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Transport of Atmospheric Tracers by Planetary Waves 
During A Winter Stratospheric Warming Event' 

A Three-Dimensional Model Simulation 
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In a simple three-dimensional primitive equation model, a wave number 1 major stratospheric warm- 
ing is simulated. With the aid of two idealized tracers it is shown that the transport during a major 
warming event is characterized by a small, well-organized tongue of subtropical air flowing around the 
displaced winter vortex into the polar cap and by a wide area with strong quasi-horizontal mixing (surf 
zone). The description of these dynamical processes requires a full three-dimensional space resolution. 

1. INTRODUCTION 

The chemistry and transport of atmospheric trace species 
have been extensively studied over the last decade. A number 
of numerical models have been developed to understand the 
key processes governing the behavior of these species and to 
assess the potential effects of human activities on the chemical 
composition of the stratosphere and especially on the ozone 
layer. Classical one-dimensional models, which assume perfect 
horizontal homogeneity and parameterize the vertical ex- 
changes through a simple eddy diffusion process, are appropri- 
ate to investigate the relative importance of the chemical and 
photochemical reactions which partly determine the distri- 
bution of the trace species. Two-dimensional models consider 
the latitudinal and seasonal variations of insolation and the 

effect of meridional transport. These models are based on the 
zonally averaged energy, momentum, and continuity equa- 
tions, in which the effect of zonal asymmetries (eddies) on the 
mean meridional transport has to be parameterized. In the 
so-called eulerian two-dimensional models [Hesstvedt, 1973; 
Louis, 1974; Crutzen, 1975; Harwood and Pyle, 1975; Whitten 
et al., 1977; Brasseur and Bertin, 1977, 1979] the eddy fluxes 
are related to the zonally averaged quantities in terms of eddy 
diffusion coefficients obtained under the linear assumptions of 
the mixing length model of Reed and German [1965]. At cer- 
tain occasions and certain locations the transport by the 
eddies dominates the transport by the eulerian mean circu- 
lation. This explains, for example, why ozone, which is pro- 
duced at low latitudes, is transported towards the pole despite 
the equatorward flow in the stratosphere associated with the 
Ferrell cell, which is present at mid- and high latitudes. A 
close examination of the momentum and heat budgets reveals 
a large degree of cancellation between the eulerian mean and 
eddy transports. This cancellation, which is a consequence of 
the nonacceleration theorem [Charney and Drazin, 1961; An- 
drews and Mcintyre, 1976, 1978; Holton, 1980] is an artifact of 
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the eulerian zonal averages in pressure or geometric coordi- 
nates. Such representation leads to practical problems, as it 
has to be expressed by the difference between two large and 
approximately equal contributions. Therefore alternative for- 
mulations have been used. Tung [1982] and Ko eta!. [1985] 
have shown, for example, that eulerian average equations, for- 
mulated in isentropic coordinates, can be constructed without 
giving rise to this problem of large mean/eddy transport can- 
cellation. Andrews and Mcintyre [1976], Dunkerton [1978], 
and Holton [1981] have indicated that a more satisfactory 
separation between mean and eddy effects can be achieved 
through the transformed eulerian (or residual) circulation (if*, 
•*) which is defined by 

1 • (pov'O,h •* = • - 
,eO/ez/ 

1 •( v'O'• ½* = • + cos • 
a cos • • •O/•z] 

where ff and ½ are the meridional and vertical components of 
the eulerian circulation, • and z are the latitude and the alti- 
tude, respectively, 0 is the potential temperature, and a is the 
earth's radius. The primes refer to the departure from the 
zonally averaged values, which are expressed by overbars. Ac- 
cording to the noninteraction theorem, the transformed eu- 
lerian circulation has the important property of vanishing for 
steady and conservative waves. In the absence of radiative 
equilibrium conditions, as a result, for example, of wave ac- 
tivity, there will no longer be an exact, but a near-cancellation, 
between the eulerian mean and the mean and the eddy trans- 
port. A residual circulation (•, ½*) arises and, to a good 
approximation, is equivalent to the diabatic circulation, whose 
vertical velocity is directly proportional to the net heating 
rate. Such models, with a diabatically driven or a residual 
circulation, have been used extensively in the last 5 years to 
describe the meridional transport of several trace species [Pyle 
and Rogers, 1980; Miller et al., 1981; Garcia and Solomon, 
1983; Guthrie et al., 1984; Stordal et al., 1985]. The assump- 
tion implicit in all these models is that the net dispersive effect 
of planetary waves is small and can be crudely described in 
terms of eddy diffusion. Transience and dissipation can 

13,167 



13,168 KOUKER AND BRASSEUR: TRANSPORT DURING STRATOSPHERIC WARMING EVENT 

Fig. 1. 

MEAN ZONAL WIND • (m/s) DAY 0 
80 

70 

• •o 

• •o 

30 

20 

lO 

OOl 

o8o 

335 

13 98 

I ' - 58.3/, 2•3.•0 
80 70 60 $0 /,0 30 20 10 0 

005 

019 

LATITUDE {øN) 

Mean zonal wind (in meters per second) used as initial field, in geostrophic cyclostrophic and thermal wind 
balance. 

become important in winter, especially during warming events. 
In this case some additional transport, not incorporated in the 
residual circulation, takes place. This is particularly true when 
irreversible mixing associated with planetary wave breaking 
occurs [Mcintyre and Palmer, 1983]. Such nonlinear pro- 
cesses, whose quantitative importance on the large-scale dy- 
namical structure of the atmosphere has been studied by Rose 
[1983], are believed to be responsible for a significant part of 
the eddy transport (together with chemical eddies) and are 
probably important in relation to the development of strato- 
spheric warming events. Chemical eddy transport plays a large 
role in certain regions of the atmosphere for species (e.g., 
ozone) which have a sharp transition region between photo- 
chemically and dynamically dominated regimes. 

The description of the meridional transport, as given by 
two-dimensional models, is thus in certain cases only a poor 
approximation. This is particularly true in the winter strato- 
sphere, when the waves become unsteady and non- 
conservative. In this case the transport has to be studied by 
means of full three-dimensional models in which the behavior 

of planetary waves is treated explicitly. 
It is now well established from observational studies that 

the transport of species with long chemical lifetimes, such as 
ozone in the lower stratosphere, is related to the variations of 
large-scale eddies [Ghazi, 1974; Ghazi et al., 1976; Gille, 1979; 
Leovy et al., 1985] and is even significantly enhanced at the 
time of stratospheric warmings [Ghazi, 1974]. Although the 
behavior of some minor constituents, such as ozone, has been 
considered in three-dimensional general circulation models 
[Hunt and Manabe, 1968; Cunnold et al., 1975, 1980; Mahlrnan 
and Moxirn, 1978; Schlesinger and Mintz, 1979; Levy et al., 
1979; Mahlrnan et al., 1980] or in transport studies using 
marked parcels [Kida, 1977, 1983; Hsu, 1980; Dunkerton et al., 
1981], detailed representations of the tracer's transport during 
large perturbations such as warming events are few. Hartmann 
and Garcia [1979], Garcia and Hartmann [1980], and Kawa- 
hira r1982] have developed mechanistic quasi one- 
dimensional models of the ozone transport in the winter 

stratosphere, considering simple linear chemical and radiative 
feedback mechanisms. 

In the present study the effect of forced waves on the trans- 
port of idealized tracers is considered in a full three- 
dimensional hemispheric nonlinear model. No chemical source 
is included, so that the only dissipative process (beside numeri- 
cal filters) arises from the radiative net heating rate, which is 
parameterized by a simple linear relaxation term. The model 
is used to calculate the eulerian mean and the transformed 
eulerian mean meridional circulation. It is also shown that the 

transport of conservative tracers cannot be described in terms 
of purely zonally averaged flow, especially in winter when the 
planetary waves contribute significantly to the transport. In 
another study by Rose and Brasseur [1985] and Brasseur and 
Rose [1985] a chemical scheme involving oxygen, hydrogen, 
and nitrogen species was included in a similar simulation per- 
formed by a three-dimensional grid-point mechanistic model. 
The present model, however, is a semispectral mechanistic 
model and allows for a better zonal resolution, as it represents 
all waves up to wave number 7. 

2. MODEL DESCRIPTION 

The model which is used in the present study is a semispec- 
tral version of the grid-point three-dimensional hemispheric 
model developed at the Free University of Berlin by Rose and 
Klinker for the study of sudden stratospheric warm!ngs [Rose, 
1983]. It is based on the so-called primitive equations ex- 
pressed in spherical coordinates [e.g., Holton, 1975] with z = 
--H In (P/Po) as the vertical coordinate (p is the pressure 
expressed in mbar, Po = 1015.75 mbar, and H = 7 km). This 
set of equations is truncated at zonal wave number 7 and is 
solved in a two-dimensional space of grid points with a merid- 
ional interval Acp--- 5 ø and the vertical resolution of Az = 3 
km. 

The southern boundary is located at the equator, where a 
mirror condition is applied. The upper boundary condition is 
specified by setting the vertical velocity equal to zero. As the 
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Fig. 2. Time-height cross section of the mean zonal wind (in meters per second) at 62.5øN during the course of the model 
integration. 

forcing takes place at the lower boundary, the geopotential ß 
at 8.5 km varies according to the following condition: 

ß (n, q•, t)=f(t)h(q•)A*(1) 

where h(•o) = 0 for •o g 30 ø and •0 > 82.5 ø. 

h(•b) = sin2{(q•- 300)/[60 ø- (q•- 60ø)/3]) 30 ø < q• < 82.5 ø 

f(t) = 1 -- exp(-- •/Zo) 

where z o = 2.5 x 105 s. A*(1) is the maximum amplitude of 
the wave number 1 perturbation. For the prognostic variables 
the lower boundary condition corresponds to a no-wind shear 

condition and to a constant temperature of 215 K. The time 
integration is performed by a leapfrog scheme, with a time 
step of 7.5 min. To avoid separate evolutions at even and odd 
time steps, three time steps are performed at every forty-eighth 
time step, using the Euler-backward instead of the leapfrog 
scheme. Because of spherical geometry the zonal wavelength 
of a given wave number decreases with increasing latitude. 
Therefore in the northernmost latitude (87.5øN), only the 
zonal waves 1 and 2 are calculated in order to avoid linear 

instability without reducing the time step. To prevent the 
model from developing nonlinear instability, a method de- 
scribed by Shapiro [1971] is used by employing an eight-order 
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Fig. 4. Time-height cross section of the (a) wave number 1 and (b) wave number 2 amplitude of the geopotential height 
(gpm) at 62.5øN during the course of the model integration. 

filter in the north-south direction. In order to avoid reflection 

at the upper boundary, the order of the filter is reduced pro- 
gressively up to the second order in the uppermost six levels. 

3. DYNAMICAL PARAMETERS DURING A STRATOSPHERIC 

WARMING EVENT 

The model, as described in the section 2, is first used to 
calculate the dynamical parameters (wind components and 

temperature) in the winter hemisphere during the development 
of a warming event. At the initial stage the temperature and 
zonal wind distributions are assumed to be zonally symmetric 
(no wave) and are in mutual geostrophic cyclostrophic equilib- 
rium (Figure 1). A wave number 1 forcing in the geopotential 
height (gpm) is applied at the lower boundary of the model, 
with a maximum amplitude of 300 gpm. This condition is 
intended to simulate the perturbations resulting from oro- 
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graphic or thermal processes in the troposphere. Stationary 
planetary waves are allowed to propagate in the stratosphere 
only in winter, when the zonal winds are westerly. In this case, 
only large-scale waves (wave number 1-3) are present, as can 
be deduced from the condition expressed by Charney and 
Drazin [1961]. These waves are expected to interact with the 
zonal wind through momentum deposition. Figure 2 shows 
the calculated evolution of the mean zonal winds as a function 

of height at 62.5øN, as a result of this wave-mean flow interac- 
tion. Its value, which is of the order of 50 m s-x in the upper 
stratosphere and lower mesosphere decreases slowly during 
the first part of the integration, when the wave activity re- 
mains small' it reaches 40 m s-1 on day 8 and 30 m s-1 on 
day 14. During the next 5 days, as the waves become intense, 
the deceleration is enhanced, so that the mean zonal wind 
reverses on day 17 and reaches a value as large as -40 m s-1 
at 45 km altitude on day 23. Such a situation is observed 
every one or two winters in the northern hemisphere (aside 
from the final warming) and is referred to as a major warming 
event. Figure 3 shows the position of the zero wind line 02 = 0) 
in the meridional plane for selected days. It appears that east- 
erlies are present after day 15 in the tropical and high-latitude 
zones. In the latter region the calculated mean zonal wind, 
however, is significantly stronger than in the tropics. 

The amplitude of the wave number 1 and 2 geopotential 
height variation at 62.5øN during the course of the integration 
is shown in Figures 4a and 4b. It can be seen that the ampli- 
tude of the wave number 1 height grows gradually during the 
first 15 days' it reaches 300 gpm on day 5, 800-1000 gpm 
between 35 and 70 km on day 10, and 1400 gpm near the 
stratopause on day 18. Later on, the strength of the wave 
decreases, expecially in the mesosphere, but increases again 
after day 25 during the final stage of the model integration. 
The time period with the largest wave number 1 amplitude 
(days 15-20) corresponds to the largest deceleration of the 
mean zonal wind and thus to the development of the warming 
event. The amplitude of wave number 1 starts to decrease as a 
critical line (zero wind line) becomes apparent. 

The variation in the wave number 2 height remains limited 
during the first days of integration. Indeed, in the present 
model the forcing at the lower boundary is only a wave 
number 1 perturbation, and a wave number 2 response can 
only be produced by nonlinear processes which become sig- 
nificant as the warming develops. The amplitude of the wave 
number 2 geopotential height reaches maxima of about 400 
gpm on day 16 and 20, respectively, but always remains sig- 
nificantly smaller than the wave number 1 amplitudes. 

In order to represent the details of the wave structure at 
mid and high latitudes, Figures 5a-5f show synoptic maps of 
the geopotential height and the temperature at 11.6 mbar 
(--• 30 km) on days 15, 18, and 20, that is, in a layer and during 
a time period with large wave amplitudes. From Figure 5a, 
one sees that on day 15 the polar vortex is displaced from the 
pole, and as the wind blows nearly parallel to the isohypses, 
that meridional and vertical wind components appear. As a 
consequence, a strong cross-polar flow is observed. At day 18 
the wave amplitude has become larger, and a high-pressure 
cell is now clearly visible at 180 ø longitude (Aleutian high). A 
similar situation is observed for day 20 of the simulation but 
with a high-pressure cell that has been displaced northwards. 

The temperature distribution at the 11.6-mbar level for the 
same 3 days reveals a strong wave structure at mid and high 
latitudes, with an amplitude of nearly 50 K. A strong warming 

develops and is located on day 15 at about 50øN and 135øE. 
During the next days this warm cell (250 K) is slightly dis- 
placed northward and eastward. At the same time a cold air 
mass (205 K) is present at 70øN and 15øE. It is interesting to 
note that at day 15, when the warming is in its early stage, the 
temperature structure is quite regular and exhibits a "comma" 
shape. Three days later, an entire zone located in the western 
hemisphere at mid-latitude is characterized by a weak temper- 
ature gradient. 

To conclude this part of the discussion, one should point 
out that the model is able to produce a major warming event 
in response to a tropospheric forcing. The dynamical structure 
associated with this warming event is in good qualitative 
agreement with observed wave number 1 events [Petzoldt and 
Scholl, 1986]. The model correctly simulates the displacement 
of the vortex, the formation of the Aleutian high-pressure cell, 
the reversal of the mean zonal wind at high latitude, and a 
temperature disturbance with an amplitude of about 50 K. 
Such behavior with transient and dissipative processes is ex- 
pected to produce some net meridional transport, as will be 
discussed in section 4. 

4. MERIDIONAL CIRCULATION AND TRANSPORT 

The calculation of the zonally averaged meridional circu- 
lation resulting from the wave disturbances allows one to esti- 
mate the transport of heat and long-lived species. Most of 
these trace gases with a long chemical lifetime (e.g., ozone, 
nitric acid, nitrous oxide, methane, the chlorofluorocarbons) 
are produced or injected in the tropical stratosphere and 
transported toward the pole. Since the stationary planetary 
waves propagate only when the mean zonal wind is westerly, 
the strength of the mass flow is largest in winter and explains, 
for example, why the ozone amount at high latitudes is a 
maximum in early spring. 

Figures 6a, 6b, and 6c represent, for example, the mass 
stream function corresponding to the eulerian mean circu- 
lation on days 15, 18, and 20. One clearly sees in the three 
cases the existence of a double-cell structure with upward mo- 
tions in the tropics and above the pole and downward mo- 
tions at mid-latitudes. Such a circulation is in good qualitative 
agreement with the meridional motions, based on observed 
winter data (see for example, Vincent [1968]). The indirect 
Ferrell cell, which produces an equatorward flux at high lati- 
tude in the stratosphere, remains strong during the course of 
the integration. This type of circulation, however, is not repre- 
sentative of the net heat and mass transport, as the zonally 
averaged flux of any quantity x is given by 

• __ 

l)X = /)X + 

where the overbars refer to zonal means and the primes to the 
departure from this average (i.e., the eddies). Indeed, the eu- 
lerian mean meridional circulation corresponds only to the 
first term of the right-hand side of the above expression. The 
second term, which depends on the waves, introduces a contri- 
bution which nearly counterbalances the effect of the eulerian 
mean circulation when the dissipation is weak. 

The residual circulation whose strength and direction is en- 
tirely different from the eulerian mean circulation is shown in 
Figures ?a, ?b, and ?½ for days 15, 18, and 20. In this case the 
air flow is characterized by only one large cell, corresponding 
to an upward motion in the tropics, a large subsidence at high 
latitude, and a poleward flow in the entire stratosphere. The 
closed stream line, which is visible on days 18 and 20, is 
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Fig. 5. Synoptic charts of the geopotential height on (a) day 15, (b) day 18, and (c) day 20, and of the temperature on (d) 
day 15, (e) day 18, and (f) day 20, on the 11.6-mbar pressure surface. 
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Fig. 6. Mass stream function (in kilograms per meter per second) of the eulerian zonal mean circulation on (a) day 15, (b) 
day 18, and (c) day 20 of the model simulation. 

located just below the critical line of the zonal wind, which 
acts as a partial reflector of the planetary waves [Dunkerton et 
al., 1981]. The residual circulation is similar to the earliest 
description of stratospheric motions based on observations of 
water vapor [Brewer, 1949] and ozone [Dobson, 1956]. It is 

also in qualitative agreement with the circulation deduced by 
Murgatroyd and Singleton [1961] and is based on the resolu- 
tion of the thermodynamic equation in which the contribution 
of the eddy terms was omitted. In fact, the apparent discrep- 
ancy between the mean meridional circulations derived from 
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Fig. 7. Mass stream function (in kilograms per meter per second) of the transformed eulerian mean circulation (residual 
circulation) on (a) day 15, (b) day 18, and (c) day 20 of the model simulation. 

wind measurements and from trace species observations can 
be resolved by interpreting the first as eulerian mean motions 
and the second as an eulerian-transformed (or residual) circu- 
lation ['see Dunkerton, 1978]. A more quantitative comparison 

is given in Figures 8a and 8b, which represent the vertical 
wind velocity on day 15 corresponding to the two types of 
averaging procedure. Again, large differences occur. In the 
case of the eulerian mean motions (Figure 8a) the vertical 
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Fig. 8. (a) Eulerian mean velocity and (b) transformed eulerian mean velocity of the vertial wind components (in 
millimeters per second) calculated on day 15 of the model simulation. 

wind component is directed upward at latitude higher than 
65 ø, with velocities of the order of 1 cm s-x. In the case of the 
transformed mean circulation (Figure 8b), the wind is directed 
downward, with wind velocities also of the order of 1 cm s-x. 
At low latitude the two motions are very similar, with upward 
winds of the order of 1-2 mm s-x. Finally, at mid-latitude a 
clear downward wind is visible in the case of the eulerian 

mean circulation (1-10 mm s-•), and a rather weaker upward 
motion (1-5 mm s-x) occurs in the case of the transformed 
eulerian mean representation. It is important to note that 
during the simulation of a strong wave disturbance the trans- 
formed eulerian mean vertical component of the wind velocity 
is large at high latitude and that, despite the upward eulerian 
mean wind, the net transport of species is directed downward. 

5. TRANSPORT OF CONSERVATIVE TRACERS 

In order to further study the transport in the winter strato- 
sphere and, in particular, to determine the average meridional 
displacement of air parcels, the following numerical experi- 
ment has been performed. Two idealized, purely conservative 
tracers have been considered simultaneously. The mixing ratio 
of one of them, at the initial stage of integration, varies lin- 
early with latitude from a value of 1 at the equator to an 
arbitrary 100 value at the pole. The initial distribution of this 
tracer is zonally symmetric and uniform with height. As the 
corresponding isolines for the mixing ratio are, in the meridio- 
nal plane, parallel to the altitude axis, this tracer will be re- 
ferred to as the meridionally stratified tracer. 
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material surfaces are shown in Figures 9a-9c. 
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A number of quasi-conservative quantities are characterized 
by well-noted meridional gradients. This is the case, for exam- 
ple, for the ozone mixing ratio, which decreases by about a 
factor of 2 between the equator and the pole at 5-10 mbar. In 
the case of HNO3 the mixing ratio increases by almost a 
factor of 4 between 0 and 90 ø latitude at 10-50 mbar. Finally, 
the Ertel's potential vorticity, which is a quasi-conservative 
quantity on isentropic surfaces, also increases significantly be- 
tween the equator and the pole. To a first approximation the 
"meridionally stratified tracer" is expected to simulate, in the 
lower stratosphere, the behavior of such tracers. The values 
adopted here for the mixing ratio, namely, from 1 to 100, are 
obviously not representative of any physical quantity, but 
when irreversible mixing is weak, they should be regarded as 
labels to indicate the originating latitude of the air parcels. 
Atmospheric regions in which, for example, the mixing ratio is 
less than 30 are filled with air of subtropical origin. 

The second gas is uniformly distributed in the horizontal at 
the initial stage. Its mixing ratio varies, however, linearly with 
height from a value of 1 at the lower boundary (10 km) to a 
value of 100 at the upper boundary (80 km). This tracer will be 
referred to as the "vertically stratified tracer," which can be 
associated to the potential temperature, assuming that diaba- 
tic processes are weak. 

As the planetary waves develop in the model simulation in 
response to tropospheric forcing, the surface on which the 
tracers have a constant mixing ratio becomes progressively 
distorted. The altitude of the surface on which the mixing 
ratio of the "vertically stratified tracer" is 31 (originally a hori- 
zontal surface located near the 10-mbar level) is shown in 
Figures 9a, 9b, and 9c for days 15, 18, and 20 of the model 
integration. On day 15, for example, as the warming event 
develops, differences of as much as 3 km are seen in the height 
of this surface. The high altitudes are found at low latitudes, 
and the deepest sinking of the surface is located near the pole, 
exactly where the warming takes place as a result of adiabatic 
compression. The structure of this material surface is an in- 
dication of a slight upward transport at low latitude and a 
strong downward transport in the warm cell localized at high 
latitude. The same type of structure is observed in the subse- 
quent days but with a large distortion in the initially horizon- 
tal surface. Such downward motion in the polar region is 
expected to generate significant vertical advective transport of 
constituents whose mixing ratio varies with altitude (e.g., 
ozone). 

The meridional (or quasi-meridional) transport can be in- 
vestigated by analyzing the distribution of the meridionally 
stratified tracer on one of the material surfaces discussed 

above. Any air parcel located on such a surface at the initial 
stage of the integration remains on this surface, since the two 
tracers are entirely conservative. Air with a low mixing ratio 
for the meridionally stratified tracer has its origin in the sub- 
tropical regions. Air with a high mixing ratio characterizes 
polar air. From Figures 5a, 5b, and 5c, which show the distri- 
bution of the geopotential on the 11.6-mbar pressure surface, 
and 9d, 9e, and 9f, which represent the mixing ratio of the 
meridionally stratified tracer on a material surface on which 
the mixing ratio of the vertically stratified tracer is 31, one 
clearly sees that the isohypses and the lines of constant mixing 
ratio (meridionally stratified tracer) are nearly parallel. The air 
of polar origin is thus displaced together with the polar 
vortex, which thus behaves as a material entity. Since the 
mixing ratio in the center of the displaced vortex exceeds 

values of 90 until the final stage of the warming, this displace- 
ment is largely reversible, and essentially no mixing takes 
place in the center of the vortex. This behavior was also re- 
cently noted by Rose [1986]. At the south edge of the vortex, 
opposite to the "Aleutian high," a steep gradient in the mixing 
ratio of the meridionally stratified tracer is visible. A similar 
sharp latitudinal variation has been observed at certain oc- 
casions in the amount of nitrogen dioxide [Noxon, 1979; 
Mount et al., 1984]. This "Noxon cliff" has been interpreted by 
Solomon and Garcia [1983] as being related to the presence of 
large planetary waves and to chemical conversion processes 
involving N20 5. It has also been simulated in the three- 
dimensional model of Brasseur and Rose [1985], which in- 
cludes a detailed scheme of chemical and photochemical reac- 
tions. The presence of sharp latitudinal gradients can, how- 
ever, be generated even in a pure dynamical model simulation 
where chemical relaxation is ignored. 

As the polar vortex is removed from the north pole, tongues 
of subtropical air move counterclockwise around the displaced 
vortex and transport the air parcels toward high-latitude re- 
gions. Such narrow tongues of subtropical air are observed in 
the ozone and nitric acid maps provided by the LIMS instru- 
ment on board the Nimbus 7 satellite [Leovy et al., 1985; J. 
M. Russell III, private communication, 1984]. 

The model also predicts tongues of air moving clockwise 
around the vortex and transporting polar air towards mid- 
latitude regions. These structures are localized in a region 
where the geopotential is relatively uniform. When comparing 
the situations from day 15 to 20, it appears that these tongues 
of polar air become progressively irregular and even break 
into smaller-scale structures. This behavior was found in 

charts of the Ertel's potential vorticity for real atmosphere 
data [Mcintyre and Palmer, 1983, 1984] and suggests some 
irreversible mixing associated with nonlinear processes, es- 
pecially in the western hemisphere, where a wide area with 
weak gradients can be observed (see, in particular, Figures 9e 
and 9f). The model thus simulates the existence of a large 
"surf zone," introduced recently by Mcintyre and Palmer 
[1983, 1984], in which planetary waves break and induce sig- 
nificant transport of tracers. The mixing ratio of the meridio- 
nally stratified tracer at the pole, which was originally equal to 
100, is on day 20 reduced to about 50 on the material surface 
"31" near the 10-mbar level. On the same day, air which was 
initially located, for example, near 60 ø latitude has been trans- 
ported as far south as 30 ø latitude in certain parts of the 
winter hemisphere. Subtropical air is thus obviously trans- 
ported into the polar cap, while at the same time and on the 
same material surface (which remains quasi-horizontal), air 
originating from high latitudes reaches considerably lower lat- 
itudes. The first of these flows is well organized, while the 
second appears to break into smaller-scale parcels as a result 
of irreversible mixing. Further studies will investigate quanti- 
tatively the degree of irreversibility of these transport pro- 
cesses and will describe the behavior of the tracers when the 

waves die down. 

The meridional distribution of the zonal mean mixing ratio 
of the meridionally stratified tracer on day 20 is represented in 
Figure 10. At low latitude, where the effect of planetary waves 
is weak, the transport is dominated by the flow generated by 
the equatorial Hadley cell, as indicated by an arrow. The 
tropical air is displaced upward and northward, as would be 
shown by a zonally averaged (two-dimensional) model simula- 
tion. At latitudes higher than 45 ø the zonally averaged struc- 



13,182 KOUKER AND BRASSEUR: TRANSPORT DURING STRATOSPHERIC WARMING EVENT 

ZONALLY AVERAGED MIXING RATIO OF "HERIDIONALLY STRATIFIED TRACER" DAY 20 

,,/ •, x,. •'7o,/ • • •/ • / • 

• •335 

(,, ,, , lO , 2o ,o... , / /," 
•0 .,x, • ',• • ,' , r •k ', •1 ' t ', 2;•.;0 

•0 •0 •0 •0 •0 ;0 •0 20 •0 0 

LATITUDE (øN) 

Fig. 10. Meridional cross section of the zonally averaged mixing ratio of the "meridionally stratified tracer" on day 20. 
The initial isolines are vertical lines. 

ture of the mixing ratio appears to become very different. 
Values as low as 20 are found near the pole at 40 km altitude, 
indicating a strong convergence of subtropical air in this 
region. The trajectory of these air parcels cannot be inferred 
from this two-dimensional representation, as air with higher 
mixing ratio is present at mid-latitude over the entire vertical 
range. The zonally averaged mixing ratio of the meridionally 
stratified tracer at 62.5øN and 77.5øN is shown as a function of 

height and time in Figures 1 la and l lb at all altitudes. The 
situation at 77.5øN does not change significantly during the 
early stage of the warming development (0-10 days). After day 
15, as the wave activity increases, the transport of subtropical 
air (with low mixing ratio) becomes strong, and the zonally 
averaged mixing ratio of the meridionally stratified tracer de- 
creases to less than 30. A similar situation is observed at 

62.5øN. At this latitude, however, the zonally averaged mixing 
ratio is never smaller than 50. This might seem paradoxal, 
since the subtropical air (mixing ratio less than 40) which 
accumulates in the polar region has to flow through the mid- 
latitude zones before reaching the polar cap. In fact, as shown 
by the synoptic charts (Figures 9d, 9e, and 9f), the transport of 
subtropical air which takes place during the warming event is 
confined in a narrow band which behaves as a spiral around 
and up to the pole. This very localized flow is sufficient to fill 
the polar cap with subtropical air within a few days because of 
the spherical geometry of the earth. Such a narrow tongue 
does not significantly influence the value of the zonally 
averaged mixing ratio of the meridionally stratified tracer at 
mid-latitude. This type of behavior as well as the planetary 
wave breaking in the "surf zone" appear to be the most impor- 
tant processes which describe the transport in winter when the 
eddy perturbations are large. Such phenomena cannot be re- 
produced in two-dimensional model calculations but require 
full three-dimensional simulations. 

The above study of the behavior of meridionally and verti- 
cally stratified tracers suggests that the transport of atmo- 
spheric long-lived species (03, HNO3, CH,•, N20 , chlor- 
ofluorocarbons) can be understood in terms of vertical advec- 
tion, especially in the polar regions and horizontal eddy pro- 
cesses. The transport of species such as ozone into the polar 
latitudes during winter is mainly accomplished by the action 
of large-scale horizontal eddies. Such behavior is confirmed by 
Wu et al. [1985], who have calculated the several contri- 

butions to the ozone transport from the Nimbus 7 solar back- 
scatter ultraviolet (SBUV) data. This study also shows that 
more ozone is transported into the polar region on disturbed 
days than on quiet days. As major warmings occur only in the 
northern hemisphere, the above discussion does not apply to 
the southern high-latitude regions. In the southern hemi- 
sphere, indeed, the polar vortex remains a very stable material 
entity, so that ozone can hardly penetrate into the regions 
closest to the pole. This should be taken into consideration 
when explaining the very low ozone amount observed in the 
Antarctica by Farman et al. [1985]. 

6. SUMMARY AND CONCLUSIONS 

We have developed a three-dimensional dynamical model 
for the winter hemisphere which simulates the response of the 
middle atmosphere to a wave number 1 forcing applied near 
the tropopause. As the planetary waves grow and propagate 
in the stratosphere, the zonal mean flow decelerates, gener- 
ating a strong meridional circulation and a significant heating 
at high latitudes. After about 18 days of model simulation the 
mean zonal wind at high latitude is reversed from westerly to 
easterly, inducing a major stratospheric warming event. 

During these large-scale disturbances, subtropical air par- 
cels in the middle stratosphere are transported toward the 
pole along quasi-horizontal material surfaces, and at the same 
time, polar air reaches regions at mid and low latitudes. This 
transport is far from being uniform in space. The poleward 
flow, for example, is confined essentially into a narrow tongue 
that twists as a spiral around the winter vortex, which is dis- 
placed from the pole during the warming event. Such behavior 
appearing in the model simulation is also visible in the ozone 
distribution inferred from satellite observations rLeovy et al., 
1985]. Moreover, in the "surf zone," nonlinear processes pro- 
duce a cascade of smaller-scale structures, leading to irrevers- 
ible mixing. The strength of the meridional transport is also 
expected to be highly variable in time. It will be enhanced at 
certain periods, during which the polar vortex is disturbed and 
eventually breaks down. Such behavior is clearly seen on the 
charts of ozone and nitric acid derived, for example, from the 
LIMS experiment. It cannot, however, be properly reproduced 
in zonally averaged models, even if the transport in these 
models is described in terms of transformed eulerian mean 

meridional circulation. Zonally averaged calculations are very 
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useful to simulate the long-term behavior of chemical species, 
especially when the atmosphere is not or is only slightly dis- 
turbed by planetary waves. They are no longer appropriate, 
either to study the detailed physical processes leading to pole- 
ward motions or to simulate the meridional transport of trace 

species, when large disturbances occur. Indeed, the transport 
becomes particularly strong when nonlinear, nonconservative, 
and nonsteady wave disturbances Occur; that is when the ap- 
proximations associated with the two-dimensional model for- 
mulation tend to fail. 
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