JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO. D24, PAGES 31,097-31,108, DECEMBER 27, 1999
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Aspects of the large-scale transport
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Abstract. The large-scale transport in a general circulation model is evaluated
by analyzing a multiyear simulation that included a passive tracer, with emissions
linearly increasing with time, aimed at representing the sources of sulphur hex-
afluoride, SFg, a compound of anthropogenic origin. A motivation to analyze the
large-scale passive tracer transport is the expected use of such general circulation
models in simulations including active feedbacks with chemical models. It has
been found that the time evolution and detrended distribution of the simulated
SFg concentration are comparable to those estimated by available observations
of SFg, both displaying high values in the upper troposphere and low values in
the stratosphere. The simulation with a general circulation model of a tracer with
surface sources linearly increasing in time and no sinks allows derivation of transport
timescales. The age of air from the SFg simulation is consistent with the general
features of age of air estimates from observations, as, for instance, a rapid increase
in age in the lower stratosphere and older age in the polar regions of the middle and
upper stratosphere. The meridional and vertical gradients that characterize the age
distribution in the stratosphere are the manifestation of barriers in transport. The
average behavior of the transport barriers is diagnosed by means of the potential
vorticity gradient. The simulated barriers in potential vorticity gradient in the
lower-middle stratosphere are comparable to that deduced from European Centre
for Medium-Range Weather Forecast reanalysis.

1. Introduction opposite effects of quasi-isentropic planetary wave mo-
tions and mixing (that tends to flatten the isolines) and
the Brewer-Dobson circulation (that tends to steepen
the isolines). There is also increasing evidence that re-
gions of the stratosphere are relatively isolated, at least
seasonally. Such isolation has led to the concept of bar-
riers to transport [Plumb, 1996], as the subtropical bar-
riers observed in tracer concentrations (among others,
Trepte and Hitchman [1992] and Randel et al. [1993])
and the winter polar vortex barriers associated with
the resilience to transport of the Rossby wave restor-
ing mechanism [McIntyre, 1992].

In this work, the large-scale transport in a middle at-
mosphere general circulation model is investigated and
evaluated by analyzing a multiyear simulation that in-
cluded a passive (chemically inert) tracer. The multi-
year simulation has been performed by specifying sur-
face emissions linearly increasing with time and aimed
at representing the sources of sulphur hexafluoride, SFs,
a compound of anthropogenic origin. The SFg tracer
is predominantly released in industrialized areas of the
Northern Hemisphere, its main sources being leakages
and degassing from high-voltage electrical equipment

Within the current global perspective the mean mass
circulation that encompasses the middle atmosphere is
characterized by ascent through the tropical tropopause
into the stratosphere, poleward motion in the extrat-
ropics, and descent in the polar regions: the so-called
Brewer-Dobson circulation of mass (for a review, see
Andrews et al. [1987] and Holton et al. [1995]). Dur-
ing the solsticial seasons in the mesosphere the circula-
tion consists of a single cell, with rising motion in the
summer hemisphere, descending motion in the winter
hemisphere, and meridional motion from the summer
to the winter hemispheres: the Murgatroyd-Singleton
circulation (see McIntyre [1992] for a review). On long
timescales this circulation tends to produce a distribu-
tion of a tracer, of tropospheric origin, that peaks in
the equatorial region of the middle stratosphere and
decreases poleward in both hemispheres. The steepness
of the tracer isolines in latitude (i.e., the meridional
gradient of the tracer concentration) depends on the
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and metallurgy. The SFg tracer is of particular inter-
est because of its very long lifetime (estimates range

31,097



31,098

from 800 to 3200 years [Maiss et al., 1996 and refer-
ences therein]), and because there are no apparent sinks
in the troposphere and stratosphere. The atmospheric
concentration of SFg has increased from 0.03 pptv in
1970 to 3 pptv in 1993 [Maiss et al., 1996; Maiss and
Levin, 1994).

The evaluation of the large-scale transport of a mid-
dle atmosphere general circulation model is relevant to
the coupling of general circulation models to models
of the evolution of the chemical constituents of the at-
mosphere. Such model simulations are currently the
tools for predicting environmental changes associated
with anthropogenic changes of the atmospheric compo-
sition. Given that the evaluation of such highly interac-
tive models can be complicated and blurred by unknown
feedbacks among radiation, chemistry, and dynamics, a
thorough evaluation of the simulated transport of a pas-
sive tracer can give confidence to the reliability of the
general circulation model used. From the sensitivity of
the residual circulation to planetary wave breaking and
parameterized mesospheric gravity wave breaking, doc-
umented for instance by Manzini and McFarlane [1998]
and Rind et al. [1999], it appears that models with large
temperature biases may severely misrepresent the large-
scale mass circulation. Other sources of uncertainty in
transport characteristics include the horizontal and ver-
tical resolutions and the numerical representation of the
advection scheme.

2. Model and Design of the Experiment

The general circulation model used is the middle at-
mosphere MAECHAM4 model developed at the Max
Planck Institute in Hamburg. It is an upward extended
version of the ECHAM4 model. Most of the physical
parameterizations, particularly those that are relevant
mainly for tropospheric processes, and the basic model
structure are common to both models. A detailed de-
scription of the ECHAM4 model is given by Roeckner et
al. [1996a, b, and reference therein]. The major differ-
ences between the two models include the specification
of the vertical coordinate and the location of the model
top (ECHAM4 model, top at 10 hPa; MAECHAM4
model, top at 0.01 hPa), the parameterization of the
effects of gravity waves, and a few modifications in the
radiation scheme. The model structure and parame-
terizations are summarized by Manzini and McFarlane
(1998] and Manzini et al. [1997].

Triangular spectral truncation at wave number 30
(T30 horizonal truncation) has been used in the cur-
rent simulation. The sea surface temperature field is
specified following the Atmospheric Model Intercompar-
ison Project monthly mean climatology [Gates, 1992],
the ozone distribution follows the monthly zonal mean
from the chemical model of Brihl [1993], and the di-
urnal and seasonal cycles are included in the radiative
transfer calculation.
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In the MAECHAM4 model the gravity wave parame-
terization consists of two parts, separately representing
the effects of the momentum deposition from orographic
gravity waves and from a continuous gravity wave spec-
trum. A modified version of the McFarlane [1987] pa-
rameterization is used to account for the orographic
gravity wave drag. The Doppler spread formulation of
Hines [1997a, b]| is used to parameterize the effects of
a continuous spectrum of nonorographic gravity waves.
The present configuration of the gravity wave source
spectrum employed to initialize the Hines parameter-
ization takes into account the results of Manzini and
McFarlane {1998], where the middle atmosphere circu-
lation was found to be sensitive to the launching height
and, in turn, to the azimuthal distribution of the gravity
wave momentum flux in the tropopause region. Given
that knowledge of gravity wave sources from observa-
tions and theory is still limited, also in this simulation
a relatively simple configuration is used. The spectrum
is launched at a low level, just above the surface layer
(third model level from the surface), with a root-mean-
square (rms) wind speed of 1 ms~!. This configuration
is very similar to that used in their second simualtion
(EXP2) by Manzini and McFarlane [1998], but for a
smaller gravity wave rms wind speed.

The 15-year ensemble zonal mean temperature for
January and July from the MAECHAM4 model ver-
sion used in this work is shown in Figure 1. A compos-
ite of the National Centers for Environmental Predic-
tion - Climate Prediction Center (NCEP-CPC) [Ran-
del, 1992] 15-year ensemble mean (pressures above 1
hPa) and the Cooperative Institute for Research in At-
mosphere CIRA86 [Fleming et al., 1990] standard at-
mosphere zonal mean temperature (pressures below 1
hPa) is also shown in Figure 1. In agreement with
the NCEP-CPC analysis, the simulated mean temper-
ature increases with height in the stratosphere, the
warmest temperature being at the summer pole at the
stratopause (260-270 K). In both January and July the
polar temperature minimum associated with the winter
polar night stratospheric jet is more pronounced in the
model than in the NCEP-CPC data. This cold bias in
July causes an upward shift of the warm stratopause
at the South Pole, located between 60 and 70 km in
the model instead of been confined to 60 km {compare
with CIRA86). The reversal of the meridional tempera-
ture gradient between summer and winter in the upper
mesosphere is captured by the model; the warmest tem-
peratures are found at the winter pole at the mesopause,
in agreement with the CIRA86 data, although quantita-
tive biases are evident. Comparison of Figure 1 with the
results of Manzini and McFarlane [1998 their Figure 6]
shows that the current simulation is characterized by a
temperature distribution in the winter hemisphere that
is intermediate between their first simulation (CNTRL)
and their EXP2 simulation, as expected from the results
of the sensitivity to the configuration of the Hines pa-
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Figure 1. Zonal mean temperature: (right) ensemble mean from the 15-year simulation and
(left) composite of the 15-year NCEP analysis (1979-1993) ensemble mean, pressures above 1
hPa, and the CIRA86 standard atmosphere, pressures below 1 hPa. January means are shown
at top and July means at bottom. The contour interval is 10 K (shading indicates < 200 K).

rameterization. This is demonstrated quantitatively in
Figure 2, where the latitude time evolution of the zonal
mean temperature difference between the current model
and the European Centre for Medium-Range Weather
Forecast (ECMWF) reanalysis [Gibson et al., 1997] is
plotted at 100 and 30 hPa. A 30-day running mean, av-
eraged over 15 years for the simulation and the reanal-
ysis (1979-1993), is used to illustrate the low-frequency
variability. The zonal mean temperature bias with re-
spect to the ECMWTF reanalysis is relatively small, typ-
ically much less than 5 K.

In the current simulation, SF¢ sources are speci-
fied at the surface, and emissions are linearly increas-
ing with time. The annual global emission estimates
from Levin and Hesshaimer [1996] are used, interpo-
lated to monthly mean values. These global estimates
are available from 1970 to 1993 and are geographically
distributed according to electrical power usage as esti-
mated by Denning et al. [1999]. Results are presented
from a simulation that covers 15 years and 3 months;
that is, the emission estimates from October 1970 to De-

MAECHAM—ERA 100 hPa T (K) MAECHAM-ERA 30 hPa T (K)

DEC -:\j U DEC
NOV _? NOV
ocT “./\ OCT
SEP Q SEP ~
AUG ﬂ AUG
JuL JUL
JUN 4~/ JUN —
MAY MAY
APR APR -
MAR - /\ MAR -
FEB — ﬂ FEB -
JAN n Ll L JAN -
90S 60S 30S EQ 30N 60N 9ON

90S 60S 30S EQ 30N 60N 90N

Figure 2. Difference between the simulation and the
ECMWF reanalysis, MAECHAM4-ECMWF, for the
30-day running mean of the zonal mean temperature:
latitude-time section (left) at 100 hPa and (right} at 30
hPa. Both fields are 15-year ensemble means (ECMWF:
1979-1993). The contour interval is 2.5 K (shading in-
dicates positive values).
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cember 1985 have been used. Chronology in the sim-
ulation is given only by the specified emission. The
chemistry of SFg destruction is not well known, possi-
ble sinks appear to be associated with photochemical
destruction confined to the mesosphere, and estimates
of the SF¢ lifetime range from 800 to 3200 years [Maiss
et al., 1996, and references therein]. Given the present
uncertainty in SFg chemistry, in the current simulation
the mesospheric sinks of SFg are neglected. This as-
sumption may, however, overestimate SFg concentra-
tion in the stratosphere, as pointed out by Hall and
Waugh [1998]. Although SFg sinks appear to be con-
fined to the mesosphere, Hall and Waugh [1998] have
shown that the effect of the mesospheric chemical losses
is transferred down to the stratosphere.

The period of the simulation, October 1970 to Decem-
ber 1985, covers the duration of Project AIRSTREAM
part of the Environmental Measurements Laboratory
(EML), consisting of SFg concentration measurements
from aircraft sampling missions. Almost 1000 air sam-
ples were collected during the years 1973-1983 under
project AIRSTREAM [Leifer, 1992]. SFg samples have
been taken in the troposphere and lower stratosphere
of the Northern and Southern Hemispheres, mainly in
spring, summer, and fall. The latitude coverage ex-
tended from 75°N to 51°S. According to Leifer [1992]
the sampling and analytical uncertainty of these data
are better than 5%. These EML observations form a
unique data set, as only very few observations of trace
gases are available in the free troposphere and lower
stratosphere and have been compared with more re-
cent measurements [Maiss et al., 1996]. Consequently,
a scaling factor has been derived for the EML obser-
vations by I. Levin (personal communication, 1998) de-
pending on which laboratory made the analysis. We ap-
plied these scaling factors, which are 1.18 for analysis
performed by Health and Safety Laboratory (HASL),
1.52 for Washington State University (WSU), and 1.76
for Oregon Graduate Center (OGC), to the EML obser-
vations when comparing them to the model simulation
results.

3. Comparison With SF¢; Observations

Measurements of long-term increase in SFg concen-
tration from the Cape Grim (Tasmania, 41°S, 145°E)
background air monitoring station [Maiss et al., 1996]
are plotted in Figure 3, together with model data at
the corresponding grid point. The simulated SFg con-
centration at the beginning of the period considered is
smaller than that measured. This underestimation is
at least in part expected, given that a zero distribution
has been used to initialize the tracer field in the model.
A constant mixing ratio of 0.13 pptv has therefore been
added to the model results in the following compari-
son with the EML observations. Figure 3 also shows
that the simulated SFg increases in time to a somewhat
faster rate (roughly 10% in 8 years), suggesting that the
employed emission rate is slightly too large.
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Figure 3. SF; concentration at the Cape Grim Station
(Tasmania, 41°S, 145°E) (solid curve) and at the cor-
responding grid point from the model (dashed curve).

The detrended SFg concentrations from the EML
data and the simulation are shown in Plate 1, binned
according to latitude and distance from the tropopause.
Both data sets have been detrended with respect to the
global mass budget of 1978 (from the simulation). The
year 1978 is chosen because it is in the middle of the
observation record. The model data are monthly zonal
means, selected for the month when the observations
occurred. The EML data set is averaged over the avail-
able observations in each month and over the longitudes
covered by the measurements. In Plate 1 all available
months are plotted; the cover in latitude and height
is therefore due to observations that occurred in dif-
ferent months. The EML data include the height of
the tropopause derived from the observed temperature
profiles. The model tropopause height has been de-
termined by the lapse rate condition (lapse rate less
than or equal to 2 K km™! [Holton et al., 1995]). In
general, the model tropopause is slightly higher than
the observed tropopause, as might be expected by the
model cold bias in the upper troposphere. The use of
the tropopause is an attempt to use dynamical infor-
mation in the diagnostic of tracer behavior.

The relative incoherence of the EML data, especially
close to the tropopause, is presumably caused by vari-
ability in the meteorological synoptic systems, given
that the observations lasted only a few minutes and
covered a small range of longitudes. Nevertheless, the
EML data exhibit a general tendency of high concentra-
tions below and around the tropopause (0.5-0.7 pptv)
and low concentrations (< 0.5 pptv) at high latitudes
above the tropopause (lower stratosphere). The sim-
ulated SF¢ concentration is characterized by a much
smoother tracer distribution. The low variability of the
simulated SF6 concentration is not surprising, given
that the model data are monthly and zonal averages
of grid point values, while the observations are aver-
ages of point measurements affected by the local and
transient meteorological situation. It is therefore not
possible to infer if there is a tendency to produce an ex-
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Plate 1. Detrended SFg concentration (pptv) binned according to latitude and distance (DZ)
from tropopause: (top) EML observations and (bottom) model data. Both data sets have been

detrended according to the global mass budget of 1978 (from the simulation).
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cessively smoother field in the model from this compar-
ison. The interesting result of Plate 1 is that the model
data clearly show high (> 0.6 pptv) concentration be-
low the tropopause and low (< 0.5 pptv) concentration
at high latitudes in the lower stratosphere, reproducing
the main features of the EML observations. Given that
the data are detrended, the overall agreement means
that the average transport is realistic in the model.

Figure 4 (top) shows the evolution in time of the SFg
concentration for the EML measurements and model
data at altitudes at least 2 km below the tropopause
(same data sets as in Plate 1, but not detrended). The
data are for all the available latitudes. Within the few
years considered, there is a quite good agreement in
the time evolution of the SFg concentrations from the
EML data and the model data. Given that locations 2
km below the tropopause are representative of the tro-
posphere where the trace gases are rapidly mixed and
that most of the latitudes considered are in the North-
ern Hemisphere, the agreement means that the source
specification used in the model is reasonably accurate
(see also Kjellstrom et al. [1999])

Figure 4 (middle) is for locations at least 2 km above
the tropopause. Given that most of the locations are
from high latitudes, in this case the SF¢ concentration
depends remotely on the surface sources. Most of the
SFs reaching the lower stratosphere high latitudes has
presumably traveled through the tropical troposphere,
moved upward in the tropical lower stratosphere, and fi-
nally crossed to high latitudes. The agreement between
EML data and model data in this case therefore sug-
gests that transport timescales between remote regions
in the model domain are realistically simulated and mo-
tivates the age of stratospheric air diagnostic carried out
in section 4.

Figure 4 (bottom) shows the relative bias of modeled
SFe concentration (mod) to observed SFg concentra-
tion (obs), (mod-obs)/(mod+obs), as a function of lati-
tude for stratospheric locations (at least 2 km above the
tropopause) and tropospheric locations (at least 2 km
below the tropopause). Given that the relative bias is
everywhere < 0.3, the model data are within a factor of
2 from the EML data. Figure 4 (bottom) also indicates
that there is a tendency to underestimate the observed
mixing ratios in the stratosphere and to slightly overes-
timate them in the troposphere. A reason could be a too
small net transport into the stratosphere in the model,
arising, for instance, from coarse horizontal and/or ver-
tical resolution and limitations in the transport scheme.

4. Transport Timescale

The simulation with a general circulation model of a
tracer with surface sources linearly increasing in time
and no sinks allows derivation of the so-called age of
stratospheric air, a transport timescale between differ-
ent locations in the atmosphere, generally between a
specific location in the troposphere and any other lo-
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Figure 4. Comparison of SFg concentration (top) at
altitudes at least 2 km below the tropopause and (mid-
dle) at altitudes at least 2 km above the tropopause
(circles, EML observations; plusses, model data). (bot-
tom) SF4 relative bias (mod-obs)/(mod+obs). Crosses
give biases for stratospheric locations (at least 2 km
above the tropopause) and circles for tropospheric lo-
cations (at least 2 km below the tropopause).

cation above. Hall and Plumb [1994] have discussed
in detail the concept of age and derived an expression
for the age of stratospheric air that takes into account
the statistical nature of an air parcel. Estimates of the
age of stratospheric air following Hall and Plumb [1994]
have been extensively computed from chemical trans-
port models, for instance by Waugh et al. [1997], Hall
and Waugh [1998], and Hall et al. [1999]. Waugh et
al. [1997] computed the age of stratospheric air from
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Figure 5. (left) January and (right) July zonal mean age of air between the equatorial tropopause
and the domain above. The contour interval is 0.5 year.

a SFg simulation using winds from the Middle Atmo-
sphere Community Climate Model 2 (MACCM?2), Hall
and Waugh [1998] evaluated the effects of a number
of idealized mesospheric sinks on the stratospheric age
distribution, and the recent work of Hall et al. [1999]
presents an extensive comparison of age distributions
from a number of stratospheric chemical transport mod-
els and a large number of measurements.

For the current SFg simulation the age of strato-
spheric air is computed following Hall and Plumb [1994].
This method can be used when changes in the emission
can be detected in the higher part of the model do-
main, after at least 5-6 years from the initialization of
the simulation. For the case in which the emissions in-
crease linearly in time, the age of air is defined as the
difference between the tracer mixing ratio at a reference
point, usually the equatorial tropopause, and any other
point above, divided by the growth rate at the reference
point. Results presented here are for the last year of the
simulation (year 15 from the initialization), and the ref-
erence point is the equator, at the 110 hPa level. An
annual average growth rate at the reference point has
been used, in order to eliminate spurious effects on the
age computation due to the tropospheric annual cycle
in the growth rate.

The age distribution in the middle atmosphere for
January and July is shown in Figure 5. For both months
the age distribution in the stratosphere is characterized
by an increase in age with elevation and by a tropical
bulge. In particular, the increase in age with elevation
is rapid in the lower stratosphere (below 20 hPa). In
the middle and upper stratosphere the increase in age
is mainly confined to the tropics (especially in summer,
while in winter, planetary wave breaking may flatten
the age isolines; see the 4-year contour in January),
thus enhancing the meridional gradient in the subtrop-

ics. The age distribution in Figure 5 is consistent with
the established notion that on average, air enters the
stratosphere from the tropical upper troposphere, and
the simualted age distribution is in qualitative agree-
ment with the general features of the age distribution
inferred from a large number of observations by Hall et
al. [1999]. Note that in the mesosphere the age dis-
tribution is quite uniform, indicating fast meridional
and vertical transport, acting on a seasonal scale or
less (the Murgatroyd-Singleton circulation). The meso-
spheric age distribution tends to a uniform value of ~4-
4.5 years.

For a more quantitative comparison with age esti-
mates from observations reported by Hall et al. [1999],
in Figure 6, selected meridional and vertical profiles of
the age distribution for January are depicted. From Fig-
ure 6 (left) it appears that although in the tropics (5°S,
dashed contour) there is a relatively fast increase in age
from 100 to 20 hPa, the age is ~1 year younger at 10
hPa in comparison to that inferred from SFg measure-
ments reported by Hall et al. [1999][see also Harnisch
et al., 1996; and Patra et al., 1997]. At high latitudes
(65°N, solid contour) the age vertical profile shows a
rapid increase between 100 and 50 hPa in agreement
with observations. However, in the middle and upper
stratosphere the age values in Figure 6 are comparable
only to estimates from sounding outside the polar vor-
tex. Age from sounding inside the polar vortex is ~8
years (see again Hall et al. [1999] and Harnisch et al.
[1996]), i.e., about a factor of 2 more than that com-
puted from the MAECHAM4 simulation. A reason for
such discrepancy could be, in part, that the age in Fig-
ure 6 is computed from a monthly mean, not necessarily
representative of the transport situation inside the po-
lar vortex. Downwelling of SFg-poor air from the meso-
sphere may be responsible for the very old age inside the
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Figure 6. January zonal mean age of air between the equatorial tropopause and the domain
above. (left) Vertical profiles at 5°S (dashed curve) and at 65°N (solid curve). (right) Meridional
profiles at 54 hPa (solid curve) and at 110 hPa (dashed curve).

polar vortex estimated by Harnisch et al. [1996]. More-
over, younger age in the model might likely be caused by
the absence of the mesospheric SF¢ sinks in the simula-
tion. According to Hall and Waugh [1998] the absence
of sinks in a model simulation could decrease the age up
to 65% in the high-latitude middle stratosphere. The
difference in the MAECHAM4 age with respect to es-
timates from observations could therefore be accounted
for by the absence of sinks in the simulation.

Note that younger age in the polar stratosphere is not
a consequence of the model cold bias. On the contrary,
the cold bias may in fact give rise to older age, given
that it is accompanied by a weaker residual circulation.
A clear illustration of the relation between residual cir-
culation and age is shown by Hall et al. [1999, figure
12], by whom the age distributions derived from two
versions of the NCAR MACCM2 model are compared.
Hall et al. [1999] show that a younger age distribution
(a 2-year difference at 40 km) is obtained from the ver-
sion of the NCAR MACCM2 model with stronger resid-
ual circulation. The difference in temperature structure
and residual circulation simulated in July between the
current MAECHAM4 and the MACCM2 models used
Waugh et al. [1997] can also explain the younger age
found in the current simulation in the upper strato-
sphere and mesosphere with respect to that shown in
Waugh et al. [1997].

Figure 6 (right) indicates an increase with elevation
of the age meridional gradient: At the 100 hPa level
(dashed curve) the difference in age between the equa-
torial and high latitudes (at both sides of the equator)
is ~1.5 years, while at the 54 hPa level (solid curve) a
difference of ~2.5 years is found. The larger meridional
gradient in age at 54 hPa is indicative of the tropical
confinement of the raising air, associated with the ex-
istence of low-latitude transport barriers [Plumb, 1996;
Bowman and Hu, 1997]. However, the comparison with

the observations reported by Hall et al. [1999] indicates
that equatorward of 30°(both sides of the equator) the
meridional age difference in MAECHAMA4 is underesti-
mated by ~0.5-1 year.

5. Relation to Dynamical Fields

The meridional and vertical variations in the age dis-
tribution shown in section 4 are a manifestation of the
existence of regions of weak transport in the strato-
sphere, the so-called transport barriers. Evidence of
barriers in transport are given from observations [ Trepte
and Hitchman, 1992] and models, as, for instance, semi-
Lagrangian computation of tracer evolution [Chen et
al., 1994]. Possible mechanisms for the existence of bar-
riers are discussed by Bowman [1996] and Bowman and
Hu [1997], among others.

The January zonal wind and meridional gradient of
potential vorticity on the 600 K isentrope, 15-year en-
semble mean from the ECMWTF reanalysis, and 7-year
ensemble mean from the model are depicted in Fig-
ure 7. The reanalysis data, originally at T106, were
first spectrally truncated at T30, the model resolution,
prior to the calculation of the potential vorticity and
its gradient. The 7 years from the simulation are cho-
sen from the time period for which the SFg data have
been detrended, in order to show average behavior (see
Figure 8). The 600 K isentrope is representative of the
middle stratosphere, being located, on average, between
50 and 10 hPa. In the ECMWTF data the polar night jet
(strong westerlies) exhibits a zonal dependence due to
the presence of quasi-stationary planetary waves; west-
erlies larger than 30 ms~! (shaded area in Figure 7)
are found at 60°N between 60°W and 120°E and at
higher latitudes in the Pacific sector. Weak westerlies
or the presence of easterlies over the North Pacific at
middle latitudes are associated with the Aleutian high,
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Figure 7. January ensemble mean (left) from 15-year ECMWF reanalysis (1979-1993) and
(right) from 7 years of the 15-year simulation. (top) Zonal wind at 600 K; the contour is 10 m
s~1 (shading indicates > 30 ms~!). (bottom) Meridional gradient of potential vorticity times the
radius of the Earth (¢=6.671x10° m) at 600 K; the contour is 30 PVU (shading indicates > 120

PVU).

a typical climatological feature of the northern winter
stratosphere [Harvey and Hitchman, 1996]. The aver-
age latitudinal and zonal location and the strength of
the polar night jet and the weak winds associated with
the Aleutian high are well simulated in the model. The
simulated westerlies are, however, slightly stronger over
the North Atlantic. A reason for stronger winds could
be a relatively short averaging period (7 years); middle
atmospheric models are known to present large interan-
nual variability [see, e.g., Boville, 1995; Hamilton, 1995;
Manzini and Bengtsson, 1996].

From Figure 7 (bottom) it clearly appears that the
ECMWF and the simulated polar night jets (northern
high latitudes) are respectively associated with latitu-
dinal bands of strong meridional gradient of potential
vorticity, as highlighted by the shading. In particu-
lar, strong gradients are found over the North Atlantic,
Eurasia, and poleward of 60°N elsewhere, while regions

of weak gradient appear equatorward of the polar night
jet. Quantitatively, there is a good agreement between
the ECMWEF and model results, although the overall
picture is a much noisier ECMWF field. The small-
scale structures in the reanalysis are evidence of incon-
sistency in the observations.

The regions of weak gradient in potential vorticity
are the manifestation of quasi-isentropic planetary wave
breaking and large-scale irreversible mixing (transient
formation and breaking off of large potential vorticity
undulations are occasionally found in the model). These
regions of weak gradient are the so-called surf regions
[McIntyre and Palmer, 1983, 1984].

In the northern subtropics, at the southern edges
of the north Pacific mixing region (south of 30°N, be-
tween 180°W and 60°W), another clearly defined band
of strong gradient is found, in both the ECMWF re-
analysis and the model results. Other localized bands



31,106

90N

MAECHAM JAN 600 K sf6 [pptv]

120E 180

Figure 8. January ensemble mean at 600 K from 7
years of the 15-year simulation. (top) Detrended SFg
concentration (pptv); the contour is 0.02 pptv (light
shading indicates > 0.2 pptv, and dark shading >
0.3 pptv). (bottom) Detrended meridional SFg rela-
tive change (meridional gradient of concentration over
concentration); the contour is 0.04x10~® m~! (light
shading indicates > 0.08x10~® m~! and < -0.08x10~°
m~1!; dark shading indicates > 0.16x10~¢ m~!, and <
-0.16x107¢ m~1).

over North Africa and Asia are clearly seen in the model
but only hinted at in the noisy reanalysis data.

In the Southern (summer) Hemisphere there is little
structure in the meridional potential vorticity gradient
field. The polar barrier and midlatitude planetary wave
breaking are, in fact, seasonal features, present in the
winter hemisphere when westerlies dominate the large-
scale stratospheric circulation and planetary waves can
propagate upward from the troposphere where they are
generated. The equatorial band of strong gradient seen
in Figure 7 is associated with the change in sign of po-
tential vorticity between the hemispheres.

The 7-year January ensemble mean of the detrended
SFg concentration and the detrended meridional rela-
tive change in SFg¢ concentration at 600 K are shown
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in Figure 8. The tracer concentration is largest along
the equator and sharply decreases poleward. These fea-
tures are consistent with the age diagnostic presented
before and the notion that tropospheric air enters the
stratosphere in the equatorial region, a feature gener-
ally captured by stratospheric transport models [Hall et
al., 1999].

The barriers deduced from the SFg relative change
reproduce those deduced from the potential vorticity
gradient in the Northern Hemisphere: The undulating
high-latitude barrier to transport associated with the
polar night jet and the subtropical barrier, with local
maxima over the Pacific and Africa (highlighted by light
and dark shading in Figure 8). The comparison of the
potential vorticity gradient (Figures 7) with the SFg
relative change (Figure 8) shows that breaks or weak-
ening in either the potential vorticity gradient or the
SF¢ relative change tend to occur in the northern sub-
tropics over the Atlantic and far east Asia - west Pa-
cific, suggesting that these geographical locations could
be preferred regions of tropical-extratropical exchange.
Consistent with this interpretation is the observation
of an event of a tongue of dry air emanating from the
tropical Atlantic during northern winter [Randel et al.,
1993).

Figure 8 in addition shows that a subtropical bar-
rier occurs also during summer (Southern Hemisphere),
manifested by the large relative change in SFg at ~20°S;
but not evident in the potential vorticity gradient (al-
though there are hints of it). Tropical confinement dur-
ing summer has been found in previous simulations of
tracer transport [Chen et al., 1994; Bowman and Hu,
1997).

In summary, from the diagnosis of the relative change
in SF¢ the average subtropical barrier appears in both
summer and winter, an indication of the role of the
residual circulation, given a long-lived tracer of tropo-
spheric origin. During summer a plausible reason for
the existence of the subtropical barrier is the lack of
large-scale mixing due to the predominant easterlies in
the stratosphere. The band of large relative change in
SFg (dark shading in Figure 8) is indeed poor in zonally
varying features. However, during winter the large-scale
mixing does not appear to break down the subtropical
barrier on average, with the exceptions of the localized
areas noted above (Atlantic and far east Asia). On the
contrary, sharp tracer gradients are found at the equa-
torward side of the mixing regions, consistent with the
potential vorticity gradient depicted in Figure 7.

Concerning the examination of the large-scale trans-
port in the simulation, the potential vorticity gradient
has disclosed the effects of the local dynamics (direct
effect of planetary wave breaking) on the large-scale
transport. The latitudinal relative change of the SFg
concentration has in addition revealed the nonlocal ef-
fects of planetary and gravity wave dynamics (indirect
effect via the residual circulation) in the summer hemi-
sphere.

'
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6. Summary and Conclusions

A 15-year simulation with the MAECHAM4 general
circulation model of a passive tracer with emissions
aimed at representing those of the SFg tracer of anthro-
pogenic origin has been performed. The MAECHAM4
model uses the Hines parameterization of the momen-
tum flux deposition due to a broad gravity wave spec-
trum [Manzini et al., 1997 and Manzini and McFarlane,
1998]. The configuration of the gravity wave source
spectrum used in the Hines parameterization in the
present model is a compromise aimed at limiting the
cold bias in the winter stratosphere of each hemisphere,
without sophisticated ad hoc specification of the gravity
wave sources, as exemplified in the simulated climato-
logical temperature structure.

Comparisons of the simulated SF¢ concentration with
EML measurements (from project AIRSTREAM) have
shown a good agreement between detrended concentra-
tions, characterized by comparably high values in the
upper troposphere and low values in the lower strato-
sphere. Consistent rate of increase with time of the sim-
ulated SF¢ concentration and of the concentration de-
duced from the EML measurements in the troposphere
indicates that sources have been correctly represented
in the model. The SF¢ relative bias indicates that there
is a tendency to underestimate the observed concentra-
tion in the stratosphere while overestimating it in the
troposphere.

The large-scale transport in the middle atmosphere
reproduced by the model as revealed by the simulation
of the SF¢ tracer (long-lived tracer of tropospheric ori-
gin) is consistent with expectation from theory, observa-
tions, and previous modeling work. High concentrations
of SFg are found in the equatorial lower-middle strato-
sphere. Average barriers to meridional transport high-
lighted by large gradients in the averaged fields of po-
tential vorticity and detrended SFg concentration have
been found along the polar night jet, at the equator-
ward edge of planetary wave mixing regions in winter
and in the subtropics in summer. Given the quanti-
tative agreement with the potential vorticity gradient
computed from the ECMWF reanalysis, the Northern
Hemisphere regions of weak and strong mixing are ap-
parently well simulated in the model. Given the lack of
global observations of SFg, it is at this stage not possi-
ble to quantify the summer subtropical barrier directly.

The simulated large-scale transport has also been di-
agnosed by computing the age of air deduced from the
time evolution of the SFg concentration. It has been
found that the simulated vertical structure of the age
distribution in the tropical lower-to-middle stratosphere
is in reasonably good agreement with estimates from ob-
servations [Harnisch et al., 1996; Hall et al., 1999]. In
summary, it has been shown that (1) a sharp increase in
age occurs in the lower stratosphere; (2) in the tropics
the age of air is ~4 years in the upper stratosphere; (3)
the polar regions of the stratosphere are characterized
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by older age, and therefore they are relatively remote
to tropospheric air; and (4) the mesosphere is charac-
terized by a uniform age distribution of ~4-4.5 years.

The age of stratospheric air is a transport diagnostic
sensitive to the mean meridional circulation: Therefore
it can be used as an indirect diagnostic of the mechani-
cal dissipation (for instance, that produced by a gravity
wave parameterization) occurring in a general circula-
tion model, as exemplified by the comparison of the
results presented here with those presented by Waugh
et al. [1997] and Hall et al. [1999], and the sensitiv-
ity simulations performed with the Goddard Institute
for Space Studies (GISS) general circulation model and
reported by Rind et al. [1999].

Ongoing and future work concerning further evalu-
ation of the transport in the MAECHAM model suite
include evaluation of the sensitivity to the vertical and
horizontal resolutions and to the transport scheme as
well as the diagnosis and evaluation of transient events
of large-scale quasi-isentropic mixing spontaneously oc-
curring in the simulation.
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