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stratosphere and has a documented, steady increase in the troposphere due to
mdnqtrial sources akma it a useful tracer of afmnqnhnrw circulation. Studies

usmg SFg to estimate the mean age of stratospherlc air have assumed the influence
of mesospheric photochemical destruction is negligible. However, the mean age of
an air parcel may be sensitive to small fractions of the air that have resided for
long times in the upper atmosphere. Here we use two three-dimensional chemical
transport models to estimate the influence of mesospheric SFg loss on mean age
inferences in the stratosphere. Because the mechanisms of SFg loss are uncertain,
we perform a number of simulations employing a range of magnitudes of a simple
constant mesospheric loss frequency, as well as a range of scenarios for SFg time
variation in the troposphere. Using loss rates producing plausible global lifetimes of
SFes (1000 to 3000 years), and tropospheric time-variation matching observations,
we find that age estimates ;nferred from SF¢ mixing ratios may be significantly
biased and that the bias is increasing in time. For example, the present-day time
lag of SFg mixing ratio from the troposphere overestimates the mean age by up to
18% at 68°S and 20 km, and up to 65% at 68°S and 30 km, depending on the loss
rate and model. Correcting for this bias would bring recent comparisons of modeled

and measured mean age closer in line.

1. Introduction

The rate of transport from the troposphere to the
stratosphere determines the degree to which pollutants
affect stratospheric chemistry. One measure of this
transport rate is the mean age I', the mean time since
a parcel of stratospheric air was last in the troposphere
[Hall and Plumb, 1994]. T is a timescale independent of
any particular chemical tracer. If I' can be determined
from measurements, then models of the stratosphere
can have their transport properties assessed indepen-
dent of chemical computations.

A number of recent observational studies have esti-
mated I', using tracers such as COy [Bischof el al.,
1985; Schmidt and Khedim, 1991; Boering et al., 1996],
CFC-115 [Pollock et al., 1992; Daniel et al., 1996], and
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SF¢ [Elkins et al., 1996; Harnisch et al., 1996; Pa-
tra et al., 1997]. The technique is as follows: choose
a tracer whose tropospheric abundance is increasing,
measure its stratospheric mixing ratio, and determine
the time lag 7 since the troposphere last exhibited that
mixing ratio. In order that 7 = T, two criteria must,
in principle, be met: (1) the tracer mixing ratio must
be linearly varying in time, and (2) the tracer must be
inert. In practice, no tracer satisfies either.criterion
perfectly, and thus 7 is an approximation to I'. Hall
and Plumb [1994] discussed the error induced by non-
linear time variation. They found that for conserved
tracers 7 & I' if the time variation was approximately
linear over a timescale related to the statistical spread
of transit times within an air parcel, which was about 7
years in their model. In general, for a tracer increasing
more rapidly than linear, 7 < T.

In this paper, we focus on the bias to estimates of
I' due to chemical loss of the tracer in the upper at-
mosphere. Several recent studies have used SFg to in-
fer T' (see above references). The advantages of SFs
are that its surface sources result in a steady increase
in atmospheric abundance [Maiss et al., 1996; Geller
et al., 1997] (although the increase is not precisely lin-
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ear, a point to which we return, and which has been
addressed by Volk et al. [1997}), and that it has appar-
ently no significant in situ chemical loss or production in
the troposphere or stratosphere. The photochemistry of
SFs in the atmosphere is uncertain. Ravishankara et al.
[1993] estimate that its loss is due primarily to photol-
ysis and electron capture in the mesosphere, leading to
a global atmospheric lifetime the order of several thou-
sand years. However, the nature of SFg ion chemistry
following electron capture is uncertain, and using dif-
ferent assumptions, Morris et al. [1995] find a lifetime
as low as 800 years. Despite the long global lifetime,
the mesospheric loss may be communicated down to
the middle and lower stratosphere, altering SFg gradi-
ents from what they would be due to the tropospheric
time variation alone. This causes T to be greater than
what it would be for a perfectly conserved tracer, as one
must go further back in the tropospheric record to find
a matching value.

We use two chemical transport models (CTMs) driven
by winds from two general circulation models (GCMs),
and employing an extremely simplified mesospheric loss,
to estimate the biases due to nonlinear growth and
chemical loss separately and in combination. We es-
timate the present-day time lag of SFg overestimates
I by up to 18% in the high-latitude lower stratosphere
(68°S, 20 km) and up to 65% in the high-latitude mid-
dle stratosphere (68°S, 30 km), depending on the loss
scenario assumed and the model used. Moreover, the
bias is increasing in time. Accounting for such a bias
would bring model mean ages closer in line with mea-
surements. (See, for example, the modeled and mea-
sured SFg comparisons of Waugh et al. [1997].) In
section 2 we briefly summarize the models and runs,
and in section 3 we interpret the results. Appendix A
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Table 1. SF¢ Global Lifetime L

n An MACCM2 GISS

0 0 o0 oo
1 3x1078 4761 3528
2 9%x10~° 1975 1424
3 3x1077 861 694
4 3x107° 293 387

L is in vears.

presents a more formal relationship between time lags of
nonconserved tracers and the age spectrum, as defined
by Hall and Plumb [1994].

2. Chemical Transport Models

We use two three-dimensional off-line chemical trans-
port models (CTMs) driven by different sets of GCM
winds to simulate an SF¢-like tracer. One CTM, driven
by winds from the National Center for Atmospheric
Research Middle Atmosphere version of the Commu-
nity Climate Model version 2 (NCAR MACCM2), is
based on a CTM developed by P. J. Rasch and D. L.
Williamson at NCAR [Rasch et al, 1994] and is de-
scribed in Waugh ef al. [1997]. We refer to this model
as “CCM2.” The other CTM, driven by NASA God-
dard Institute of Space Studies (GISS) GCM winds, was
developed by Michael Prather |Prather et al., 1987; Hall
and Prather, 1995]. We refer to it as “GISS.” In both
cases, we employ a single year of GCM wind data, re-
cycling for multiyear simulations. The two models are
quite different, using different advection schemes and
resolutions (128x64x44 longitude, latitude, and verti-
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Figure 1.

Symbols are surface measurements adapted from Maiss et al. [1996]. The dashed

curve is an exponential fit to the observations, used as the boundary condition for the CTM.
Solid curves are the CCM2 model response at 68°N and 30 km. Different solid curves represent
responses assuming different values of mesosphere loss rate for SFs and are labeled according to

Table 1.
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cal levels from the surface to about 80 km for CCM2,
and 36 x 24x 21 for GISS over roughly the same domain).
We expect to see significant model differences in these
experiments. However, as our purpose is to illustrate
a sensitivity to a poorly known quantity (SFg chemical
loss), the model differences can be viewed as a strength
of the study. Two quite different models lead to similar
conclusions. Note that while the GISS model employed
here is the same as in the work of Hall and Waugh
[1997], the CCM2 is driven by a wind data set from a
different NCAR MACCM2 run than in the works of Hall
and Waugh [1997] and Waugh et al. [1997]. Further
studies are planned to understand the impact on long-
lived tracer distributions to changes in the MACCM2;
however, the general conclusions of Hall and Waugh
[1997] and this study are independent of the version
of CCM2. Finally, although the calculations are fully
three dimensional, we present only zonally averaged
quantities, and all timescales presented are understood
to have been averaged about a latitude circle.

3. Simulations

We perform a series of “SFg” simulations, each em-
ploying a different assumed photochemistry scenario. In
each simulation, the photochemistry is simple and ide-
alized: SFg is lost every model time step at a rate Ay,

where x is the mixing ratio and A is a loss frequency.
The loss frequency has the form
0 2<60km
/\_{)\n z > 60 km 1)

where A, are constants. The different simulations in
the series correspond to different values of A,, ranging
from Ag = 0 (the conserved tracer) to Ay = 3x10~6 =1
(see Table 1).

With each A, we test a range of tropospheric growth
scenarios. This may be done with only a single simu-
lation per loss scenario by computing the Green’s func-
tion G(x,t) of the CTM. The Green’s functions are cal-
culated in the same manner as in the works of Hell
and Plumb [1994] and Hall and Waugh [1997]. Given
G(x,1), the tracer response x(x,?) at x to any tropo-
spheric mixing ratio history x(0,t) can be obtained by
convolving G(x,t) with x(0,%) (see Appendix A for de-
tails). Here we consider the case of tropospheric mixing
ratios that increase exponentially with time; that is,

t<io
t>1p

0

x(0,1) = { Xo(et=t)/T _ 1) (2)
The timescale T defines the growth scenario. Note that
T = 16 years (with xo = 0.91 ppt and to = 1971)
fits well the observed surface SFg time series of Maiss
et al. [1996] (see Figure 1). As T — oo, the growth
approaches linear.

Convolution of x(0,t) with G(x,t) is equivalent to
a simulation having a time-dependent boundary condi-
tion on the mixing ratio of x(0,¢). Although a bound-
ary condition on the mixing ratio near the surface is
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not as physical as a boundary condition on the flux out
of the surface, it allows use of measurements of SFg
mixing ratios, which are not available for fluxes. It is
worth noting here why the use of a mixing ratio bound-
ary condition results in little error compared to a flux
boundary condition. As a relevant example, consider
surface boundary conditions of a constant flux and a
linearly increasing mixing ratio. For a conserved tracer,
the two boundary conditions result in nearly identical
atmospheric simulations: in either case, following an
initial transient state of several years, the entire atmo-
sphere displays a mixing ratio increasing linearly at the
same rate. This equivalence of boundary condition form
does not, in general, hold for tracers undergoing photo-
chemical loss. For such tracers, a constant flux bound-
ary condition eventually results in a steady state (in an
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Figure 2. Profiles of SF¢ at (top) 68°S and (bottom)
68°N in CCM2. The different curves represent different

loss scenarios, with the lables corresponding to those of
Table 1.
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The time lag 7 as a function of time from initialization for the CCM2 at 68.4°N

and 30 km. (a) A linearly increasing boundary condition, and (b) the exponential boundary
condition fit to observed SF¢ (shown in Figure 1). The horizontal dashed line indicates the value
of I'. The solid lines are 7 for different assumed values of loss rate in the mesosphere and are

labeled according to Table 1.

annually averaged sense, for a CTM recycling a single
year of wind data), in which the surface source bal-
ances the loss aloft. A simulation having a mixing ratio
boundary condition can never acheive a steady state, as
the tracer always increases in the boundary condition
region, by definition. However, for the tracers simulated
here, this is not a significant issue. As discussed in Ap-
pendix B, the time for the flux boundary condition to
acheive its steady state is the global chemical lifetime L
of the tracer, several hundreds to thousands of years for
these SFe-like tracers (see Table 1). Because we simu-
late only several decades, to a good approximation, a
boundary condition on the mixing ratio suffices.

4. Results

Figure 1 shows the surface time series of SFs and
the responses of CCM2 to this surface variation in the
high-latitude middle stratosphere (68°N | 30 km) for

different loss scenarios. The symbols, adapted from the
measurements of Maiss et al. [1996], are fit with ex-
ponential form (2) using xg = 0.9 ppt, tg = 1971, and
T = 16 years, which is shown as a dashed line-m the fig-
ure, while the responses at 68°N and 30 km are shown
as solid lines in the figure for varying A,. (Responses
are labeled by n, as in Table 1.} Although, like the tro-
pospheric variation, the tracer responses in the strato-
sphere are also exponential, the shorter the chemical
lifetime, the slower the exponential increase (see Ap-
pendix A for details). Vertical profiles at high latitudes
for the year 1998 are shown in Figure 2 for the different
loss scenarios.

Figure 3 shows the time lag 7 of CCM2 as a function
of time at 68°N and 30 km for tracers of various chem-
ical lifetimes and linear tropospheric increase (Figure
3a), and tracers of the same lifetimes, but exponential
tropospheric increase (Figure 3b), as shown in Figure
1. Here T = 4.49 years, as indicated by the dashed hor-
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Figure 4. The ratio 7/T versus latitude and height for the year 1998. (a) CCM2 and ,; (b)
CCM2 with Ay; (c) GISS with Ag; and (d) GISS with A;.

izontal line. Focus first on the purely linear tracer. Af-
ter about 12 years, 7y (the lag of the conserved tracer)
converges to I'. Conserved tracers increasing linearly
in time yield T as their lag time [Hall and Plumb,
1994]. On the other hand, m through 74, the lags for
tracers with mesospheric loss, never converge; following
the 12 year transient period, they assume a linear in-
crease whose rate depends on A, (see Appendix A for
the mathematical statement). With loss aloft, the at-
mosphere cannot keep pace with the linear increase in
the troposphere.

The 7 for the exponentially increasing tracers are
complicated by additional effects. For conserved trac-
ers, exponential increase results in a time lag less than
the mean age [Hell and Plumb, 1994]: as seen in Figure
3b, after 12 years, 7p = 0.94T". The nonconserved trac-
ers, following the initial transience, assume a state in
which they asymptote, after time T, to constant values
dependent on the particular A,,. Thus the T overesti-
mate of I' due to photochemical loss aloft is partially
offset by the effects of nonlinear increase in the tropo-
sphere. In Appendix A, this is stated more formally,
and the linear behavior is shown to be the limiting case
of the exponential behavior.

Figure 4 shows the spatial distribution of 7, /T and
79/T" in the year 1998 for CCM2 and GISS, using the
exponential tropospheric increase with T = 16 years

(see Table 1 for the corresponding global photochem-
ical lifetimes L). The 7/T contours bulge up in the
tropics and slope down toward either pole. In the tro-
posphere and parts of the tropical stratosphere, 7 < I';
in these regions, the tendency for mesospheric loss to
increase 7 is more than offset by the tendency for the
nonlinear tropospheric growth to decrease 7. However,
throughout the extratropical stratosphere, the photo-
chemical loss effect dominates, and 7 > T. Latitudi-
nal gradients are particularly steep in CCM2, and this
model shows the largest 7/T'. High latitudes are regions
of downwelling, where air photochemically depleted of
SF¢ descends from the mesosphere.

In the high-latitude southern hemisphere of CCM2,
the 79 overestimate of I' is up to 50% in the middle
stratosphere, although it is much smaller in the lower
stratosphere and in the northern hemisphere. Com-
pared to CCM2, GISS has less steep latitudinal gradi-
ents, as it does not isolate the tropics from midlatitudes
and midlatitudes from the polar vortex as completely.
For GISS, 7/T is everywhere smaller than for CCM2.
For both models, the T' overestimation by 71 (longer
global lifetime) is much smaller than by 7, (shorter
global lifetime).

In order to examine further the relative effects of non-
linear growth and photochemical loss, we test the sensi-
tivity of 7/T' to T and L (through \,) separately. Fig-
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Figure 5. The ratio 7/T versus altitude and (a) T and (b) L. The model used is CCM2, and
the latitude is 68°N.

ure 5a shows the variation of 75/I" with height and T at 1s small for realistic 7. For example, 7o/ = 0.9 in
high latitudes (68°N) for CCM2. Everywhere 73/T < 1, the lower stratosphere for T = 10 years. Note that
although it asymptotes to 1 at each height as T — oc; the lower stratosphere displays the largest nonlinear
that is, as the growth tends to linear, the lag time ap- growth effect. Hall and Plumb [1994] showed that in
proaches the mean age. The nonlinear growth effect order for 75/ = 1, the constraint on the growth rate
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Figure 6. The ratio 7/T contoured as a function of L (vertical axes) and T (horizontal axes);
(a) CCM2 at 68°N and 30 km; (b) CCM2 at 43°N and 20 km; (c) GISS at 67°N and 30 km; and
(d) GISS at 43°N and 20 km.
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Table 2. Range of 7/T for L = 3000-1000 Years

20 km (CCM2)

20 km (GISS)

30 km (CCM2) 30 km (GISS)

68°N 1.00-1.05 0.96-1.02
43°N 0.98-1.02 0.95-1.00
43°S 1.01-1.07 0.96-1.01
68°S 1.07-1.18 0.98-1.05

1.11-1.27 1.03-1.20
1.06-1.18 1.01-1.14
1.18-1.40 1.00-1.10
1.32-1.65 1.06-1.22

is T >> A?/T, where A is the “age spectral width,” a
measure of the statistical spread of transit times con-
tained in a stratospheric air parcel. For GISS and
CCM2, A?/T has a weak maximum with height in the
lower stratosphere at high latitudes, as shown in the
GISS model by Hall and Plumb [1994].

Figure 5b shows the variation of 7/T with height and
log L for a linearly increasing tropospheric mixing ra-
tio, again at high latitudes and for CCM2. The fig-
ure is generated by interpolating results from the five
CCM2 simulations. For a given lifetime, the 7 overes-
timate of T' increases with height, that is, stratospheric
regions closest to the loss (which starts at 60 km) are
most affected. For a given height, with increasing L, 7
converges to T

The combined efects of loss and nonlinear growth are
shown by contouring 7/T versus- L and T for CCM2
and GISS at 68°N and 30 km (Figure 6a and 6¢) and
43°N and 20 km (Figures 6b and 6d). For fixed T,
the 7 overestimate of I' decreases with increasing L,
while for fixed L, it increases with T. Using the SF¢
lifetimes of 3000 to 1000 years based on the analyses
of Ravishankara et al. [1993] and Morris el al. [1995],
we find the range of 7/T shown in Table 2. In the
lower stratosphere, the loss effect for the longer lifetimes
is small enough to be completely compensated by the
nonlinear growth effect. Closer to the loss region the
loss effect dominates.

Our conclusions are not sensitive to reasonable as-
sumptions about the location of SFg photochemical loss.
Figure 7 displays plots as in Figure 6¢, except that the
height of onset of SF¢ loss in GISS has been raised: in
Figure 7a the loss occurs only above 72 km (the top
two model levels), and in Figure 7b the loss occurs only
above 80 km (the top one model level). Note that the
extent of L coverage varies somewhat. For each onset
altitude, we perfomed several simulations using A, val-
ues from Table 1, as well as additional A, so that the
_resulting range of L would roughly match that of Figure
8. There is relatively little variation in 7/T from onset
altitudes 60 km to 72 km to 80 km. For example, at
T = 16 years and L = 2000 years, 7/T varies from 1.07
for an onset of 60 km to 1.06 for an onset of 80 km.

This insensitivity to the location of the loss region
suggests that the model mesosphere is rapidly mixed
compared to vertical transport in the stratosphere. The
extra time to transport chemical loss to the middle
stratosphere from 80 km compared to transporting from
60 km is smaller than the time to transport new tracer
from the troposphere to middle stratosphere. This ob-

servation is born out in I' as well: both GISS and CCM2
have vertical I' gradients larger in the lower stratosphere
than aloft [Hall and Waugh, 1997]. In the extreme limit
of instantaneous mesospheric mixing, there are no SFg
gradients in the region, and L and /T are independent
of the location of the loss region within the mesosphere.
This limit represent a lower bound on L for a given loss
rate ). For example, by assuming instantaneous mixing
above 50 km, Ravishankara et al. [1993] found a lower
bound of L about 5.5 times smaller than their best esti-
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Figure 7. As in Figure 6¢c, but with varying altitude
of onset for chemical loss in GISS: (a) loss occurs above
72 km (top two model levels); (b) loss occurs above 80
km (top one level of model).



13,334

mate value (3200 years). On the other hand, if vertical
mixing in the mesosphere is slower than occurs in GISS
and CCM2, L is larger for a given A, and 7/I" is more
sensitive to loss location.

5. Discussion and Summary

We have used two CTMs to examine the impact of
mesospheric loss on the inference of I' from SF¢ obser-
vations. Assuming SF¢ is conserved may lead to over-
estimates of mean age up to 65% in the high-latitude
middle stratosphere (68°S, 30 km), depending on the
loss scenario and the CTM, although the effect at mid-
latitudes in the lower stratosphere is much smaller. Ac-
counting for such a bias would bring previously noted
discrepancies of modeled and measured mean age closer
in line. For example, the high-latitude T' estimates of
up to 10 years by Harnisch et al. [1996] are close to
the modeled I' of Waugh et al. [1997] when reduced by
30%.

The sensitivity of I estimates to SFg loss in the meso-
sphere may at first seem surprising. However, T of an
air parcel is a mean over a spectrum of transit times
of irriducible fluid elements within the parcel. Thus,
although only a small fraction of air in a stratospheric
parcel may have traversed the mesosphere, these ele-
ments have, in general, the longest transit times and
therefore most heavily contribute to I'. The details of
SFg photochemistry are not well quantified, and thus it
seems unlikely that we can accurately correct the bias
this photochemistry introduces to I' estimates. There-
fore, if 7/T' & 1.1 is realistic in the high-latitude lower
stratosphere, for example, this may indicate I' can never
be inferred more accurately than 10% from SF¢ (or in-
deed from any tracer, since it is hard to imagine iden-
tifying a better suited age tracer than SFg). Nonethe-
less, 10% is still smaller than the difference between
most models and measurements. Therefore SFg mea-
surements can still provide a valuable constraint on
the transport of models, particulary below the middle
stratosphere. In the middle and upper stratosphere,
however, the uncertainty of SFg mesospheric loss rates
may prevent its obervations from tightly constraining
models.

Appendix A: Age Spectral Description

The age spectral formalism of Hall and Plumb [1994]
can be extended to include chemical loss processes.
Consider a trace gas of mixing ratio x(x,t) with sur-
face source and upper atmosphere loss. The response at
some point in the middle atmosphere to a tropospheric
time variation x(0,1) is

t
x(x,t) = / x(0,t = t")YGa(x,t")dt/ (A1)
0
Ga(x,1') is the Green’s function at position x and time
t’ < t (we assume stationary transport, so that G, is
independent of t); the subscript A indicates the pres-
ence of chemical loss. The “loss spectrum” is defined
as La(x,1) = Ga(x,1)/G(x,1), where G(x,t) is the age
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spectrum; that is, the Green’s function for a conserved
tracer (A = 0 for all x). L,(x,?) represents the frac-
tional chemical loss of tracer having transit timet [Volk
et al., 1997). Note that Lx(x,?) < 1 for all x and t.

G(x,t) and 1— Ly(x,1) of GISS and CCM2 are plot-
ted for several altitudes at high latitudes in Figure A1,
using A, = Az (see Table 1). Note that Ly(x,t) < 1
even in regions x where the local chemical loss rate is
zero. Information of chemical loss in remote regions is
communicated by transport. For a tracer having sur-
face source and mesospheric loss, we expect Ly(x,t) in
the lower stratosphere to decrease with increasing tran-
sit time ¢. Air that has come directly to x from the
troposphere, and thus has undergone no chemical loss,
has predominantly short transit times. On the other
hand, a significant fraction of air that has traversed the
mesosphere and been depleted of x before arriving at
x has long transit times. Note that the high-latitude
downwelling, which transports SFg-depleted air from
the mesosphere to lower levels, is strongly seasonal, ex-
plaining the annual cycle seen in Ly(x,t).

Consider a tropospheric time dependence given by
(2). The stratospheric response, according to (Al), is

t
x(x,1) = Xof(z_f")/T/ T La(x,t")G(x,t)dt!
0

t
- XO/ La(x,t")G(x,t)dt! (A2)
0
where we have used the definition of L(x,t). Following
a transience whose duration depends on G(x,t) {less
than 10 years for these models), but not on the nature
of x(0,1), the integration bounds in (A2) may be taken
to infinity. Thus x(x,t) « €/7, but with an offset and
multiplying coeflicient dependent on the loss scenario.
In order to estimate T'(x), 7(x) is found such that
x(x,1) = x(0,£—r(x)). Substituting x(0,t—7(x)) with

'(2) for the left-hand side of (A2) and solving for 7(x)

gives

7(x,1) = —Tln (/ eI La(x,t)G(x,t')dt'

o}

4 e mtIT ~/® L*(x,t/)G(x,t’)dt’)) (A3)
0

First, consider the limit of no chemical loss, in which’
case, L(x,1) = 1 for all x and t; [,° G(x,t)dt = 1 [Hall
and Plumb, 1994], so that the second term on the right
of (A3) vanishes, leaving '

7(x) : ~Tln (/000 e“‘/TG(x,t)dt> (A4)

a result independent of time. Hall and Plumb [1994]
showed that (A4) becomes 7(x) ~ I'(x) for T >> A?/T,
where A is the width of the age spectrum (A%/T ~ 1.5
years for CCM2, with little spatial variation). Thus,
for a conserved tracer undergoing a surface increase ap-
proximately linear over a timescale of several years or
more, and after an initial transience whose duration is
independent of the rate of increase, the stratospheric
lag time of the tracer approximates the mean age. This
1s the case illustrated by 7y in Figure 3b.
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Figure Al. Age spectra (solid curves) and loss spectra (dashed curves) at heights and latitudes
as labeled. The left column is CCM2, and the right column is GISS. The horizontal axis is transit
time, while the vertical, referring to the loss spectra, is fractional loss from 0 to 1. The age spectra
have been normalized to peak at 1 at the bottom level plotted for each model.

More generally, the second term on the right of equa-
tion (A3) does not vanish. Only for t >> T is it neg-
ligible. In other words, a steady lag time exists only
following a second transient period (in addition to the
first transient determined exclusively by G(x,t)), whose
duration depends explicity on the nature of the time-
dependent boundary condition.

If the tracer x has purely linear time variation in the
forcing region, then (A4) becomes 7(x) = I'(x), if x is
consverved. For the case with chemical loss, the linear
result is found by substituting the large 7" limit of (2)
into (A1), yielding

T(X)~/ t'La(x,t")G(x,t")dt’
0

+ =10 (1= [T )60 (a9

The stratospheric lag increases linearly with time at
each location, the case shown by 7 in Figure 3a.

Appendix B: Flux Form Boundary
Conditions

We show here that a constituent having eenstant
mass flux from the surface and atmospheric chemical
loss proportial to mixing ratio achieves a steady state
in a time equal to its global chemical lifetime. Consider
the tracer continuity equation for the mixing ratio y:

ZX+ () = -AG)x (B1)

with a boundary condition of tracer flux F) out of the
surface. £ is a linear transport operator. Integrating
(B1) over the mass of the atmosphere yields

i3}
ot
where M, is the total tracer mass in the atmosphere, L

is the global chemical lifetime, defined by the integral
over the atmosphere

1
Mx_Fx="ZMx (B2)
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1= o [2o0xnmax (83)
My

and p(x) is the density of air. To obtain (B2) from
(B1), we use the fact that the integral of L£(x) over
the entire domain must equal the net flux out of the
domain, which in this case is —F,. (The negative sign
indicates that upward flux from the surface is flux into
the domain.)

Equation (B2) for the total tracer mass has the solu-
tion

M, (t) = F, L(1 — 7L (B4)

In other words, the steady state F) L is achieved after a
transient of duration L. Note that for ¢t << L (the case
for all the simulations considered in this study),

Mx(t) ™~

The total tracer mass increases linearly in time.

Fyt (B5)
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