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Airborne in situ observations of molecules with a wide range of lifetimes (methane, nitrous 
oxide, reactive nitrogen, ozone, chlorinated halocarbons, and halon-121 I ) ,  used in a 
tropical tracer model, show that mid-latitude air is entrained into the trop~cal lower 
stratosphere within about 13.5 months; transport is faster in the reverse direction. 
Because exchange with the tropics is slowerthan global photochemical models generally 
assume, ozone at mid-latitudes appears to be more sensitive to elevated levels of 
industrial chlorine than is currently predicted. Nevertheless, about 45 percent of air in the 
tropical ascent region at 21 kilometers is of mid-latitude origin, implying that emissions 
from supersonic aircraft could reach the middle stratosphere. 

Troposplleric air enters the stratosphere 
predominantly at the tropical tropopause 
and is then disversed uvu~ard and toward 
the poles. In the tropics, stratospheric air 
is lofted most efficientlv, and vhotochem- 
istry acts fastest to p r o d ~ ~ c e  ozone and to 
convert anthropogenic source gases into 
reactive c o ~ n ~ o u n d s  that destror ozone. 
Exchange of 'air between the trobics and 
the mid-latitudes is a fundamental comvo- 
nent  of global stratospheric transport. Be- 
cause of the vrofound i~nvact  of transvort 
on  the distribution of long-lived strato- 
s ~ h e r i c  constituents, their reactive  rod- 
ucts, and ozone, models of atlnospheric 
chemistry and transport must accurately 
represent exchange between tropical and 
mid-latitude air to provide realistic predic- 
tions of perturbations of the ozone layer. 
Particularly in the longer stratosphere at  
mid-latitudes. w,here observed reductions 
of ozone exceed model predictions (1 ), 
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concentrations of ozone and related spe- 
cies are sensitive to transport of air from 
the tropics (2) .  Poleward transport from 
the tropics also disperses s~llfate aerosols 
(3 )  that provide sites for heterogeneous 
chemistry, leading to reductions in  mid- 
latitude ozone associated w,ith elevated 
levels of chlorine and bromine (4) .  Recent 
work suggests a source for these aerosols 
near the tropical tropopause (S), and ma- 
jor volcanic er~lptions provide a large in- 
termittent source ( 6 ) .  Finallv, the rate of 
mixing of mid-latitude air i n k  the tropics 
is a key ~lncertaintv in assessment of the 
impact' of a proposed supersonic aircraft 
fleet on  stratospheric ozone (7) .  

We present in situ tracer lneas~~rements 
from the lower stratosphere and use them in 
conjunction with a tropical tracer model to 
quantify transport into and o ~ l t  of the trop- 
ics in the altit~lde range 16 to 21 km. Most u 

global photochelnical models represent 
stratospheric transport in two dimensions as 
rapid lneridional mixing s~lperilnposed on a 
zonal-mean circulation with ascent of air in 
the tropics and descent at mid- and high 
latitudes (8).  Typically, these models ex- 
tend into the tropics the region where plan- 
etary waves break to rapidly mix air (9) .  In 
this case. abundances of trace constituents 
w,ith local photoche~nical lifetimes longer 
than - 1 vear assume colnlnon elobal distri- 
butions and are t h ~ l s  uniquel; correlated 
with each other throuehout the strato- 

u 

sphere (10, 11). Mixing ratios of some 
long-lived constituents, how,ever, exhibit 
different relations in the tropics than at  
mid- and high latit~ldes (12, 13) ,  which 
suggests that the region of rapid mixing 
does not penetrate into the tropics. This 

c o ~ l c l ~ ~ s i o ~ ~  is consistent with satellite ob- 
servations showing sharp lneridional gra- 
dients in aerosol and tracer concentrations 
across the subtropics (6,  14) and a nearly 
unattenuated seasonal variation of tropi- 
cal water vapor (1 5). 

T h e  question remains of how effective- 
ly the tropical stratosphere is isolated 
(1 6) .  Although model calculations based 
on  rneteorological winds have been ~lsed 
to quantify transport out of the tropics 
(1 7, 1 a ) ,  their value in assessing exchange 
in the reverse direction avvears to be se- 

L. 

verely limited by the quality of tropical 
wind data (18) .  Trovical abundances of 
long-lived tracers, however, are sensitive 
to horizontal mixing 119) and indicate 
substantial e n t r a i n m k t  of kid-latitude air 
into the tropics (20) .  Our derivation of 
transport rates relies on s i ~ n u l t a n e o ~ ~ s  ob- 
servations of a suite of tracers \vith con- 
trasting sources and sinks, representing 
photoche~nical lifet~mes that span more 
than two orders of maenitude. " 

Observations. Our measurements were 
obtained sim~lltaneously from instru~nents 
on board the NASA ER-2 aircraft from 
March through November 1994 121 ). A new - , , 

instrument, the airborne chro~natograph for 
atmospheric trace species (ACATS-IV), 
meas~lred CFC- 1 1 (CCl,F), CFC-12 
(CCl2F2), CFC- 113 (CC1F2CC1,F), CC14, 
CH3CC1;, halon-1 21 1 (CBrClF:), and CH, 
once every 3 min with instr~lmental uncer- 
tainties generallv less than 3% 122). Three 
other inGrumenks measured N,O, NO, (re- 
active nitrogen), and O 3  once every second 
(23). We used mid-latitude data from 31 
flights obtained at altitudes up to 21 km 
between 35' and 55' in both hemispheres 
during fall, winter, and spring. Tropical air 
was sampled on four flights each in late 
March-early April and in late October. We 
defined tropical air as the region equator- 
ward of the sharp meridional gradient in the 
NO,/O, ratio observed in the subtropics 
(13, 24). 

Tropical tracer model. As an air parcel 
rises from the tropical tropopause, the mix- 
ing ratio of a tracer is governed by produc- 
tion and loss res~llting from both local pho- 
tochemistrv and entrainment of extratrovi- 
cal air. Entrainment is-associated with syn- 
optic and planetary scale wave activity on 
quasi-horizontal isentropic s~lrfaces (25). If 
we assume that the net effect of these 
events at a glven altitude 1s represented by 
isentropic mixing with air of a mean mid- 
latitude mixing ratio and that the trovics - 
are horizontally homogeneous, the long- 
term vertical evolution of a tropical tracer is 
given by 
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where x and xmid are the mean tropical and 
mid-latitude mixing ratios; 0 is potential 
temperature used as a vertical coordinate 
(26); t is time; Q = d0/dt is the net diabatic 
heating rate, equivalent to vertical ascent 
rate (27); P is the photochemical produc- 
tion rate; T is the lifetime for photochemical 
loss; y = (ax/at)/x is the long-term growth 
rate; and T~~ is a time scale for import of 
mid-latitude air. The inverse of T~~ is the 
entrainment rate into the tro~ics: that is. 

L ,  

the fraction of air in a tropical air volume 
(at a fixed altitude) im~orted from mid- , . 
latitudes per unit time interval. In princi- 
ple, if chemical production, loss, growth, 
and the ascent rate are all known as func- 
tions of 0, the entrainment time T~~ can be 
determined from observations of tracer mix- 
ing ratios in the tropics and mid-latitudes. 

We obtained tropical ascent rates, Q, 
from two independent studies based on ra- 
diative transfer calculations and global me- 
teorological and chemical data (28, 29). O3 
and NO, have photochemical sources and 
small photochemical sinks in the lower trop- 
ical stratosphere, whereas all other species 
we considered have onlv ~hotochemical r .  

sinks, predominantly photolysis in the ultra- 
violet and reaction with O('D) (whereby 
NO, is produced from N20)  or, in the case 
of CH,. reaction with OH and C1. We 
calculazid diurnally averaged photolysis 
rates with a radiative transfer model that 
includes Rayleigh and aerosol scattering 
(30). Concentrations of OH, O('D), C1, and 

HO, (a minor sink for 0 3 )  were calculated 
with a photochemical model constrained by 
ER-2 observations (31). Reaction rates and 
absorption cross-sections from the NASA- 
Jet Propulsion Laboratory compendium (32) 
were used. Long-term growth rates (y) were 
derived from observed tropospheric trends 
during 1993-1994 (33). 

Vertical profiles. The degree of isolation 
of the tropical ascent region can be estimat- 
ed by comparison of vertical profiles of tracer 
mixing ratios observed in the tropics to pro- 
files calculated with the assumption of un- 
mixed ascent (unmixed profiles); that is, so- 
lutions to Eq. l with T~~ = w (34) (Fig. l) .  
Observed profiles of the longer lived species 
N,O and CFC-12, and also of CH, and NO, 
(35). deviate noticeablv from unmixed Dro- . ,, 

files, indicating mixing with photochemical- 
ly aged mid-latitude air (36). However, for 
CFC-113, CFC-11, and the shorter lived 
species CH3CC13, CCl,, and halon-12 1 1 
(33 ,  with lifetimes at 19 km of -3.1, 2.4, 
and 1.1 years, respectively, observed profiles 
fall within the uncertaintv ranee of values , u 

calculated for unmixed ascent. 
These results can be understood in terms 

of the relative influence of photochemistry 
and isentropic mixing on the evolution of the 
tracer mixing ratio profiles. For the longest 
lived species, photochemistry is so slow that 
profiles are essentially determined by ascent 
and mixing. For CFC-11 and other shorter 
lived species, photochemical loss occurs rap- 
idly enough to dominate loss by mixing, and 

Fig. 1. Vertical profiles of mixing ratios of several long-lived trace species in the tropics (gray dots) and 
mid-latitudes (black squares with error bars). For the mid-latitudes, the data were binned into 10 K 
increments of potential temperature (8); the profiles shown represent the bin averages and the error bars 
represent the standard deviation within each bin. Solid lines are calculated tropical profiles for unmixed 
ascent (rin = m) from 8 = 380 K (the approximate mean tropopause height for the tropical obsetvations). 
Calculated profiles are shown for ascent rates Q from (28); profiles based on ascent rates from (29) are 
similar to the ones shown. Dashed lines represent an uncertainty range in the calculated profiles induced 
by a 50% uncertainty in Q. Also indicated is the effective lifetime T (49) at 8 = 440 K (-19 km altitude) 
for each of the species. Species (35) that are shorter lived than CFC-11 behave similarly to CFC-11; that 
is, their tropical profiles agree with the unmixed profiles, within the limits of uncertainty. In particular, the 
observed 0, profile closely matches the calculated unmixed 0, profile. Mixing ratios are shown in parts 
per billion (ppb) or parts per trillion (ppt) by dry mole fraction. 

hence the vertical profile is controlled pri- 
marily by ascent and local photochemistry. 
Tropical profiles of O3 can similarly be ex- 
plained largely by ascent and local photo- 
chemical production (occurring on a short 
time scale of -3.5 months at 19 km) (19, 
37). An estimate of the rate of entrainment 
of mid-latitude air can readily be obtained 
from the comparison in Fig. 1: The decline 
with altitude of the CFC-113 mixing ratio 
due to chemistry alone (unmixed profile) is 
com~arable to the additional decline induced 
by mixing (observed profile), which implies 
that chemistry (x/T) and mixing [(x - xmid)/ 
T ~ ~ ]  are of approximately the same magni- 
tude. Hence, T~~ = T (X - xmid)/x, yielding 
an entrainment time of a few years. 

Tracer correlations. Equation 1 can in 
principle be used to derive T~~ (38), but as 
shown above, no information about the rate 
of mixine is contained in observed vertical u 

profiles of species that are shorter lived than 
CFC-113. Another difficulty in using Eq. 1 
is its dependence on Q, which, because of 
its small value and seasonal and interannual 
variability, is considered highly uncertain 
for the tropical lower stratosphere (28, 29). 
Both deficiencies are avoided by analysis of 
correlations of tracer mixing ratios. Consid- 
ering Eq. 1 for the mixing ratios of two 
tracers X and Y yields 

which shows that the functional form of the 
tropical correlation Y(X) depends only on 
photochemical production and loss rates, 
growth rates, the mid-latitude profiles, and 
the entrainment time. Furthermore, corre- 
lation diagrams eliminate much of the scat- 
ter attributed to atmospheric fluctuations, 
because spatial and temporal variations for 
long-lived stratospheric tracers are correlat- 
ed (39). Therefore, correlations provide a 
more reliable measure of atmospheric trans- 
port than do vertical mixing ratio profiles. 

Differences in the slopes of correlations 
observed at mid-latitudes and in the tropics 
provide a direct measure of exchange be- 
tween the two regions. If isentropic mixing 
is fast as compared with photochemistry for 
two tracers throughout the mid-latitudes 
and the tropics, one tight correlation will 
exist for all latitudes, with a shape deter- 
mined by the global photochemical sources 
and sinks of both species (1 1). If mixing 
into the tropics is slow as compared with 
photochemistry for both species, the tropi- 
cal mixing ratios will be influenced solely 
by local (tropical) photochemical sources 
and sinks. Two species with sufficiently dif- 
ferent spatial distributions of sources and 
sinks will then exhibit a correlation in the 
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tropics with a slope that is different from 
that at mid-latitudes (16). Finally, if mixing 
is slow as compared with photochemistry for 
only one of the two species, the difference of 
the correlation slope in the tropics from the 
slope at mid-latitudes will be sensitive to the 
magnitude of mixing into the tropics. 

As an example, for a given mixing ratio 
of N-0 .  the shorter lived s~ecies show 
lowe; abundances in the tropics than at 
mid-latitudes because their loss processes 
are larger near -20 km (Fig. 2). N 2 0  is 
not destroyed until the air reaches higher 
altitudes (before descent back to low alti- 
tude in mid-latitude regions). Because the 
abundance of N,O in the tropics is sensi- 
tive to isentropic mixing, however, the 
t ro~ical  correlations do not match the cor- 
relations calculated with the assumption 
of unmixed ascent (unmixed correlations). 
The separation of tropical and mid-lati- 
tude correlations is most pronounced for 
halon-1 2 11 (the shortest lived tracer) and 
diminishes for species with increasing 
photochemical lifetime, as local chemistry 
becomes less important relative to mixing in 
determinine the tro~ical abundance of each - 
tracer. Tropical correlations of the longer 
lived species (CFC-113, CFC-12, CH,, and 
NO,) with N 2 0  (35) exhibit the same slope 
as do mid-latitude correlations, which im- 
plies that, over the altitude range consid- 
ered, the local photochemical time scales of 
these compounds are long as compared with 
mixing time scales. Quantification of mix- 
ing rates with the use of these longer lived 
species requires correlations with a mole- 
cule whose evolution is dominated by local 
photochemistry, such as O3 (Fig. 3). In such 
a comparison, the slope of the tropical cor- 
relation is most sensitive to mixing for the 
longest lived species. Tropical correlations 
of the shorter lived species (CFC-11, 
CH3CC13, CCl,, and halon-121 1) with 0 3  

(35) are similar to the unmixed correlations 
and thus do not provide quantitative infor- 
mation about mixing. 

Rates of transport. The correlation dia- 
grams in Figs. 2 and 3 can be used to derive 
rates of transport between the tropics and 
mid-latitudes during the measurement peri- 
od. We integrate Eq. 2, constrained by mix- 
ing ratios for mid-latitudes from our obser- 
vations, computed photochemical sources 
and sinks (30, 31 ), and observed long-term 
growth rates (33) to calculate the tropical 
correlation Y ( X )  of two species, treating the 
entrainment time T~, as a free parameter 
(40). Direct inversion of Eq. 2 to yield a 
value of T~, as a function of altitude is not 
practical because the tropical tracer mea- 
surements exhibit too much variability to 
define the slope of the tropical correlation 
(aY/a) diagram at each altitude (41 ). Ini- 
tially, we assume a value for T~~ independent 

of altitude. For each pair of tracers displayed 
in Figs. 2 and 3, we determined the value of 
T~, giving best agreement with the observa- 
tions by an iterative least-squares fit of the 
calculated correlation (shown in Fies. 2 and - 
3) to the observed tropical correlation. 
Analysis of each correlation diagram (Fig. 4) 
yields a geometric mean (weighted by the 
individual uncertainties) for T~, of 13.5 
months, with an uncertainty of -20% (42). 
Individual determinations of from each 
pair of tracers agree with this mean value. 
This result is indicative of a vertically aver- 
aged entrainment rate into the tropics of 7% 
per month ( 1 1 ~ ~ ~ )  over the altitude range 16 
to 21 km during 1994. The average entrain- 
ment time of 13.5 months is longer than the 
time scale for isentropic mixing at mid-lati- 
tudes of less than 3 months (43), which 
confirms that mixing into the tropics is slow 
compared with mixing within mid-latitudes. 

The data do not provide information on 
the dependence of T~~ with height. Follow- 
ing the inversion procedure outlined above, 
but allowing to vary linearly with alti- 
tude, we found no evidence for either a 
significant increase or decrease of the en- 
trainment time with altitude. This result is 
also evident from the good fits to the ob- 
served correlations obtained when values of 
T~, independent of altitude are used (Figs. 2 

and 3). Conceptually, the altitude depen- 
dence of T~~ is implicit-in the detailed shape 
of the tropical correlation. The tropical cor- 
relations displayed in Figs. 2 and 3, because 
of their variability and limited range, do not 
reveal details about their shape much be- 
yond their average slope; the altitude de- 
pendence of T~, therefore cannot be re- 
solved. Another complication is posed by 
the convolution of space and time not ex- 
plicit in the time-averaged formulation of 
Eq. 1: Because tropical air at any given 
altitude carries the integrated signature of 
mid-latitude intrusions from the time it 
crossed the tropopause, the detailed shape 
of the tropical correlation at a given time is 
determined not solely by the altitude de- 
pendence of isentropic mixing but also by 
the time history of mixing, photochemistry, 
and mid-latitude abundances. Consequent- 
ly, tropical and mid-latitude measurements 
from many different seasons are needed to 
unravel both the temporal and height de- 
pendence of T ~ ~ ;  neither can be determined 
from our tropical observations covering 
only two seasons. However, an average over 
several seasons is implicit in our vertically 
averaged determination of T~,, because the 
observations cover an altitude interval that 
a rising air parcel crosses during the course 
of several seasons (44). 

Fig. 2. Correlations of 
mixing ratios for the 
shorter lived species ver- 
sus N20 in the tropics 
(dark gray dots) and at 
mid-latitudes (light gray 
dots). Thin solid lines 
represent mean mid-lati- 
tude correlations used in 
the calculations (40) and 
were obtained from 
quadratic tits to the cor- 
relations. Thick dotted 
lines are calculated cor- 
relations for the un- 
mixed case (T~,, = m). 

Thick solid lines are cal- 
culated tropical correla- 
tions for a constant en- 
trainment time T~, that 
yielded the best agree- 
ment (in a least-squares 
sense) with the observed 
tropical correlations. All 
fits are shown over a N20 
range that corresponds 
to the potential tempera- 
ture range 8 = 380 K to 8 
= 492 K (the strato- 
spheric 8-range of the 
tropical data). Also indi- 
cated is the effective life- 
time T (49) at 8 = 440 K 
for each of the species. 
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Equatorward entrainment of air into the 
tropics is not necessarily balanced by pole- 
ward detrainment from the tropics. A rough 
estimate for the rate of detrainment can be 
made with the assumption of a steady mass 
balance across the tropical-mid-latitude 
boundary and the rate of entrainment deter- 
mined above. In the annual mean, the net 
mass flux out of the tropics (detrainment 
minus entrainment) must be balanced by 
the mean mass divergence within the tropics 
(determined from the mean ascent rate) 

where T,,, is a time scale for export of air, p 

is the air density, z is altitude, and w is the 
mean vertical velocity. The inverse of T,,, is 
the mean detrainment rate; that is, the 
fraction of air in a tropical air volume (at a 
fixed altitude) exported to mid-latitudes per 
unit time. Detrainment rates computed 
from Eq. 3 for our estimate of T~~ (13.5 
months) and ascent velocities averaged 
over 24 months (28, 29) show that, over 
much of the altitude range considered, more 
air is exported from the tropics than is 
imported (Fig. 5A). The derived detrain- 
ment rates and their vertical profiles are 
dominated by the mass divergence term and 
are not very sensitive to T~~ (45). These 
rates should be indicative of the total trans- 

port from the tropics to both hemispheres 
averaged over 2 years. The corresponding 
detrainment time (T,,,) of less than -6 
months below 19 km is consistent with 
observations of rapid propagation of the 
seasonal cycles of CO, and H,O from the 
tropics to mid-latitudes in the lowest sever- 
al kilometers of the stratosphere (43, 46). 
These observations also show that the sea- 
sonal signals of CO, and H,O fade quickly 
at mid-latitudes (but not in the tro~ics) 

L ,  

above 19 km, indicating slower detrainment 
from the tropics at these altitudes. This 
morphology of decreasing detrainment at 
higher altitudes is also supported by studies 
of aerosol dispersal from the tropical reser- 

N 

T,,, = 18 years 

Fig. 3 (left). Correlations of mixing ratios for the longer lived species versus 
0,. Colors and lines are exactly as in Fig. 2. For N,O and NO,, mean 
mid-latitude correlations (thin solid lines) are from nonparametric loess fits 
(48) of each species versus 8. For all other species, they are quadratic fits to 
the mid-latitude correlations (40). Effective lifetimes T (49) at 8 = 440 K are 
indicated for the species with photochemical sinks. Fig. 4 (top right). 
Entrainment times T, obtained from each of the correlation diagrams shown 
in Figs. 2 and 3 as the constant that yielded the best agreement (in a 
least-squares sense) of the calculated to the observed tropical correlations. 
Error bars were obtained from a series of sensitivity tests to uncertainties of all 
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the inputs used in the calculation (including uncertainties of fits and initial 
values) under the assumption that individual inputs are independent of each 
other. The error bars are symmetric on a logarithmic scale (42). The thick solid 
line is the weighted geometric mean (13.5 months); its uncertainty, ex- 
pressed as an uncertainty factor, is 1.2. Dashed lines reflect the range of one 
standard deviation. Fig. 5 (bottom right). (A) Entrainment rate (solid 
line) into and detrainment rates out of the tropics versus altitude, expressed 
as the fraction of air within a tropical air volume (at a fixed altitude) entrained 
and detrained per month. Results are for T, = 13.5 months and for ascent 
rates from (28) (dashed line) and (29) (dotted line). The disagreement between 
detrainment rates based on (28) and (29) reflects differences in the vertical 
profiles of the ascent rates (45). (B) Fraction of mid-latitude air within the 
tropics versus altitude for nominal (solid line) and extreme (dotted lines) values 
of rin and ascent rates w from (28) as indicated. The corresponding result for 
ascent rates from (29) agrees to within -5%. To facilitate comparison with 
Fig. 1,  the approximate potential temperature [valid for both (A) and (B)] is 
given on the right axis. 
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voir (3,6) and by transport analyses based 
on meteorological winds (17, 18). Recent 
analysis (18) has shown that transport rates 
from the tropics to the northern hemi
sphere are about 8 to 10% (of tropical mass) 
per month at 18.5 and 21 km, which is in 
reasonable agreement with our result of a 
total detrainment rate to both hemispheres 
of 5 to 35% in this altitude range. 

As shown in Fig. 5B, ~ 4 5 % of air of 
extratropical origin accumulates in a tropi
cal air parcel during its ~ 8-month ascent 
from the tropopause to 21 km. This esti
mate assumes an entrainment time of 13.5 
months and rapid homogenization of newly 
entrained air in the tropics. The result is 
insensitive to the altitude dependence of 
the entrainment rate but depends directly 
on the magnitude of the ascent velocity and 
thus has a large uncertainty (Fig. 5B). Re
gardless, entrainment of mid-latitude air 
into the tropical ascent region of the lower 
stratosphere is significant. 

Implications. Our measurements and 
analysis demonstrate that tropical air is rel
atively isolated from mid-latitudes, where 
isentropic mixing occurs more rapidly. 
However, because the time scale for tropical 
ascent is comparable to the entrainment 
time scale, there is considerable accumula
tion of extratropical air in the inner tropics. 
Our observations suggest that nearly half 
the air in the tropical ascent region at 21 
km has been transported from mid-lati
tudes. This implies that a significant frac
tion of NOx (= NO + NOz) and other 
effluents emitted from supersonic aircraft at 
mid-latitudes between 16 and 23 km will 
probably reach the middle and upper strato
sphere, where enhancements in NOx are 
expected to lead to reductions in ozone (7). 
Although estimation of the effects of hu
man activity on ozone remains a task for 
multidimensional models of atmospheric 
transport and chemistry, our determination 
of the rates of transport and the fraction of 
mid-latitude air within the tropical ascent 
region constitutes an important test for the 
accuracy of such models. Most current two-
dimensional models do not reproduce steep 
meridional tracer gradients in the subtrop-
ics, such as that observed in the NO / 0 3 

ratio (8, 13), which suggests that they gen
erally overestimate the magnitude of mix
ing between the tropics and mid-latitudes 
(7). Restricting exchange with the tropical 
production regions of ozone would tend to 
enhance the relative influence of chemical 
sinks on ozone concentrations at mid-lati
tudes. More isolated tropical ascent would 
also imply more direct transport of tropo-
spheric source gases to their tropical sink 
regions, accelerating the overall strato
spheric release of inorganic halogens. 
Ozone at mid-latitudes might thus be ex-
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pected to be more sensitive to chemical loss 
induced by elevated levels of industrial 
halocarbons and volcanic aerosols than 
many models currently predict. Tests with a 
particular two-dimensional model indeed 
show that greater reductions of mid-latitude 
ozone are calculated, improving agreement 
with observed trends, if mixing parameters 
are modified to simulate restricted ex
change across the tropics (47). Realistic 
representation of dynamic coupling be
tween the tropical source and mid-latitude 
sink regions of ozone may thus hold the key 
to understanding and reliable prediction of 
the response of the stratospheric ozone layer 
to a variety of anthropogenic as well as 
natural perturbations. 
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