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ABSTRACT 

The fonnation of a subtropical ''transport barrier'' in the wintertime stratosphere is investigated in the context 
of a high-resolution shallow-water model in which Rossby waves are topographically forced on a zonally sym­
metric basic state. Two sets of experiments are performed: in the first "adiabatic" set, no dissipation or forcing 
of the mean state is imposed; in the second set, the layer thickness is relaxed to an equilibrium state taken to be 
representative of middle stratospheric radiative equilibrium temperarures. It is found that in the adiabatic ca_se 
only a very weak subtropical barrier fonns for forcing amplitudes that generate realistically steep potential 
vorticity gradients at the edge of the polar vortex; the vigorous wave breaking in the surf zone generates sec­
ondary waves that spread and, in tum, break well into the summer hemisphere. In contrast, the inclusion of 
relaxation to a realistic thermal equilibrium leads to the formation of a subtropical region of steep PV gradients. 
The strong subtropical shear induced by the diabatic relaxation is shown to be an importan! factor for the 
formation of the subtropical edge of the surf zone. Furthermore, the authors demonstrate that a simple one-layer 
shallow-water model can capture the full process of the formation of a surf zone with both polar and tropical 
edges starting from conditions typical of t!1e early fal_l-that is, with a flow ~n wh!c~ the polar_ vo~ex is not 
initially present. Finally, the authors quanttfy the mixmg of polar and subtropical atr mto the rrudlatitude surf 
zone with the help of the contour advection technique. Although the quantitative estimates depend sensitively 
on how the edges of the surf zone are defined, our results indicate that more tropical than polar air is entrained 
into the surf zone. 

1. Introduction 

It is now well established that in the wintertime 
stratosphere the polar vortex is surrounded by what 
McIntyre and Palmer (1983, 1984) have named a "surf 
zone.'' The poleward edge of this surf zone, which 
marks the edge of the polar vortex, is distinguished by 
steep isentropic gradients in potential vorticity ( PV) ; 
the formation and development of this "PV barrier" 
has been the subject of much recent work ( for a recent 
review, see McIntyre 1992). Much less attention, in 
contrast, has been given to the equatorward edge of the 
surf zone, although the observations indicate the exis­
tence of at least a partial barrier to transport in the sub­
tropical stratosphere and the occurrence of sporadic 
"wave breaking" events that mix subtropical air pole­
ward into the midlatitude surf zone. 

The most direct evidence of the weak transport out 
of the tropics comes from the longevity ( two years or 
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more) of tropical maxima in the concentration of debris 
from atmospheric nuclear tests (Feely and Spar 1960) 
and of aerosol produced by tropical volcanic eruptions 
( e.g., Dyer and Hicks 1968; Trepte and Hitchman 
1992). Satellite and airborne lidar observations after 
the recent eruption of Mt. Pinatubo, in particular, have 
shown the tropical confinement of the volcanic aerosol, 
with a sharp edge in the subtropics ( e.g., McCormick 
and Veiga 1992; Read et al. 1993; Trepte et al. 1993; 
Grant et al. 1994), strongly suggesting the presence of 
a barrier to transport there. Strong gradients in the trop­
ical regions are also found in in situ aircraft measure­
ments of the ratio of reactive nitrogen and ozone (Mur­
phy et al. 1993 ). 

Furthermore, the satellite observations show poleward 
transport occurring in narrow "tongues" drawn out of 
the subtropics into the midlatitudes. Strong gradients in 
the subtropics and tongues of tropical air are observed 
in satellite measurements of tracers in the middle and 
upper stratosphere (Leovy et al. 1985; Randel et al. 
1993; Manney et al. 1993). Poleward transport from the 
subtropics has been reproduced in contour advection cal­
culations using balanced winds from stratospheric anal­
yses (Waugh 1993b) and in tracer simulations with 
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FIG. I. Zonally averaged (a) wind and (b) potential vorticity profiles at t = 0 (dashed) and t = 100 days (solid). Notice the formation 
of a steep PV gradient at the edge of the polar vortex and the absence of a steepening of the PV gradient in the subtropics. 

stratospheric general circulation models (Mahlman 
1985; Bo ville et al. 1991; Pierce et al. 1993) . 

To the best of our knowledge, previous one-layer 
studies of stratospheric dynamics ( Juckes and McIntyre 
1987; Juckes 1989; Salby et al. 1990a,b,c; O'Sullivan 
and Salby 1990; Waugh 1993a; Y oden and Ishioka 
1993) have not focused on the issue of a subtropical 
edge to the surf zone. Recently, Norton ( 1994) showed 
the existence of a subtropical edge to the surf zone and 
poleward wave breaking in his global shallow-water 
simulations. However, the mechanisms that control the 
properties of this edge and wave breaking in the sub­
tropics remain to be elucidated. 

In this paper, we specifically address the question of 
the formation of the subtropical edge to the strato­
spheric surf zone and the transport of subtropical air 
into and out of the surf zone via planetary wave break­
ing. We do this by studying the dynamics of a shallow­
water model at high resolution, under a range of cir­
cumstances. We consider first ( section 3) the adiabatic, 
inviscid response to topographic forcing of a flow ini­
tially typical of the winter stratosphere and find that, 
for forcing amplitudes that produce realistic tightening 
of PV gradients around the polar vortex, the breaking 
region extends well beyond the main surf zone, in fact, 
all the way into the high latitudes of the summer hemi­
sphere. While a main surf zone can be identified in the 
midlatitudes, its subtropical edge is indistinct and wave 
breaking occurs both ways across that edge. We next 
describe experiments that include diabatic relaxation to 
a state typical of the computed radiative equilibrium 
state of the stratosphere ( section 4). In these experi­
ments, a steep PV gradient forms on the equatorial side 
of the surf zone, with no apparent equatorward transfer 

of air across it ( i.e., a subtropical transport barrier). In 
section 5 we discuss experiments in which a surf zone 
is formed by the combined effect of wave forcing and 
thermal relaxation from initial conditions approximat­
ing those of early autumn. Contour advection calcula­
tions are used in section 6 to quantify transport into the 
surf zone from both the polar vortex and the tropics in 
these. A summary and discussion of the key results and 
their implications can be found in section 7. 

2. The model 

We study the flow of a one-layer incompressible 
fluid on the surface of the sphere obeying the shallow­
water equations 

~' = -V •(v~) 

(1) 

where ~. 15,and h are the vorticity, divergence, and 
layer thickness; ~ is the absolute vorticity, defined by 
~ = ~ + f(fis the Coriolis parameter); v = (u, v) is 
the velocity; and h8 is the height of the bottom topog­
raphy [ see Eq. ( 3 ) ] . The last term in the third equation 
crudely represents the thermal relaxation process (see 
section 4) by relaxing the fluid depth to an equilibrium 
distribution hE, with an e-folding time TE. 

In all the calculations we initialize with a zonally 
symmetric state. Once a zonal flow is specified, h is 
obtained by numerically integrating the balance equa­
tion 
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Fm. 2. The response of a polar vortex to topographic forcing in the absence of thermal relaxation. Contours show the potential vorticity 
in intervals of0.25 X 10-s m- 1 s- 1

; negative values are dashed. Time, in days, is in the upper left-hand comer of the maps. This is a cylindrical 
longitude/latitude projection; 0° of longitude corresponds to the center of the frame. Notice the familiar steepening of the gradients around 
the polar vortex, and the breaking in the surf zone that extends all the way into the Southern Hemisphere. 

J This zonal flow is perturbed by topographic forcing "' ( tan<p' )gh(<p) gh0 - au(<p') f + -a- u(<p') d<p', h8 of the form 

(2) h8 (<p, A, t) = H 8 T(t)if>(<p) cos(X.), (3) 

where u ( <p) is the zonal wind, <pindicates latitude, and where T(t) = 1 - e-,1r, if>(<p)= e-[(,p-,poJ/Ll.,pl 
2 

, H
8 

is 
a is the radius of the earth. Throughout the paper, we a constant amplitude, and X. is longitude. The topog­
have chosen the constant ho so that the global mean raphy generates a stationary Rossby wave of zonal 
layer thickness is equal to 8 km. wavenumber 1. The time dependence T(t) allows the 
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FIG. 3. Polar stereographic views of the PV on day 40 in Fig. 2 for (a) the Northern Hemisphere and (b) the Southern Hemisphere. The contour interval is 0.10 x 10-• m- 1 s- 1• 
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FIG. 4. The evolution of PV for the adiabatic experiment of Fig. 2 at (a) 75°N, (b) 45°N, (c) 15°N, and (d) 

45°S. Contour interval is 1.25 X 10-• m-• s- 1 in (a), 0.75 X 10-• m- 1 s- 1 in (b), 0.50 X 10-• m-• s- 1 in (c), 
and 0.25 X 10-• m-• s- 1 in (d). Note the westward propagation at 15°N and 45°S and the eastward propagation 
(after day 50) at 75°N. 

forcing to be introduced without generating strong un­
balanced components to the flow. In all the calculations 
presented here, we have used T = 5 days, <p0 = 45°N, 
and 6-cp= 15''. 

The shallow-water equations ( 1) are numerically in­
tegrated, using a global, spectral model at resolution 
T85. Our code is based on the one developed at NCAR 
by J. Hack and Collaborators, which we have adapted 
to incorporate: topographic forcing and thermal relax­
ation; for a detailed discussion of the code, see Brown­
ing et al. (1989). To handle the enstrophy cascade to 
small scales, a standard v' 6 hyperviscosity is introduced 
on the right-hand side of ( 1); we have used a coeffi­
cient of 1.0 x 1026 m6 s _,. The robustness of our nu­
merical results was tested by running several calcula-

tions at double the resolution ( Tl 70), which permits a 
smaller hyperviscosity coefficient. The qualitative re­
sults are identical at both resolutions; a detailed com­
parison and discussion of the quantitative impact of 
resolution on these and similar calculations will be ad­
dressed in a forthcoming paper. 

3. Adiabatic response 

In this section we consider the response of a polar 
vortex to simple topographic forcing in the purely adi­
abatic case [i.e., we set r E1 = 0 in ( 1)]. The flow is 
initialized with a zonal wind profile typical of the win­
ter middle stratosphere; it comprises a westerly 50 
m s _, jet at 55°N, a zero-wind line around 23°N and 
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FIG. 5. The PV field at t = 50 days for six calculations with parameters identical to the one in Fig. 2, except for the forcing amplitude H8 , 

whose values in km is given next to each frame (the last frame is from Fig. 2). The contour intervals are as in Fig. 2. 

weak easterlies at the equator and in the Southern 
Hemisphere, as shown by the dashed curve in Fig. la. 

Consider first the response to a forcing of amplitude 
HB = 1500 m, illustrated in Fig. 2. The effect of the 
forcing is to produce planetary-scale Rossby wave 
breaking, which strips air from the edge of the polar 
vortex, producing steep PV gradients at the edge and a 
surf zone surrounding the vortex in which the PV is 
nearly homogenized. Steepening of the PV gradients is 
manifested in Fig. 2 by the tightening of the contours 
and can also be seen from the zonal profiles shown in 
Fig. lb. 

The flow evolution in Fig. 2 shows features typical 
of nonlinear Rossby wave critical layers ( e.g., Haynes 
1989) and commonly found in observations of the ac­
tive winter stratosphere ( e.g., Leovy et al. 1985). Spe­
cifically, tongues of air are wrapped into midlatitudes 
from both the polar vortex and the tropics, for example, 
around 90°W and 90°E on day 20 and around 90°E on 
day 40. The main surf zone is evident in the zonal av­
erage as the region of weak PV gradient ( Fig. 1 b) be­
tween the vortex edge at about 60°N and the northern 

subtropics. This is where the most intense wave break­
ing and the consequent large-scale turbulence is lo­
cated. 

Nevertheless, after the initial 30 days or so, wea..1<.er 
wave breaking can be seen to spread into the tropics 
and proceed all the way to the summer pole. This wave 
breaking in the summer hemisphere is more clearly 
seen in Fig. 3, where we have plotted the PV field in 
polar stereographic projection for day 40 of Fig. 2. The 
penetration of the wave disturbances, generated by sta­
tionary topographic forcing, deep into the easterlies o:: 
the summer hemisphere may seem surprising. How­
ever, animations of the global PV maps for the calcu­
lation shown in Figs. 2 and 3 reveal the presence of a 
rich spectrum of transient waves. The sequence of 
events that occurs, illustrated in Fig. 4, is as follows. 

In the first 20 days, before the first major wave­
breaking event, the quasi-stationary wave increases 
steadily in amplitude and is confined to middle a.Tid h:gh 
northern latitudes; however, the breaking events gen­
erate secondary, transient disturbances that spread rap­
idly to the southern latitudes. On the vortex edge ( cf. 
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FIG. 6. The width of the breaking region as a function of forcing 
amplitude H8 for the adiabatic cases of Fig. 5 (see text for details). 
In the region between the curves (which have been drawn by hand) 
irreversible deformation of PV contours is found to occur. 

Fig. 4a) an eastward propagating disturbance is appar­
ent. [The generation by wave breaking of a similar, 
apparently normal-mode, transient disturbance on the 
vortex edge was noted by Polvani and Plumb (1992).] 
In the tropics ( cf. Fig. 4c) westward propagating dis­
turbances dominate and spread far into the summer 
hemisphere ( cf. Fig. 4d) ; they break throughout this 
region, though the breaking of these secondary distur­
bances is weaker than that of the primary wave in the 
main surf zorn~. In particular, although there is breaking 
both ways in the northern subtropics and, on occasion, 
tropical air is transported 'into high southern latitudes, 
no tongues of southern midlatitude air are drawn right 
across the equator into the main surf zone. Neverthe­
less, this secondary breaking is sufficiently vigorous 
and extensive to weaken the effectiveness of the south­
ern edge of the main surf zone as a transport barrier. 

We conducted a sequence of experiments to inves­
tigate how this behavior depends on the amplitude of 
wave forcing. In Fig. 5, we show the PV field at t 
= 50 days for six calculations identical to that shown 
in Fig. 2 but with a forcing amplitude H8 = 250, 500, 
750, 1000, 1250, and 1500 m. It is apparent from the 
figure that, for H8 < 750 m, the wave breaking is con­
fined to a main surf zone in the Northern Hemisphere. 
However, for this forcing the PV gradient formed at the 
vortex edge appears much less sharp than is observed 
in the real wintertime stratosphere. For larger forcing 
amplitude (H 8 > 750 m), when stronger PV gradients 
are formed, wave breaking spreads well beyond the 
main surf zone. 

Thus, for forcing amplitudes able to produce realistic 
steepening of PV gradients around the vortex, we find 
in these experiments that the breaking extends well be­
yond the main surf zone. There are only weak subtrop­
ical PV gradic!nts, with breaking across this gradient in 

both directions ( although transport of midlatitude air 
into the tropics is weaker than that of tropical air into 
the surf zone; see section 6), and there is extensive 
breaking in the Southern Hemisphere, which on occa­
sion involves the direct and rapid transport of tropical 
air into high southern latitudes. 

We have quantified the way in which the extent of 
the breaking region depends on the forcing amplitude. 
We define the breaking region as that region in which 
there is sideways overturning in the PV contours; that 
is, where double-valued contours signify the onset of 
irreversible contour deformation, the defining property 
of wave breaking (McIntyre and Palmer 1985; Waugh 
et al. 1994b). The dependence of width of the breaking 
region on forcing amplitude is shown in Fig. 6; the 
latitudes plotted correspond to the zonal mean latitude 
of the northernmost and southernmost PV contours that 
overturn. Whereas the latitude of the northern edge of 
the breaking region ( the vortex edge) varies almost lin­
early with amplitude for all amplitudes in the range we 
have explored ( except perhaps at very small ampli­
tude), the southern edge shows the onset, described 
above, of breaking outside the main surf zone and the 
suddenness ( as a function of amplitude) with which 
this breaking extends throughout the summer hemi­
sphere. 

4. Experiments with thermal relaxation 

One key physical ingredient that is missing from the 
adiabatic dynamics discussed so far is thermal relaxa­
tion. The statistically steady state of the established, 
wintertime vortex is achieved through a balance be­
tween, on the one side, erosion by breaking Rossby 
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FIG. 7. The equilibrium layer thickness hE used to model 
the thermal relaxation process. 
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FIG. 8. The response of a polar vortex to topographic forcing in the presence of thermal relaxation; TE = 10 days and hE 
as given in Fig. 7. See caption to Fig. 2. 
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waves and, on the other side, regeneration via diabatic 
adjustment to some radiative equilibrium state (Juckes 
1989; Salby et al. 1990b). While nonadiabatic terms 
have been included in several previous studies, their 
direct effect on the evolution of the flow has not been 
clearly assessed. Having independently considered the 
purely adiabatic response first, we are in a position to 
show how modification of the subtropical winds by 
thermal relaxation leads to the formation of steep PV 
gradients in the subtropics. 

We have here opted to choose the term hE in the 
last equation of ( 1 ) to represent the diabatic effects 

alone. In other words, we take the term TE 1(h - hE) 
to be a crude model of the relaxation of the strato­
sphere to the radiative equilibrium temperature. For 
this we have chosen a profile for hE whose shape 
mimics the latitudinal profile of the Fels-Schwarz­
kopf radiative equilibrium temperature distribution 
( see, for instance, Andrews et al. 1987, Fig. 1.2) in 
the middle stratosphere. In particular, the profile rep­
resents the sharp gradient in the middle and high win­
ter latitudes and the flat distribution in the summer 
hemisphere. However, the profile is modified to elim­
inate any gradients near the equator, in order to avoid 
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FIG. 9. As in Fig. 1 but for the calculation in Fig. 8. The dashed-dotted line is the zonal wind uE balanced 
to the thermal equilibrium profile hE shown in Fig. 7. 

confusing the results by generating a Hadley circu­
lation. (In fact, retaining such gradients proved to 
have insignificant impact on the results.) The profile 
hE used in the calculations presented in this paper is 
plotted in Fig. 7 ( the corresponding balance equilib­
rium wind ue is shown in Fig. 9a). 

Figure 8 shows the PV from a 100-day integration 
of the shallow-water equations that has all parame­
ters identical to that shown in Fig. 2, with the excep­
tion of the thermal relaxation, for which TE = 10 d 
and hE as shown in Fig. 7. The contrast between the 
evolution depicted in Figs. 2 and 8 is quite striking: 
in the latter, no secondary wave breaking is evident 
in the Southern Hemisphere and breaking is confined 
to the main surf zone delimited by two regions of 
isolated, steep PV gradients. The breaking in Fig. 8 
appears to he one-sided at both edges; that is, air is 
entrained into the surf zone from both polar and trop­
ical regions, without any noticeable reverse transport 
from the surf zone into the polar vortex or into the 
tropics. The two edge regions are readily apparent in 
the tightening of the PV contours in Fig. 8 and are 
also clearly visible in the zonal PV profile at t = 100 
d, shown in Fig. 9b, where a subtropical region of 
steep PV gradients can be seen around 15°N. These 
regions of steep PV gradients are also clearly visible 
in the polar stereographic plots of the PV field 
( shown at t = 40 d in Fig. 10a). Notice also the 
zonality of the Southern Hemisphere in Fig. 10b, 
compared to the case shown in Fig. 3b. 

The temporal evolution of PV, at four different lat­
itudes, for this calculation is shown in Fig. 11; these 
plots should be contrasted to those in Fig. 4 for the 
corresponding adiabatic case. The contour levels have 

been chosen such that Figs. 4 and 11 can be compared 
directly. It is quite clear that the westward propagating 
secondary waves are almost entirely suppressed by the 
presence of the thermal relaxation (Figs. 1lc and lld). 
It can also be seen from Fig. 1 lb that the surf zone 
remains active throughout the calculation, whereas in 
the adiabatic case ( cf. Fig. 4b) the erosion process 
ceases after the first 50 days or so ( see section 6). 

The thermal relaxation, moreover, has a very notice­
able effect on the poleward edge of the surf zone. Con­
trasting Figs. 3a and 1 0a ( also, Figs. 2b and 9b), it is 
quite clear that, paradoxically, the relaxation in fact 
produces steeper PV gradients at the vortex edge. The 
vortex is larger in the presence of relaxation, whereas 
in the purely adiabatic case the vortex has no means of 
withstanding the erosion and simply retreats to higher 
latitudes. Contrast the location of the zonally averaged 
jet maximum ( cf. Figs. la and 9a); in the adiabatic case 
it is found near 65°N, whereas with thermal relaxation 
it is at 55°N. 

In order to try to understand more precisely what 
leads to such a dramatic difference between the adi­
abatic and nonadiabatic evolutions, we first address the 
question of whether the relaxation is acting on the 
waves or mean flow. Inspection of animated PV maps 
of the case shown in Figs. 9 and 10 reveals that the 
westward propagating transients noted in the previous 
section are still present but are weaker and do not break, 
especially in the summer hemisphere. One possible ex­
planation of this is that these waves are simply dissi­
pated by the thermal relaxation. To test this idea, we 
replace the term Ti1(h - hE) with Tj/(h - hE) in ( 1), 
where 7iis the zonal average of h. With this modifi­
cation, the evolution in both hemispheres is virtually 
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FIG. 11. As in Fig. 4 but for the calculation in Fig. 8. All contour levels are identical to those in Fig. 4. 

identical to that.of Fig. 8-with a confined sun zone 
bounded by two regions of steep PY gradients-sug­
gesting that it is the modification of the mean state, 
rather than of the waves, by the relaxation that prevents 
the disturbances from propagating to the Southern 
Hemisphere. 

Considering the final states in the calculations with 
and without thermal relaxation (Figs. 1 and 9), notice 
that, although the magnitude of the easterlies at the 
equator is comparable, in the calculation with thermal 
relaxation there is strong shear in the subtropical re­
gion. This suggests that strong shear in the subtropics 
might be able to confine the breaking region even in 
the absence of thermal relaxation. To verify this hy­
pothesis, we have examined the adiabatic response in 
the presence of mean flows with progressively stronger 
shear in the subtropics. Figure 12 shows three different 
initial wind profiles: these profiles all have similar 

shape in the northern midlatitudes (i.e., a virtually iden­
tical polar vortex) and progressively larger shear in the 
subtropics ( the solid curve is identical to that in Fig. 
1) . We have penormed three 100-day adiabatic inte­
grations starting from each of these three profiles; the 
PV fields at t = 60 dare shown in Fig. 13. For larger 
tropical shear there is less southward propagation and, 
thus, elimination of the secondary breaking. We there­
fore conclude that the confinement of breaking to the 
main sun zone in these experiments ( cf. Fig. 8) is in­
deed a consequence of the strong subtropical shear in­
duced by the relaxation. 

5. Ab initio formation of the surf zone 

In the experiments described above, as in previously 
published examples of similar experiments, the flow 
was initialized with an existing vortex similar to that 
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Fm. 12. Three initial zonal wind profiles with increasing shear in 
the subtropics. The solid line corresponds to the initial profile ( dotted 
line) in Fig. I. 

observed in the winter stratosphere. Here, we show that 
a simple one-layer shallow-water model is able to cap­
ture the vortex formation process. To do this, we start 
the model with no winds ( and thus constant h) and let 
the thermal relaxation and the topographic forcing act 
on such an initial condition. The choice of u = 0 at t 
= 0 seems to be the simplest approximation to flows 
that are typical of beginning of the early fall. The equi­
librium state to which the flow is relaxed is the same 
as that used above, and is constant in time; we make 
no attempt to represent seasonal variation of the equi­
librium state. 

Figure 14 shows the evolution of a calculation with 
initially zero winds and constant h, all other model pa­
rameters being identical to the calculation in Fig. 8. It 
is clearly seen that within a few weeks very steep PV 
gradients develop in the midlatitudes, marking the for­
mation of a polar vortex. As the vortex forms, steep 
PV gradients spontaneously develop in the subtropics 
around 10°N, defining an equatorward edge to the surf 
zone. The formation of the polar vortex and the sub­
tropical gradients is clearly seen in the mean profiles 
shown in Fig. 15; it takes around 2 months for the 
formation of a quasi-steady polar vortex. Note that the 
jet maximum at t = 100 d is found near 53°N ( see Fig. 
15a), whereas the thermal relaxation would tend to 
form a jet centered around 34°N (cf. Fig. 9a). The lo­
cation of jet maximum ( i.e., the vortex edge) results 

. from the interplay between the thermal relaxation and 
Ross by wave breaking ( Salby et al. 1990b). As in the 
previous calculation with thermal relaxation ( cf. Fig. 
8) , air is mixed into the surf zone from the polar vortex 
and the tropics by means of wave breaking events that 

draw tongues of air equatorward and poleward, respec- . 
tively, while the Southern Hemisphere remains rela­
tively quiescent. A careful examination of these 
tongues and of the mixing process is discussed in the 
next section. 

First, however, we present the results of one more 
set of calculations. Figure 16 contrasts the zonal pro­
files at t = 100 d from two calculations identical in all 
respects to the one in Fig. 14, except for the amplitudes 
of the forcing h8 , which are h8 = 1000 and 2000 m (in 
Fig. 14, h8 = 1500 m). The evolution in these calcu­
lations is qualitatively the same as shown in Fig. 14; 
however, it is clear, from Figs. 15b and 16, that the 
main effect of increasing the forcing amplitude is to 
shift both edges of the surf zone poleward. This sug­
gests that a simple explanation for the fact that the re­
gion of steep gradients in the subtropics is farther pole-
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12. The [top. middle, bottom] figures correspond to the [solid, 
dashed-dotted, dotted] initial profiles in Fig. 12; that is, subtropical 
shear is smallest for the top figure and largest for the bottom one. 
Note how the stronger subtropical shear confines the surf zone to a 
narrow latitudinal band. Contour levels are as in Fig. 1. 
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Fm. 14. The PY field showing the formation of a polar vortex and a latitudinally confined surf zone, starting from a state of rest. 
Contour levels are as in Fig. 2. 

ward in the northern winter than in the southern winter 
(Randel et al. 1993) may simply come from the fact 
that the forcing is greater in the former case, as is well 
known from the fact that the northern winter vortex is 
smaller and much more perturbed than its southern 
counterpart. 

6. Transport into the surf zone 

In this section we examine in more detail the tracer 
transport in the! calculations presented in the previous 

sections. In particular, we quantify the transport into 
the rnidlatitude surf zone from both the polar vortex 
and the tropics. To enable an examination of the fine­
scale tracer transport, we perform calculations using the 
contour advection (CA) technique (Waugh and Plumb 
1994; Norton 1994); this technique allows examination 
of the evolution of material contours in a specified 
evolving flow at scales much smaller than those of a 
specified flow. [ Bowman ( 1993), Pierce et al. ( 1993), 
and Pierce and Fairlie ( 1993) have also used trajectory 
calculations to examine transport in numerical simu-
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FIG. 15. Zonally averaged (a) wind and (b) potential vorticity profiles for the calculation in Fig. 14. To show the evolution of the flow, 
profiles are plotted at t = 0, 20, 40, 60, 80, and 100 days. 

lations.] Full details of the CA technique, including 
demonstrations of its accuracy, are given in Waugh and 
Plumb ( 1994); comparisons of results from CA cal­
culations with in situ aircraft observations of chemical 
tracers are shown in Plumb et al. (l 994) and Waugh 
et al. (1994a) . 

The maps of PV shown in previous sections show 
Rossby wave breaking events with tongues of air being 
drawn into the surf zone from both the polar vortex and 
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the tropics (e.g., Figs. 2, 8, and 14). The structure of 
these wave breaking events can be seen more clearly 
in CA calculations. For example, Fig. 17 shows the 
results of a CA calculation using the winds from the 
calculation shown in Fig. 8. The CA calculation was 
initialized with the PV = 0.25 X 10- 8 and 1.125 
x 10- 8 m- 1 s -t contours at day 10; these two contours 
were chosen because they are representative of the top­
ical and polar edges, respectively, of the surf zone. This 
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FIG. 16. Zonally averaged (a) wind and (b) potential vorticity profiles at t = 100 days for experiments identical to the one in Fig. 14 except 
with different forcing amplitudes: Ha = 1000 m (dashed line) and Ha = 2000 m (solid line). Note how increasing the amplitude shifts the 
regions of steep PY gradients poleward. 
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FIG. 17. Results from a CA calculation using the winds from the shallow-water calculation shown in Fig. 8. The calculation was initialized 
with the PY= 0.25 X 10-• and 1.125 X 10-• m- 1 s- 1 contours at day 10. Time, in days, is in the upper left-hand comer of each plot. Maps 
are polar stereographic projections, with the Greenwich meridian to the right. 

calculation shows fine-scale tongues of both subtropi­
cal and vortex air that are absent from the PV maps. 
During the petiod shown in Fig. 17, the edge of the 
disturbed polar vortex extends toward low latitudes and 
draws tongues of tropical air into middle latitudes ( e.g., 
at 45°E on days 10-12 and 20- 22). These tongues of 
tropical air are stretched and wrapped around the edge 
of the vortex. Simultaneously, a tongue of polar air is 
extruded from the vortex edge ( e.g., at 30°W on day 

14) and entrained into the surf zone. Note that, as men­
tioned in section 4, there is no transport from the surf 
zone into either the polar vortex or the Tropics. 

Breaking events similar to that shown in Fig. 17 oc­
cur throughout the shallow-water calculation shown in 
Fig. 8; Fig. 18 shows the results of four 10-day CA 
calculations initialized at different times during the cal­
culation. The evolution during all events is qualitatively 
the same: tongues of both polar vortex and tropical air 
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FIG. 18. Results from four 10-day CA calculations, using the winds from the shallow-water 
calculation shown in Fig. 8, initialized at day (a) 10, (b) 30, (c) 50, and (d) 70. Each calculation 
was initialized with the PV = 0.25 X 10-• and 1.125 X 10-• m- 1 s- 1 contours. Map projection 
is the same as in Fig. 17. 

are transported into the surf zone and wrapped around 
the polar vortex, and there is no transport into the polar 
vortex or Tropics. There is, however, variability in the 
amount of air transported into the surf zone; this is 
quantified below. 

In the calculations with no thermal relaxation ( e.g., 
Fig. 2), tropical and polar vortex air is transported into 
the surf zone in the same manner described above. Fig­
ure 19 shows the results of CA calculations initialized 
at different times during the calculation shown in Fig. 
2. At early times the distribution is very similar to that 
in the calculations with thermal relaxation: thin tongues 
of polar vortex and tropical air are wrapped into the 
surf zone. At later times, however, the distribution is 
different from that in the calculations with thermal re­
laxation: the vortex is considerably smaller (because of 
vortex erosion; see section 4), and there is only weak 
wave breaking with very little transport into the surf 
zone. 

The calculations in Fig. 19 also show that, in the 
absence of thermal relaxation, there is also some trans­
port from the surf zone into the Tropics ( but there is 
still no transport into the vortex). For example, at 

135°E and 120°W on day 40 there is a thin tongue of 
midlatitude air intruding into the tropical region. In sec­
tion 4 it was shown that strength of the tropical shear 
was an important factor in determining the confinement 
of the breaking within the surf zone. One can assess 
the affect of the tropical shear on the transport into and 
out of the tropics by comparing CA calculations using 
winds from the three adiabatic calculations, with dif­
ferent tropical shear, shown in Fig. 13. Figure 20 shows 
the results of three 10-day CA.calculations for each of 
the calculations in Fig. 13. With increasing shear (Fig. 
13a-c) there is more transport out of the tropics and 
less transport into the tropics ( in all cases the transport 
into the tropics is much weaker than that out of the 
tropics) ; hence, steeper subtropical gradients form with 
increasing tropical easterly shear. 

One may estimate the amount of air transported into 
the surf zone during the above breaking events by de­
fining the boundaries of the various regions. Previous 
studies have used various criteria for defining the edge 
of the polar vortex and, hence, the polar edge of the 
surf zone (e.g., a critical value of PV, maximum PV 
gradient, or maximum wind speed). However, as dis-
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Fm. 19. As in Fig. 18, except with winds from the shallow-water calculation shown in Fig. 
2, and initial contours were the PV = 0.375 X 10-• and 1.375 X 10-• m- 1 s- 1 contours. With 
reference to Fig. 18, notice how the absence of thermal relaxation leads to greater erosion of 
the vortex, the eventual arrest of Rossby wave breaking, and the decay of the associated transport 
(cf. Fig. 23). 

cussed in Waugh et al. (1994a,b), it is difficult to 
uniquely define the edge of the polar vortex; the same 
difficulties also exist for defining the tropical edge of 
the surf zone. • The calculated transport into the surf 
zone will depend greatly on the definition used to cal­
culate the surf zone boundaries. 

With this in mind, we have chosen here to use the 
"coarse-graining" procedure of Waugh (1992) (see 
also Dritschel and Waugh 1992 and Waugh et al. 
1994a) to calculate the boundaries. In this coarse-grain­
ing procedure, the surgical part of the contour surgery 
algorithm (Dritschel 1989) is applied repeatedly, iter­
atively increasing the surgical cutoff scale fJ up to a 
value of 0.05 times the earth's radius (fJ """300 km). 
This procedure automatically and efficiently removes 
filamentary structures and isolates the large-scale 
boundaries of 1he surf zone. For instance, Fig. 21 com­
pares the contours at day 20 in the CA calculation 
shown in Fig. 17 with the coarse-grained contours that 
are used as the boundaries of the surf zone. 

As a simple estimate of transport into the surf 
zone, we calculate the area of polar and tropical air 

that is entrained. Note that the change in depth in the 
shallow-water calculations is small, and the variation 
in the area enclosed by contours is very similar to the 
variation of the volume. The area of air transported 
across the surf zone boundaries is determined by cal­
culating the difference in area between the original 
contour and the coarse-grained contour, that is, the 
difference in area between the shaded regi{>ns and 
solid contours in Fig. 21. 

Table 1 contains the estimated transport between 
days 10 and 20 of the calculation shown in Fig. 8 ( see 
also Fig. 17) for different choices of the surf zone 
boundaries; AP is the area enclosed by the polar bound­
ary of the surf zone, A, the area enclosed by the tropical 
boundary, and A,x-pand A,x-, the area of air transported 
into the surf zone from the polar vortex and the tropics, 
respectively. These calculations show the aforemen­
tioned sensitivity to the definition of the surf zone 
boundary. As the surf zone boundaries are moved to­
ward the center of the surf zone ( e.g., reading down 
Table 1 ) , the amount of transport into the surf zone 
increases. The wave breaking ''strips'' air mainly from 
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(a) 

(b) 

(c) 

FIG. 20. Results from IO-day CA calculations initialized at days 10, 20, and 30, using the winds from the shallow-water calculations shown 
in Fig. 13a-c. The initial conditions in the calculations (a) to (c) have increasing initial tropical shear. Each calculation was initialized with 
the PY= 0.375 X 10-s m- 1 s- 1. 

the outer edges of both the polar vortex and the Tropics, 
and there is negligible transport from well inside these 
regions. 

The temporal variation of the transport into the surf 
zone for the shallow-water calculations shown in Figs. 
8 and 2 (see also Figs. 18 and 19) is shown in Figs. 22 
and 23, respectively. These figures show the estimated 
transport within 10 days for periods covering the du­
ration of the two shallow-water calculations. The 
amount of air transported into the surf zone from both 

the polar vortex and the Tropics varies between differ­
ent time periods and the different calculations; in gen­
eral, for periods when there is decreased transport from 
the polar vortex there is also decreased transport from 
the Tropics. 

Also shown in Figs. 22 and 23 is the temporal vari­
ation of the minimum latitude of the vortex 'edge ( as 
defined by PV contours) . Comparing this with the 
transport rates, we see that, as has been noted previ­
ously (e.g., Leovy et al. 1985; Waugh 1993b), there is 
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a strong relationship between the transport into the sutf 
zone and the movement of the vortex edge; when the 
edge of the vortex reaches low latitudes, there is large 
transport out of the Tropics. Note that in the latter half 
of the adiabatic calculation the vortex edge never 
reaches low latitudes (because of erosion by wave 

. breaking) and hence there is very little associated trans­
port. 

In the calculation with thermal relaxation, the aver­
age area transported into the sutf zone, per 10 days, 
from the polar vortex and the tropics is 1.2% and 3.5%, 
respectively, of the sutf zone area; this corresponds to 
11 % and 32%, respectively, over a 3-month period. 
The transport rates into the sutf zone during the first 
half of calculation without thermal relaxation are sim­
ilar to those in the calculation with thermal relaxation, 
but, as noted above, there is negligible transport during 
the latter half. It is important, however, to emphasize 
that the amounts of transport thus determined are very 
sensitive to the definition of sutf zone boundaries. 

7. Discussion 

In all the experiments described here, we have found 
meridional transport to maximize in the main sutf zone 

TABLEI. Estimated transport into the surf zone during days IO to 
20 for different definitions of surf zone boundary, obtained from CAS 
calculations using winds from the experiment shown in Fig. 8. PVedge 

is the potential vorticity (in units 10-• m-• s- 1
) used in forming the 

coarse-grain boundaries of the surf zone. AP is the area enclosed by 
the polar boundary of the surf zone, A, the area enclosed by the 
tropical boundary, and A,,_P and A,,-, the area of air transported into 
the surf zone from the polar vortex and the tropics, respectively . 
Areas are expressed as a percentage of the area of a hemisphere. 

PV edge AP Aex-p PVedgc A, Aex-t 

1.750 20.6 0.4 0.000 94.5 0.0 
1.500 24.2 0.5 0.125 85.8 0.3 
1.250 28.2 1.0 0.250 78.1 2.7 
1.125 29.9 2.2 0.375 53.5 6.8 

of the winter hemisphere, lying between a well-defined 
polar vortex and the tropics. Within this region, tongues 
of both vortex and tropical air are intermittently en­
trained in the flanks of sutf zone anticyclones and 
stretched into long, thin filaments before being mixed 
down further into more convoluted structures distrib­
uted throughout the sutf zone. The stretching is espe­
cially rapid in the strong shear on the equatorward side 

FIG. 21. Comparison of contours at day 20 in the CA calculation shown in Fig. 17 (shaded 
regions) with the coarse-grained contours (solid curves) that are used as the boundaries of 
the surf zone. Map projection is the same as in Fig. 17. 
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contours are for PV = (1.25, 1.5, 1.75) X 10-• m-• s-•, respectively. 

of the polar jet, just outside the vortex edge, and in 
most cases and at most times the CA results show fil­
aments of both polar and tropical air strung around the 
vortex edge, thus making this a preferred region for the 
interaction of these two different air masses. For rea­
sons already noted, it is difficult to quantify with any 
precision the net transport rates into the surf zone; on 
the basis of the calculations described in section 6, 
however, we estimate that there is rather more tropical 
air than polar air entrained into the surf zone. 

Despite this overall common behavior, a key result 
of this paper is that the confinement of wave breaking 
to the main surf zone and, correspondingly, the sharp­
ness and impermeability of its subtropical edge, falls 
into one of two regimes: an "unconfined breaking" 
regime and a ''confined breaking'' regime. In the un­
confined breaking regime, the wave breaking extends 
beyond the main surf zone all the way to high summer 
latitudes; moreover, breaking at the subtropical edge 
comprises both entrainment into the surf zone and, 
somewhat more weakly, intrusion of midlatitude air 
into the tropics. In contrast, in the confined breaking 
regime the breaking is confined to the winter hemi­
sphere surf zone, and the subtropical edge of the surf 
zone is both sharp and impermeable to equatorward 
intrusion of midlatitude air; then in this regime, air is 
entrained into the surf zone from both directions, 
without detrainment into either the polar vortex or 
the tropics. 

The calculations performed in this study seem to fol­
low the following pattern. In the absence of thermal 
relaxation the evolution of the flow was found to lie in 
the confined breaking regime only when the topo­
graphic Rossby-wave forcing is weak. At larger am-
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plitudes (i.e., such that the size of the polar vortex, the 
sharpness of the PV gradients, and the extent of the 
main surf zone appear to resemble those of the ob­
served winter stratosphere) the evolution is in the un­
confined breaking regime. In contrast, in the calcula­
tions performed with a thermal relaxation the flow is 
always in the confined breaking regime. 

The mechanism by which Rossby wave activity 
propagates into the summer hemisphere and leads to 
extensive wave breaking is a subtle one. Major events 
in which the forced stationary wave breaks generate 
secondary Rossby waves that propagate eastward along 
the westerly jet at the vortex edge and westward at the 
tropical edge of the surf zone. In the adiabatic series of 
experiments described in section 2, these westward 
propagating waves are able to penetrate the easterly 
tropical winds and spread throughout the summer 
hemisphere. At sufficiently large wave amplitudes, the 
waves break throughout this region, effecting transport 
into the tropics from the surf zone and throughout the 
summer hemisphere. It was found that the penetration 
of these transient waves into and through the tropics 
was inhibited in experiments with strong easterly shear 
in the winter subtropics (more specifically, with greater 
easterly wind difference between midlatitudes and 
tropics). This occurred naturally in those experiments 
with thermal relaxation. 

The importance of the tropical shear in determining 
the confinement of the wave breaking suggests that the 
results in this paper may be of some relevance in un­
derstanding the effect of the phase of the QBO on trans­
port in the extratropics. In the easterly phase of the 
QBO there is greater easterly shear and, from the above 
results, one would expect the subtropical gradients to 
be steeper than in the westerly phase, consistent with 
the observations of tropical aerosols ( Trepte and Hitch-
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FIG. 23. As in Fig. 22 except for the adiabatic calculation 
shown in Fig. 2. 
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man 1992). Note, however, that the presence of steeper 
gradients in the easterly phase does not necessarily im­
ply weaker transport out of the subtropics ( see, for in­
stance, Fig. 20); the steeper gradients may in fact be a 
consequence of the stronger transport. 

We are inevitably led to ask which of the above two 
regimes is closer to the situation in the winter strato­
sphere. It is difficult to make any theoretical predictions 
on the basis of these results, as the differences in zonal 
wind between tropics and winter midlatitudes-in both 
calculated radiative equilibrium and observed states­
vary strongly with height through the stratosphere and, 
given the apparently deep nature of stratospheric wave 
dynamics, these single-layer results are unlikely to be 
applicable layer by layer. 

It is not clear that the observational evidence for 
tropical isolation ( noted in the introduction) precludes 
weak wave breaking into the tropics. Interpretation of 
results from CA using winds from stratospheric anal­
yses ( such as in Waugh 1993b) is so clouded by the 
uncertainties in the tropical winds that no robust con­
clusion can be reached. Inspection of the evolution of 
potential vorticity in the summer stratosphere, calcu­
lated from stratospheric analyses, sometimes reveals 
hints of weak wave breaking but it is not clear whether 
this is really occurring, nor, if it is, whether it is induced 
by secondary Rossby waves from the winter hemi­
sphere. All in all, we cannot determine from current 
observational data which of the two regimes better rep­
resents atmospheric behavior. Preliminary investiga­
tions we have made using output from the high-reso­
lution GFDL ''SKYHI'' general circulation model 
(Mahlman and Umscheid 1987) indicate that the flow 
in that model is closer to the confined breaking regime. 
However, further analysis-involving both sophisti­
cated models and stratospheric data-will be required 
to resolve the issue. 
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