
and 11 (middle). As before, the latitudinal profile of
the Rayleigh-drag effect will be different from that of
the imposed force, because A depends on n. (When
A = 1, in contrast, the steady state response is latitu-
dinally localized; this is part of downward control.)

In the case of the switch-on diabatic heating Qn(z,t) =
anH(t)6(z/H) with F,, = 0, after a sufficiently long time
the response is given by

w ~ gnbaSlaR (1% 2) S1FN)z/2H
" ON2H?2a X

7 243 1
X erfc{—— (t F II;;’;Z)\) [45n(}5ia+):\2)|z|] ’ }, (24)

where as above the minus sign in the F is used for z > 0
and the plus sign for z < 0, and vice-versa for the %.
This has the steady state limit

n N2H2q ﬂe(IH\)Z/?H, 2 <0,
with associated temperature change
L=X a-nepn L5
W~ %" 8(z/H), z2=0 (26)
1-X HN2H

4

Without Rayleigh drag, (26) implies that the temper-
ature change in steady state is confined to the level of
the imposed diabatic heating. With Rayleigh drag the
é function temperature change at z = 0 is accompa-
nied by an oppositely signed temperature change ex-
tending above and below. The drag-induced tempera-
ture change decays more slowly with |z| above than it
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does below. This explains the results seen in Figures 2b
(middle) and 12 (middle).

6. Summary

Middle-atmosphere models commonly employ a spo-
nge layer in the upper portion of their domain. One
purpose of the sponge is to absorb vertically propagat-
ing waves, thereby preventing spurious reflections off
the model lid. In this respect the sponge can be said to
act realistically, with no feedback on the dynamics be-
low. Yet the sponge is generally also allowed to act on
the zonally symmetric part of the flow. In this respect it
acts primarily as a surrogate for missing gravity-wave
drag. The sponge-drag coeflicient can, of course, be
tuned so that the total sponge drag is roughly compa-
rable to the missing gravity-wave drag, thus producing
a reasonable climate. However, the sensitivity of this
drag to model perturbations can be expected to be quite
different in the two cases. Whereas the total gravity-
wave drag is presumably determined by the strength
of the tropospheric gravity-wave sources (the middle-
atmosphere wind profiles only determining where the
drag is deposited, not its total amount), the relaxational
nature of the sponge allows it to couple to the dynamics
at lower levels in an artificial manner.

This possibility, which was noted by Haynes et al.
[1991], has been investigated by considering the prob-
lem of the long-term zonally symmetric response to an
imposed extratropical quasi-steady local force or dia-
batic heating, extending the analysis of Haynes et al.
by including an upper sponge layer in addition to the
lower frictional boundary layer. In the case of an im-
posed force the sponge-free, downward controlled re-
sponse consists of a steady meridional cell extending
from the surface up to the level of the imposed force,
with temperature changes confined below the forcing
level. However, the sponge acts to divert a fraction
of the mean meridional mass flux upward that, for
realistic parameter values, is approximately equal to
exp(—Az/H), where Az is the distance between the
forcing region and the sponge layer and H is the den-
sity scale height. The effect on the temperature field
is much more drastic; temperature changes are induced
below the sponge layer that are comparable in magni-
tude to those found below the forcing region. In the
case of an imposed diabatic heating, where the sponge-
free temperature response is confined to the vicinity of
the heating region, the sponge induces a meridional cir-
culation extending through the entire depth of the at-
mosphere. This circulation causes temperature changes
below the sponge layer that are of opposite sign and
comparable in magnitude to those at the heating re-
gion.

The effects described above may be clearly seen in the
idealized numerical simulations presented in Figures 1
and 2 and have been explained by an asymptotic analy-
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sis of the steady state behavior (section 3). Another de-
parture from the downward controlled response, which
is particularly evident in Figure 2, is the fact that the
sponge response is not as latitudinally confined as is the
imposed force or diabatic heating. This feature is also
accounted for by the asymptotics, since the extent of
the sponge-layer feedback depends on the spatial scale
of the imposed force or diabatic heating.

Having demonstrated the existence of a sponge-layer
feedback, it must be emphasized that its effect on tem-
peratures and winds decreases exponentially as one
moves down from the sponge. Thus the effect of the
sponge can be made arbitrarily small, at a given alti-
tude, by placing the sponge sufficiently high; e.g., its ef-
fect on temperatures two scale heights below the sponge
is roughly at the 10% level (i.e., e~2 ~ 0.1). However,
this statement applies only when the imposed force or
diabatic heating is located outside the sponge.

When an imposed force is located within the spo-
nge layer (a highly plausible situation for parameterized
mesospheric gravity-wave drag), the response below is
severely distorted from downward control (Figure 3). In
this case the force is nearly entirely absorbed within the
sponge layer, and what little remains of the mass cir-
culation is spread out over the entire hemisphere. This
suggests that any parameterized force acting within a
model sponge will largely fail to achieve its expected
impact on temperatures below.

Some middle-atmosphere models employ a diffusive
rather than a Rayleigh-drag sponge layer. Although
diffusion is still relaxational, there is now a constraint
that the net drag over the sphere, on a given level, must
vanish. To see whether this constraint has a qualita-
tive effect on the response, we repeated the experiment
shown in Figure 1 (corresponding to an imposed force),
but with the Rayleigh sponge drag —ru replaced by a
horizontal diffusion ¥V2u, with v ramping up between
z = 60 km and z = 65 km to a value of 5 x 10° m?
s~!. (This corresponds approximately to the diffusion
used by Hack et al. [1994].) The precise vertical depen-
dence of v above 60 km is the same as in (6). Figure 13
shows the response and is to be compared with Figure
lc. Evidently, the sponge-layer feedback is qualitatively
the same in the two cases.

That the sponge-layer feedbacks in middle-atmosphere
models can be important in parameter regimes of prac-
tical interest is demonstrated in section 4, where some
experiments with a middle-atmosphere general circula-
tion model are described.

The existence of this sponge-layer feedback reflects
the highly nonlocal character of the zonally symmetric
response problem. As Haynes et al. [1991] have shown,
any localized force (or diabatic heating; see section 3)
will induce an atmospheric response that propagates up
to the top of the model. The zonal wind change in the
upper part of the model will then induce a change in
the sponge drag that drives a downward controlled cir-
culation through the depth of the atmosphere, with as-
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Figure 13. Same as in Figure lc (case of imposed
force), except with the Rayleigh sponge drag replaced
by a strong horizontal diffusion in the sponge layer.
Contour intervals are as in Figure lc.

sociated effects on the temperature. That the spurious
temperature changes will be comparable in magnitude,
just below the sponge, to the supposedly real changes at
the level of the imposed force or diabatic heating can be
argued from a simple scaling analysis under the highly
plausible assumption [see Haynes et al., 1991, section 7]
that in the transient stage, w is roughly independent of
height above the level of the imposed force or diabatic
heating.

The principal focus of this paper is on sponge-layer
feedbacks, these being relevant to many three-dimension-
al models. In contrast, two-dimensional middle-atmos-
phere models commonly employ a background Rayleigh
drag through their entire model domain (sometimes
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augmented with a region of increased drag at the top).
Although this drag is generally much weaker than a spo-
nge drag, it also occurs right in the regions of interest.
The possibility of a spurious Rayleigh-drag feedback in
such models (a possibility also noted by Haynes et al.
[1991]) is therefore worth considering. This problem has
been studied in section 5, where it is shown that even a
weak Rayleigh drag (r = 1/(100 days), compared with a
Newtonian cooling coeflicient of a = 1/(5days)) leads
to a distortion of the response to an imposed extrat-
ropical local force or diabatic heating. The effects are
clearly seen in Figures 11 and 12 (which are to be com-
pared with Figures 1b and 2b, respectively), and are
consistent with the earlier results of Garcia [1987].

It should be emphasized that the results of this pa-
per apply only to the extratropical middle atmosphere.
In the tropics the downward control arguments fail to
apply [Haynes et al., 1991; Holton et al., 1995], and the
mean circulation is dominated by nonlinear, angular-
momentum-conserving meridional overturning in resp-
onse to time-dependent radiative driving [Dunkerton,
1989]. The way in which this tropical regime connects to
the downward controlled extratropical regime remains
to be fully elucidated and is an important area of cur-
rent research.

7. Conclusions

Strong feedbacks from physical parameterizations are
problematical for climate models in two distinct ways.
First, when one is developing a climate model, it is im-
portant to eliminate model errors. Second, once one
has a climate model that is regarded as acceptable, an
important use of the model is to examine the climate
change induced by natural or anthropogenic effects.
Both activities involve examining the model’s response
to perturbations that are under the modeler’s control.
Clearly, it is essential that this response be physically
realistic. Since physical parameterizations are usually
the least reliable aspect of a climate model, strong feed-
backs from those parameterizations can make the per-
turbed response highly unreliable.

In the extratropical middle atmosphere the kinds of
perturbations discussed above can nearly always be
understood in terms of changes to the wave-induced
forcing F' or the diabatic heating Q. We have shown
that the long-term zonally symmetric response to such
changes includes a strong feedback from model drag
processes of a relaxational character. The particular
examples that we have considered consist of an upper
sponge layer (characteristic of many three-dimensional
models) and a spatially uniform Rayleigh drag (charac-
teristic of many two-dimensional models). In the case
of the sponge layer the spurious component of the resp-
onse has clearly identifiable features (unless the imposed
force or diabatic heating is applied within the sponge
layer itself, in which case the response is completely
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distorted). In the case of a uniform Rayleigh drag the
response is noticeably distorted throughout the region
of interest.

Our results have implications for the placement of
model lids in three-dimensional middle-atmosphere gen-
eral circulation models. Although direct observational
evidence is lacking, it is widely believed that meso-
spheric gravity-wave drag is crucial for determining
the temperature structure in the mesosphere [e.g., An-
drews et al., 1987], possibly down to the middle strato-
sphere in polar regions [Haynes et al., 1991; Garcia
and Boville, 1994]. Many middle-atmosphere modeling
groups are implementing comprehensive GWD param-
eterization schemes, in order to try to cure the “cold
pole” problems that bedevil their models. If a signifi-
cant fraction (in a mass-weighted sense) of this GWD is
deposited in the upper mesosphere and mesopause re-
gions, then the arguments of this paper would suggest
that any sponge layer must be applied above, say, 100
km altitude (assuming that a 10% error in the down-
welling would be regarded as acceptable); since a spo-
nge layer should itself probably be at least two scale
heights deep, this would imply a model lid above 110
km. This is much higher than what is currently used in
most middle-atmosphere general circulation models. Of
course, it may well be that the significant GWD occurs
lower down; it may also be that models can get away
with damping only the non-zonal-mean part of the flow
in their sponge layer. These questions remain open at
the present time.

Appendix

The Hough-mode decomposition of the fields [Plumb,
1982] takes the form

v= Zvn(zat)Bn(ﬂ)7 w = an(z,t)Gn(p),

Y= ¥n(zt) (1 1)/ Ba(p),
u=Y un(zuBa(p), T =1 Talz,8)0uw),

F =Y Fu,)uBa(p), Q=Y. @n(z,t)0n(n),

where the functions @, () and B, (p) satisfy

2
gl 3o} = enn)

%[(1 — 122 B ()] = On(p),

and €, are the Hough-mode eigenvalues (listed in Haynes
et al. [1991, Table 1]). Note that €, < 0 and |e,| > 1.

With this decomposition, (1)-(5) take the spectral
form
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aaitﬂ - 20, = F,, — r(2)un, (A1)
% + Sw, = Qpn — Ty, (A2)
it 2 2 (puwn) =0, (A4
vy = —% %, wy, = ;i—';. (A5)
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