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[1] We review the relationship between tracer distribu-
tions and transport timescales in the stratosphere and
discuss the use of timescales to evaluate and constrain
theories and numerical models of the stratosphere. The
“age spectrum,” the distribution of transit times since
stratospheric air last made tropospheric contact, pro-
vides a way to understand the transport information of
tracers, how sensitive different tracers are to various
transport processes, and how to use tracers in combina-
tion to constrain transport rates. Trace gas observations
can be used to infer aspects of the age spectrum, most
commonly the “mean age,” but also the shape of the
spectrum. Observational inferences of transport time-
scales provide stringent tests of numerical models inde-
pendent of photochemistry, and comparisons of these

observations with chemical transport models have high-
lighted certain problems with transport in the models.
Age simulations and comparisons with data can now be
considered standard tests of stratospheric models. Inpex
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1. INTRODUCTION

[2] Transport is the movement of constituents and
properties of a fluid by the fluid flow. Transport plays a
crucial role in distributing climatically important trace
constituents in the atmosphere and ocean. In the atmo-
sphere many trace gases have regions of production and
destruction that are well separated, and thus the distri-
bution and evolution of these trace gases are determined
by a complex interplay of sources, chemistry, and trans-
port. In the stratosphere, the focus of this review, pho-
tochemical rates of important trace gases vary strongly
with height and latitude. For example, chlorofluorocar-
bons (CFCs), nitrous oxide (N,0), and methane (CH,),
which are greenhouse gases and source gases for mole-
cules that destroy ozone, enter the stratosphere from the
troposphere in the tropics but are not chemically broken
down until they reach the middle stratosphere. Thus
transport through the stratosphere largely determines
the chemical lifetimes of these trace gases. Another
example of the dominant role of transport is the distri-
bution of ozone (Oj): It is chemically formed in the
tropical middle stratosphere but is transported to high-
latitude lower stratosphere where there is weak chemical
destruction and where it thus displays its peak concen-

tration. Hence understanding, quantifying, and model-
ing stratospheric transport is crucial for understanding
and predicting the chemical evolution of the strato-
sphere.

[3] One summary of transport in the stratosphere and
other geophysical domains is the distribution of elapsed
times (transit times or “ages”) for fluid to travel from
one point or region to another. An infinitesimal fluid
element small enough to maintain its integrity against
mixing for all timescales of interest has a unique transit
time. However, only properties averaged over the many
fluid elements in a macroscopic fluid parcel are observ-
able. In the presence of mixing the transport pathways
from the specified source region to the position of the
parcel may vary widely, and there is an associated dis-
tribution of transit times (an “age spectrum”) since the
parcel was last at the source region. The age spectrum
has several features that make it an appealing descriptor
of transport: (1) Considered as a function of both source
and response points, the age spectrum contains com-
plete information on the fluid transport. (2) Although
the age spectrum cannot be observed directly, informa-
tion on the age spectrum can be obtained from observ-
able tracers. (3) Once estimated or simulated, the age
spectrum can be used straightforwardly to determine the
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distribution and evolution of passive and inert tracers
that cannot be measured directly.

[4] Two examples of point 3, the use of the age
spectrum to infer tracer concentrations, are particularly
important for understanding ozone depletion and cli-
mate change. In the stratosphere, chlorine, whose
sources are primarily CFCs, is the major agent of O,
destruction, and monitoring the evolution of atmo-
spheric chlorine in response to international treaties is
critical for understanding O; depletion and eventual
recovery. In the stratosphere, chlorine exists in several
chemical forms, and it is difficult to measure them all to
obtain “total chlorine.” However, the age spectrum has
proved an effective way to estimate the evolution of total
chlorine in the stratosphere [e.g., Waugh et al., 2001].
Another important (nonstratospheric) application of the
age spectrum concept is the ocean uptake of carbon. The
ocean takes up a significant fraction of anthropogenic
CO, from the atmosphere, but once in the ocean the
carbon cannot easily be separated from background lev-
els, and thus there is large uncertainty in the ocean
distribution and total abundance of anthropogenic car-
bon. Recent work suggests that the age spectrum can be
estimated from observable ocean tracers with sufficient
accuracy to allow improved estimates of the distribution
of anthropogenic carbon [Hall et al., 2002].

[5] In addition to these general advantages, there are
features of the circulation of the stratosphere that make
the age spectrum and its mean (the “mean age”) partic-
ularly useful for the analysis of stratospheric transport.
In order to appreciate this utility, however, a brief review
of the stratospheric circulation is necessary. On seasonal
and longer timescales, stratospheric circulation can be
effectively described in the latitude-height plane aver-
aged around latitude circles (the “zonally averaged”
circulation). Air and trace gases enter the stratosphere
through the tropical tropopause, rise slowly within the
tropical stratosphere, spread poleward primarily toward
the winter pole, and descend in middle and high lati-
tudes, where they reenter the troposphere (see Figure
1). This meridional circulation is known as the “Brewer-
Dobson” circulation, after Brewer [1949] and Dobson
[1956], who proposed it to explain the observed strato-
spheric distributions of ozone, water vapor, and other
trace gases. The Brewer-Dobson circulation is the net
meridional and vertical motion of air mass and includes
the effects of both mean meridional winds and eddies,
which differ from each other in magnitude and even sign
[e.g., Andrews et al., 1987]. The Brewer-Dobson circula-
tion applies to material entering the stratosphere above
~18 km in the tropics; below this level, there is consid-
erable direct exchange with the extratropical tropopause
by a variety of mechanisms [e.g., Holton et al., 1995].

[s] The timescale to travel around the Brewer-Dob-
son circulation is several years. In addition to this slow
circulation, there is rapid quasi-horizontal (isentropic)
transport and mixing in the middle latitudes of the
winter hemisphere by “breaking” planetary-scale Rossby
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Figure 1. Schematic diagram of stratospheric circulation and
typical age spectra. The thin solid curves represent the advec-
tive “Brewer-Dobson” circulation, the shaded double-headed
arrows represent the quasi-horizontal wave-driven mixing, and
the dashed curves represent isopleths of long-lived tracers. The
bottom plots show typical age spectra in the tropics (location
A) and extratropics (location B).

waves. As Rossby waves propagate up from the tropo-
sphere through wintertime stratospheric westerlies, their
amplitudes increase [Andrews et al., 1987]. The waves
break when their amplitudes becomes sufficiently large.
Rossby wave breaking results in quasi-horizontal over-
turning and mixing (in contrast to vertical overturning
and mixing of internal gravity waves) [Mclntyre and
Palmer, 1983]. The wave breaking also deposits momen-
tum and plays a major role in driving the Brewer-Dob-
son circulation [e.g., Holton et al., 1995].

[7] The slow meridional circulation and the more
rapid wave mixing are the dominant mechanisms deter-
mining the large-scale time-averaged distribution of
stratospheric tracers [Mahlman et al., 1986; Holton, 1986;
Plumb and Ko, 1992]. The meridional circulation tends
to elevate tracer isopleths in the tropics and lower them
in high latitudes, while the wave mixing tends to homog-
enize the tracer mixing ratios along the quasi-horizontal
surfaces (isentropes). The effects approximately bal-
ance, resulting in the tracer isopleth shape shown sche-
matically in Figure 1. Both transport processes vary
seasonally and interannually in magnitude and structure,
producing corresponding variations in the tracer distri-
butions.

[s] This picture of the stratospheric circulation pro-
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vides the basic geometry of the large-scale transport but
not the transport rates. Tracer observations are excellent
tools to constrain these rates, as tracers are sensitive to
transport mechanisms on all scales, many of which can-
not be sufficiently sampled by direct wind measure-
ments. Age-related concepts, in turn, are useful for
interpreting tracer observations in terms of tracer-inde-
pendent quantities. This is particularly true in the anal-
ysis of stratospheric transport. The source region of most
stratospheric trace gases, the troposphere, is rapidly
mixed by convection, baroclinic instability, and boundary
layer turbulence, processes that are absent in the strato-
sphere. Consequently, spatial gradients of long-lived
tracers are much smaller in the troposphere then in the
stratosphere, and stratospheric trace gas distributions,
and mean age and other diagnostics inferred from these
distributions, are largely independent of the geographi-
cal distribution of tropospheric sources. In addition,
because air and trace gases enter the stratosphere
through a limited region in the tropics, the entire strato-
sphere can be considered as “downstream” of a single
region. Thus stratospheric tracers of tropospheric origin
respond to a time-dependent but spatially localized and
homogeneous lower boundary condition. Contrast this
to the more complex situation for ocean tracers of at-
mospheric origin. Such tracers are transported from
surface waters to the deep ocean in several geographic
regions, each with distinct tracer concentrations due to
spatial variations in solubility. Hence it is often neces-
sary to decompose deep ocean waters into components,
each with different age characteristics [Haine and Hall,
2002].

[s] In this paper we review the theoretical, observa-
tional, and modeling aspects of the age of stratospheric
air. The concept of age was first applied to the strato-
sphere by Kida [1983], who performed particle trajectory
studies with a general circulation model (GCM). He
recognized the utility of a statistical treatment of strato-
spheric transport and coined the term “age spectrum”
for the transit time distributions of the particles. Hall
and Plumb [1994] later developed the age spectrum
mathematically, identifying it as a type of Green’s func-
tion that propagates information of tropospheric varia-
tion of a tracer into the stratosphere. We review the
theoretical aspects of the age and its statistical distribu-
tion in section 2. On the observational side, Bischof et al.
[1985], using whole air samples of CO, from balloons,
inferred the mean age in northern midlatitudes from the
troposphere-to-stratosphere lag time in the trend in
CO,. These observations were expanded by Schmidt and
Khedim [1991]. In recent years, there have been a large
number of observational campaigns that have provided
high-quality estimates of mean age and other related
timescales. These observational inferences are reviewed
in section 3. Simultaneously, many modeling studies
have exploited the stratospheric age spectrum and mean
age as a transport diagnostic. For example, in the NASA
Models and Measurements I (MM2) study, simulations
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of the age spectrum and transient tracers from more
than 20 models were compared to each other and to
observations. In section 4 we review numerical simula-
tions of mean age and other transport timescales. As
discussed above, one application of the age spectrum is
to infer tracer concentrations (such as total chlorine in
the stratosphere). We discuss the relationship between
mean age and different tracers in section 5.

[10] Before focusing on the stratosphere we note that
age has a long history as a diagnostic of transport in a
wide range of settings. In geophysical systems, age-re-
lated concepts have been used extensively to summarize
the passage of material (e.g., carbon) through coupled
zero-dimensional “reservoirs” [e.g., Erickson, 1971; Bo-
lin and Rhode, 1973; Nir and Lewis, 1975; O’Neill et al.,
1994]. Earlier work in “reservoir theory” appears in
chemical engineering and has been widely applied in this
field [e.g., Danckwerts, 1953; Levenspiel, 1972]. More
recently, oceanographers and hydrologists have used
concepts similar to stratospheric scientists to describe
ocean and groundwater transport rates. The concept of
mean age, the mean time since a water mass last made
contact with the surface, has been used in oceans (where
it is known as the idealized age tracer) [England, 1995]
and groundwater [Goode, 1996], as has the more general
concept of transit time distributions (age spectra) [Bein-
ing and Roether, 1996; Deleersnijder et al., 2001; Etchev-
erry and Perrochet, 2000; Haine and Hall, 2002; Khatiwala
et al., 2001; Varni and Carrera, 1998]. Common to these
systems is the advective-diffusive nature of the transport.
Superposed on bulk advective flow are random (or pseu-
dorandom) motions, which necessitate a statistical de-
scription of transport times.

2. THEORY

2.1. Age Spectrum

[11]] Because of the irreversible mixing that occurs in
the stratosphere, properties of an air parcel acquired at
previous times and various locations (e.g., the mixing
ratio of a tracer) are most naturally described as means
over statistical distributions. For convenience we refer to
a small but finite-sized air mass as a “parcel,” and we
consider the parcel to consist of an infinitude of infini-
tesimal and irreducible “fluid elements” that maintain
their integrity against mixing for all timescales of inter-
est. Only properties averaged over all the parcel’s fluid
elements are observable. One property of a fluid ele-
ment in a stratospheric parcel is the elapsed time since it
was last in the troposphere. The distribution of the fluid
elements by their time since last troposphere contact is
known as the “age spectrum” [Kida, 1983], and the
average over the distribution is known as the “mean
age.”

[12] From our understanding of stratospheric trans-
port (discussed in section 1) we expect the shape of the
age spectrum to vary within the stratosphere, as illus-
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trated schematically in figure 1. In the tropical lower
stratosphere, mixing has had little chance to dilute par-
cels with older air from other stratospheric regions, and
large-scale zonally averaged transport occurs primarily
by vertical advection. The spectrum is strongly peaked
near the time for vertical ascent from the tropopause
(location A in figure 1). In contrast, in the middle- and
high-latitude lower stratosphere and throughout the up-
per stratosphere, mixing provides a multiplicity of path-
ways from the tropopause with an associated range of
transit times, and consequently the age spectrum is
broad (location B in Figure 1).

[13] A mathematical formulation of the age spectrum
was first presented by Hall and Plumb [1994] (hereinaf-
ter HP94). They identified the age spectrum as a type of
Green’s function that propagates a boundary condition
on tracer mixing ratio from a specified region (2 (e.g., the
Earth’s surface or the tropical tropopause) into the
stratosphere. Consider the continuity equation for a
conserved and passive tracer of mixing ratio x(r, ¢):

ax

E + E(X) = Oa (1)
where & is a linear transport operator. (The linearity of
the transport operator is equivalent to the passiveness of
the tracer. No assumptions are made about stationarity.)
The tracer’s mixing ratio x({2, ¢) is assumed to be known
as a function of time in a region (), and the stratospheric
mixing ratio is considered as a response. This is equiva-
lent to specifying a boundary condition for x on Q. The
response at point r in the stratosphere is

x(r, t) = f x(Q, £ )%(r, t|Q, t )dt (2)

where 4(r, 1]Q, t ) satisfies (1) with the boundary condi-
tion 4(r,, 1Q, 1) (t—1t) for r, on Q. 4(r, 1|Q, t)
“propagates” mixing ratios on () at time ¢ to the point r
at time z. It weights the contributions from () at various
past times ¢ to the present time mixing ratio at r. §
depends on two time variables, a generalization of HP94,
who only considered stationary transport. Rewriting % as
G(r, 1|Q, t —¢), where t —t is the elapsed time, one
has the age spectral interpretation: 9 is the mass
fraction of the air parcel at location r and time ¢ that was
last in contact with the region () an elapsed time to
ago. For stationary transport, 4 depends only on
. More realistically, transport varies in time (e.g., sea-
sonally or interannually), and % also depends explicitly
on t. In what follows, we generally take a time-averaged
perspective, suppressing the ¢ dependence.

[14] It is worth digressing to make two points about
the formulation represented by equation (2). Strictly,
equation (2) is only true if x is uniform over ). More
generally, x must be convolved with a spatially varying
over (). This is a minor approximation for the strato-
spheric air above around 18 km (the “overworld”) be-
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cause, as discussed in section 1, tracers enter the strato-
sphere through a limited geographic region, the tropical
tropopause, regardless of their tropospheric history and
surface distribution. Consequently, variations in the def-
inition of () within the troposphere only cause uniform
offsets to x in the overworld. However, spatial depen-
dence of surface x may be visible in the extratropical
stratosphere below 19 km [Ray et al., 1999].

[15] A more general point concerns the approach of
using mixing ratio boundary conditions. Considering the
tracer mixing ratio in the stratosphere as a response to a
prescribed mixing ratio history at the surface is physi-
cally reasonable, as the stratosphere plays little direct
role itself in fixing the tracer’s near-surface abundance.
However, in other settings (e.g., CO, in the troposphere)
it is more physical to consider the mixing ratio as a
response to explicit tracer sources rather than mixing
ratio boundary conditions. In this way, no solution is
assumed anywhere, and transport plays its natural role in
determining the tracer mixing ratio throughout the at-
mosphere, including in the region of the sources. Re-
cently, Holzer and Hall [2000] have generalized the work
of HP94 in order to relate the transit time distribution to
the consideration of explicit sources rather than mixing
ratio boundary conditions. In addition to the distribution
of transit times at location r since last €} contact (the age
spectrum), their framework encompasses distributions
of transit times from r to first () contact. Related ap-
proaches have been taken by Deleersnijder et al. [2001].

2.2. Propagation of Transient Tracers

[16] Given the age spectra and the time history of a
conserved passive tracer on (), one can compute the
tracer distribution and evolution throughout the strato-
sphere. Conversely, it is often possible to infer aspects of
the stratospheric age spectrum from stratospheric mea-
surements of transient tracers and knowledge of their
history on (.

[17] For the special case of bulk advection without
mixing the age spectrum at a location r is a delta function
peaked at the time T,4,(r) for the flow to carry tracer
along a streamline from () to r. Expression (2) reduces to
x(r 1) x (Q, t — 1,4,(r)), where 7,4,(r) is independent
of the time variation of x on (). In other words, all
transient signals at ) are simply carried into the strato-
sphere unchanged, except for a lag of T,4,. More gener-
ally, with mixing present, there is a range of transit times
from () to r, the age spectrum is not a delta function, and
tracers with different time variations on () have different
responses at 7. In certain cases it is still possible to define
a lag time, but its magnitude will generally depend on
the nature of the time variation at ().

[18] One such case in which a lag time T can be
defined is a conserved tracer whose concentration x on
() is monotonically increasing (or decreasing) with time.
The concentration time lag 7 is the elapsed time between
the occurrence of a particular mixing ratio at a location
r and its occurrence at ()
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Figure 2. Schematic diagram of the time series of (a) monotonically increasing and (b) periodic tracers at
two distances from the source region (tropical tropopause) €. Dashed curves correspond to time series at ().

x(r, t) = x(Q, t — 1), (3)

as illustrated in Figure 2a. In general, T depends on the
time history of x(Q). (The exception is, as discussed
above, pure advection, where T = 7,4, Wwhatever the time
dependence of x(), ¢).) A special case, however, is linear
time variation of x(€), ¢), in which case 7 is independent
of the rate of linear variation, regardless of the nature of
the transport, that is, regardless of the shape of the age
spectrum. Substituting x({2, f) = ¢ into equation (2) one
finds that the time lag is

() = f "0, yd =T, 4)
0

where I is the first moment of the age spectrum or the
“mean age” (HP94). In other words, by measuring x at
point r, and going back through the tropospheric record
to find the lag time for a match, one obtains the mean
age.

[19] No real tracer exhibits exactly linear growth (or
decline). Whether the tracer’s lag time approximates the
mean age depends on the degree to which the growth is
linear over the width of the age spectrum. A tracer
whose growth (or decay) in time is exponential (e”’) has,
to first order in o, a concentration time lag [Varni and

Carrera, 1998; HP94]
Tep(r) = T'(r) — o7 'In (1 + A1), (5)

where A is the “age spectral width,”

1
A%(r) = Zf € —Tr)*s¢))d , (6)

a measure of the spread of transit times since the parcel
at r had last troposphere contact. (In the special case of
pure advective flow, A= 0.) If cA << 1, the equation (5)
reduces to

Texp(r) = L'(r) — aA%(r). (7)

From equation (7) we have 7., ~ I if the growth rate
satisfies 0! > A%T. HP94 found A*I' ~ 0.7 year
through most of the stratosphere of a version of the
Goddard Institute for Space Studies (GISS) strato-
spheric GCM, $0 T, ~ I to within 10% for o~' > 7
years. The value of A%T varies considerably among
stratospheric models, with, for example, the National
Center for Atmospheric Research (NCAR) Middle At-
mosphere version of the Community Climate Model
version 2 (MACCM2) displaying a relatively uniform
value of ~1.5 years [Hall and Waugh, 1997a]. Although
the time lag of exponentially growing conserved tracers
is not equivalent to I', using model estimates of A%/T" it is
possible to account for this difference and use slowly
nonlinearly varying tracers to estimate I' [Volk et al.,
1997].

[20] For rapid nonlinear time variation in x({2), such
as an annually periodic tracer signal, the age spectrum is
typically wide enough that the troposphere-to-strato-
sphere lag time does not approximate the mean age.
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Nonetheless, the distributions of such tracers still con-
tain information on stratospheric transport. In fact, re-
sponses to time variations that are sufficiently different
over the width of the age spectrum can be used in
combination to place strong constraints on theories and
rates of stratospheric transport. To explore this further,
consider as a second class of tracers those whose mixing
ratios vary periodically (with period 2m/w). One can
define a phase lag time 7,(r) from the lag time of a
maximum (or minimum) in the time series at strato-
spheric location r from that at  (Figure 2b). From
equation (2) we have

A, (r)e o) = J e “%4(rlQ, )d ,

0

(8)

where A, is the amplitude of the oscillation. In the
absence of mixing ¢ (t = Taqu(r)), so that 4 (r) 1
andt,(r) T () T () for all7. However, with mixing,
T, ~ I only if ®A%I" << 1, which is not generally true in
the stratosphere for annually periodic signals.

[21] The above results show that in general the prop-
agation of tracer mixing ratio signals into the strato-
sphere differs for different tropospheric time variation.
The sensitivity to the tropospheric time variation de-
pends on the shape of the age spectrum, which, in turn,
depends on the relative rates of bulk advection and
mixing.

[22] We illustrate this first by considering simple one-
dimensional flow with constant advective velocity u and
diffusivity k for Fickian diffusion. For this flow the age
spectrum at position x is

- —1)
47%

where I'=  xu, A= Vkxu’, and ¢  ¢/T. (The k
independence of I" is peculiar to this one-dimensional
(1-D) model; more generally, as seen below, mean age is
affected by mixing.) Distributions of the form (9) are
known as inverse Gaussian distributions, and they have
been used in many different fields to describe time
distributions [e.g., Chhikara and Folks, 1989; Seshadri,
1999]. Figure 3a shows the age spectra for several values
of spectral width A with mean age I' fixed. (Note that
I'?/A*  ux/k corresponds to the Peclet number of the
flow. For fixed I" an increasing A corresponds to decreas-
ing Peclet number and increasing role of diffusion rela-
tive to advection.) For small A, transport is dominated
by advection, and the spectrum is narrow and peaked
near the mean age (A= 0 corresponds to no diffusion
and a delta function age spectrum at ¢+ 1" ). As A is
increased (diffusion increased), the spectrum broadens,
has a peak (modal time) at transit times increasingly
shorter than the mean age, and develops an increasingly
longer “tail” of old air.

[23] The impact of the different spectral shape on
tracer timescales is shown in Figure 3b, where 7., (for

1
4T, At = = , 9
( ) ZA\L‘?GXP[ ] )
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Figure 3. (a) Age spectra for one-dimensional advection-

diffusion model with mean age I'= 5 years and spectral width
A= 0.5 (solid curve), 1 (dotted curve), 2 (dashed curve), and
4 (dot-dashed curve) years. (b) Variation of 1., forc™' 4
(dashed curve) and 10 (dot-dashed curve) years and T, for
periodic tracers with an annual (solid curve) and a 3-year cycle
(dot-dot-dot-dashed curve), with A for I'= 5 years. The sym-
bols correspond to time lags for spectra shown in Figure 3a.

o' 4 and 10 years) and 7, (for periodic tracers with

an annual and a 3 year cycle) are plotted against A. (See
Hall and Plumb [1994] for analytical formulae for these
time lags.) For narrow spectra the timescales I', 7, and
Texp COllapse to a single value; whereas when the spectra
are broad, the three timescales differ significantly, with
T, < Texp < I. In fact, for skewed spectra with a long tail
of old transit times (a general property of diffusive-
advective systems) it is always true that 7., and 7, are
less than the mean age [Hall and Waugh, 1997a; Deleer-
snijder et al., 2001]. The difference between the 7, and I'
can be understood by considering the contribution of the
tail region to the two timescales: The tail contributes
strongly to the mean age, but it represents several com-
plete annual cycles at roughly equal magnitude, which
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thereby cancel. As a result, the net signal is biased
toward the age spectral peak, which, if narrow enough,
“picks out” a phase. The relationship 7, <I"is borne out
both by observations (see section 3.4) and multidimen-
sional models (see section 4.4).

[24] 4 given by equation (9) is also the age spectrum
for 1-D diffusion and no advection in air with an e
density variation, where H is a constant density scale
height and z is the height (substitution of u  k/H in
equation (9) yields the form of % for 1-D mass-weighted
diffusion given by HP94). This model has been applied
to the stratosphere in the past. If rapid wave-induced
quasi-horizontal (isentropic) mixing extended across all
latitudes (the “global diffusor” limit), then, in fact, ef-
fective vertical transport would reduce to a 1-D diffusive
model [Plumb and Ko, 1992]. However, numerous ob-
servations show that the tropics are relatively isolated
from the rapid mixing of winter midlatitudes [Trepte et
al., 1993; Murphy et al., 1993; Randel et al., 1994; Grant et
al., 1996], so that the global stratosphere is poorly rep-
resented by a 1-D model.

[2s] The simplest model that includes the partial iso-
lation of the tropics is the “tropical leaky pipe” model
[Plumb, 1996; Neu and Plumb, 1999], composed of three
1-D regions of vertical motion representing the tropics
(upwelling) and horizontally well-mixed northern and
southern midlatitudes (downwelling). The regions are
coupled by the tropical outflow consistent with the di-
vergent upwelling and by independently specified two-
way tropical-midlatitude mixing. Vertical diffusion can
be applied in each region. Figure 4 shows the age spectra
and the mean age in the tropics and midlatitudes at
height 2H above the tropopause as the transport pro-
cesses are “turned on” one at a time. In Figure 4a, only
advection is present, resulting in a tropical delta function
and a midlatitude distribution of transit times corre-
sponding to different “up-and-over” heights. With trop-
ical-midlatitude mixing added (Figure 4b), the advective
spike is still present in the tropics, but its magnitude is
weaker, and there is a “tail” due to midlatitude air of
various ages mixing back into the tropics. This air also
lengthens the midlatitude tail because of recirculation.
(See Appendix A of Hall [2000] for analytic expressions.)
Small vertical diffusion (Figure 4c) broadens the advec-
tive spike and slightly reduces the mean age. At this
stage the age spectra are qualitively similar to the 1-D
advective-diffusive spectra, having an early peak and
long tail, but their spectral peaks are more pronounced.
Note that if one specifies a realistic velocity profile in the
tropics with a minimum in the lower stratosphere [e.g.,
Mote et al., 1998], one obtains a minimum in the tropical
divergence, a separation of tropical outflow regions re-
sults, and midlatitude age spectra become bimodal. (Bi-
modal spectra have, in fact, been inferred from tracer
observations [Andrews et al., 2001a], as discussed in
section 3.5.)

[26] The qualitative characteristics of the age spectra
for the idealized 1-D model and the tropical leaky pipe
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Figure 4. Age spectra for tropical leaky pipe model evalu-
atedat Z 2H in tropics (solid) and midlatitudes (dashed). (a)
The tropical upwelling rate W 0.3 mm/s, timescale for
tropical-midlatitude mixing 7 = o, and the vertical diffusivity
K 0;(b)w 03mmfs,7= 1l0years, K 0;(c)W 03
mmy/s, 7= 1.0years, K 0.1 m%/s. Symbols along the horizontal
axis indicate mean age in the tropics (squares) and midlati-
tudes (triangles).

model are similar to those of two-dimensional (2-D) and
three-dimensional (3-D) numerical models. For exam-
ple, Figure 5 shows zonally averaged age spectra from a
three-dimensional chemical transport model (CTM)
driven by winds from the NCAR MACCM2 model.
Spectra from other models display similar characteristics
[Hall et al., 1999; Park et al., 1999]. As in the case of the
idealized models, the age spectra from the CTM are
asymmetric with long tails. Moreover, the variation with
location is consistent with the expectation illustrated in
Figure 1: The spectra are most narrow, and peaked at
earliest transit times, in the lower tropical stratosphere
and are broad and shifted to longer transit times else-
where.

2.3. Further Issues

[27] The discussion so far applies to conservative trac-
ers. Aspects of the age spectrum framework can be
extended to include tracers undergoing photochemical
evolution (e.g., % in equation (2) modified to include the
effect of chemical losses) [Volk et al., 1997; Hall and
Waugh, 1998; Plumb et al., 1999; Schoeberl et al., 2000].
With photochemical loss in the stratosphere the time lag
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Figure 5. The age spectra for the three-dimensional chemical transport model driven by fields from National
Center for Atmospheric Research Middle Atmosphere version of the Community Climate Model version 2
(MACCM?2) [Waugh et al., 1997] at four locations: the equator at 20 and 26 km and 45°N at 20 and 26 km.
The mean age is indicated by the vertical dotted lines, the width is indicated by the horizontal dotted lines, and
the phase lag of an annual cycle is indicated by the vertical dashed lines.

for a tracer with increasing tropospheric trend will be
greater than the true mean age; one must go back
further in the tropospheric record for a mixing ratio
match. If some loss process is not known or not taken
into account, then the tracer lag time will be an overes-
timate of the mean age. Even seemingly very slow pho-
tochemical loss, or loss only in the mesosphere, may
noticeably affect lower stratospheric mean age infer-
ences, as the mean age strongly weights fluid elements
that have been in the stratosphere longest and that are
therefore most likely to have traversed more photo-
chemically active regions [Hall and Waugh, 1998]. Me-
sospheric photochemical loss processes may explain cer-
tain discrepancies between I' inferred from different
transient tracers, see section 3.2.

[28] Before moving on to observations and numerical
simulations of stratospheric mean age and related quan-
tities, it is worth noting an alternative but equivalent
definition of mean age, more common in oceanographic
applications. The “ideal age” T4 is defined as the steady
state solution to

aTid
at

+ P(mig) = 1 (10)
with a boundary condition of 1,4 0 at the surface [e.g.,
Thiele and Sarmiento, 1990; England, 1995] (also see
Goode [1996] for application to groundwater flow). If
one takes the first moment ([ d¢ ¢ ) of equation (1) for
% with the surface boundary condition (¢), one obtains
precisely equation (10), demonstrating the equivalence

of “mean age” I" and the “ideal age” ;4. This equiva-
lence was noted by Boering et al. [1996], and Neu and
Plumb [1999] have made use of formulation (10) to solve
and analyze mean age in the tropical leaky pipe model of
stratosphere transport. See Hall and Haine [2002] for
further discussion.

[29] The mean age can also be related to eigenmodes
of stratospheric transport, a concept developed in the
context of coupled chemical species by Prather [1997]. As
discussed by Park et al. [1999], for long transit times the
age spectra at all locations decay exponentially at the
same rate, i.e., G(x, t) ~ Yio(x)e /™ as t — o, The decay
rate 7, corresponds to the e-folding time of the longest-
lived mode of stratospheric transport. Because I' is
strongly influenced by the tail region of 4, we expect a
close connection between I'(x, #), Uy(x, £), and 7. This
was confirmed by examination of models in the MM2
study [Park et al., 1999], which showed that for most
models the spatial structure of I' and 7, are very similar
and that the variation of T, among models is very similar
to the variation of T'.

3. OBSERVATIONS

[30] Determining the shape of the age spectra in the
stratosphere would go a long way to quantifying the
relative rates of advection and mixing. Unfortunately,
the age spectra cannot be directly observed. However, as
discussed in section 2 tracer-independent transport
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TABLE 1. Observational Estimates of Mean Age in the 25-30 km and 55-60 km Ranges®

Latitude Period Gas I, (years) Reference
25-30 km

7°S February 1997, November 1997 CO, 3.5° Andrews et al. [2001b]

7°S February 1997, November 1997 SF, 4.0° Ray et al. [1999]

17°N April 1987 SF, 4.3 Patra et al. [1997]

17°N March 1994 SF¢ 4.7 Harnisch et al. [1996]

34°N September 1996, May 1998 CO, 5.5° Andrews et al. [2001b]

34°N September 1996, May 1998 SF, 6.0° Ray et al. [1999]

34°N September 1993 HF 4-5 Sen et al. [1996]

40°N May-September 1985-1991 CO, 4.5 Nakazawa et al. [1995]

44°N September 1993 SF, 4.5 Harnisch et al. [1996]

44°N September-November 1979-1984 CO, 52 Bischof et al. [1985]

44°N March-November 1976-1989 CO, 5.6 Schmidt and Khedim [1991]

44°N June 1997 CO,, SF¢ 6 Strunk et al. [2000]

65°N June 1997 (V) CO, 5.5 (6)° Andrews et al. [2001b]

65°N June 1997 (V) SF, 6.0 (8)° Ray et al. [1999]

68°N January-February 1990 (V) CO, 2.3 Schmidt and Khedim [1991]

68°N January—March 1991-1992, 1995 (V) SF¢ 6 (8-10) Harnisch et al. [1996]

68°N December 1988, January—March 1991-1992 (V) CF, (7.5) Harnisch et al. [1999]

68°N February 1997 CO,, SF¢ 6 Strunk et al. [2000]
55-60 km

global 1992-1995 HF, HCI 47,53 Anderson et al. [2000]

several 1985, 1992, 1993, 1994 HF 5-6 Gunson et al. [1996]

68°N May 1987, December 1988 CF, 11 Harnish et al. [1998]

“See Figure 6a for estimates at 20 km from aircraft observation [Elkins et al., 1996; Boering et al., 1996]. Numbers inside parentheses

correspond to measurements inside polar vortex (V).

Ages are relative to the tropical tropopause (other ages are relative to the surface).

timescales, and aspects of the age spectra, can be ex-
tracted from the propagation of transient tracers. Fur-
thermore, indirect estimates of the age spectra have
recently been made from tracer measurements. Here we
discuss observations of such tracers and the resulting
estimates of transport timescales. We first focus on es-
timates of the mean age and then on other aspects of the
age spectrum.

3.1. Mean Age

[31] The mean age I' can be calculated from measure-
ments of a tracer that is conserved and whose concen-
tration varies linearly with time over the width of the age
spectrum (see equations (3) and (4)). (The tropical
tropopause is often used as a reference for computing
lag times at stratospheric locations. In this way, spatial
variations within the troposphere do not introduce am-
biguity when comparing mean ages from different trac-
ers.) There are several chemical species that approxi-
mately satisfy the criterion of linear variation. Carbon
dioxide (CO,) is very long-lived, and its annual mean
concentration has been increasing roughly linearly [Con-
way et al., 1994], and hence it can be used to estimate the
mean age. (Note that methane oxidation is a strato-
spheric source of CO,, but this can accurately be ac-
counted for when using CO, to calculate the mean age
[Woodbridge et al., 1995; Boering et al., 1996].) Sulfur
hexafluoride (SFy) is also extremely long-lived (it is inert
in the troposphere and stratosphere and has an esti-
mated global lifetime of 800-3200 years [Ravishankara

et al., 1993; Morris et al., 1995]), and its surface concen-
tration growth is sufficiently close to linear [Maiss et al.,
1996; Geller et al., 1997]. Two other fluorinated species,
CF, and C,F, have extremely long global lifetimes
(greater than 50,000 and 10,000 years, respectively [Rav-
ishankara et al., 1993]) and are also possible chronolog-
ical tracers, although their tropospheric histories are less
well known than SF,. During the 1980s the abundance of
several CFCs was increasing at a near-linear rate, and
measurements of these have been used to infer the mean
age. However, as CFCs have significant stratospheric
losses, these estimates are biased (as discussed in section
2.3), and we do not consider them here. It is also possi-
ble to calculate the mean age from conserved families of
gases whose total abundance varies linearly. The tropo-
spheric abundance of total fluorine (F,,,) and total chlo-
rine (Cl,,) increased approximately linearly in the 1980s
and early 1990s, and the mean age may be estimated
from measurements of these families during this period.

[32] Unfortunately, there are no observations of these
trace gas species or families covering the whole strato-
sphere, and therefore global observations of I" are not
available. However, there is a growing number of mea-
surements from balloon, aircraft, and space-borne plat-
forms that can be combined to provide good coverage of
I' in the lower stratosphere and partial coverage in the
middle and upper stratosphere. These measurements
are summarized in Table 1.

[33] Before discussing the observational estimates of
I', it is important to note several sources of possible error
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Figure 6. Comparison of observed (red curves with symbols) and modeled (blue shaded area and curves)

mean age: (a) z

20 km and latitude of (b) 5°S, (c) 40°N, and (d) 65°N. The shaded region indicates the range

of most models in the Models and Measurements II (MM2) study, while the individual curves represent
several models falling outside the range. The symbols represent observations: mean age from in situ CO,
(diamonds) [Boering et al., 1996; Andrews et al., 2001b], in situ SF, (triangles) [Elkins et al., 1996; Ray et al.,
1999], and whole air samples of SF, (square outside vortex and asterisk inside vortex) [Harnisch et al., 1996].
See Hall et al. [1999] for details. See color version of this figure at back of this issue.

in mean age inferences. As discussed in section 2, non-
linearity in the tropospheric growth rate introduces er-
ror. There is a weak nonlinearity in the growth of SFg
[e.g., Geller et al., 1997] which introduces an uncertainty
in estimates of I" from SF, (see equation (5) and related
discussion). Volk et al. [1997], using model-based esti-
mates of the width of the age spectrum, estimated the
effect on I" to be ~0.5 years for I" older than 4 years. The
annual cycle in CO,, if unaccounted for, introduces error
in estimates of I' from CO,. This uncertainty is large
within the tropical lower stratosphere but is much
smaller elsewhere [Hall and Prather, 1993; Boering et al.,
1996]. There are also interannual variations in CO,
growth, but Andrews et al. [2001b] showed that errors
associated with both seasonal and interannual variations
in CO, are insignificant for air with I' > 2 years. Another
source of error is the neglect of photochemical pro-

cesses. As discussed in section 2, neglect of loss pro-
cesses will result in an overestimate of I'. As SF, and
CO, both have mesospheric losses, neglect of these
losses introduces a bias into the I' estimates. The mag-
nitude of this error in the stratosphere, discussed further
in section 3.2, is only significant in the lower and middle
stratosphere inside the winter polar vortex. Finally, im-
perfect knowledge of the time history of a tracer at the
tropical tropopause introduces further uncertainty in the
inferred mean age.

[34] In spite of these uncertainties, there is generally
good agreement among different I' estimates. This can
be seen be comparing the entries in Table 1. Further
comparisons are shown in Figure 6 which shows esti-
mates of I' from in situ measurements of CO, and SFg
(red curves with diamonds and triangles, respectively) on
the same platforms. (The red curves with asterisks and



40, 4 / REVIEWS OF GEOPHYSICS

WAUGH AND HALL: AGE OF STRATOSPHERIC AIR o 1-11

Annual-mean Mean Age

35 T T T T T T T T
301 —
€ L 6 6 -
X
= 25— _
N | |
r 5 5 |
20— =
| 4 /\ 4 i
3 ]
i 3 2 1 . 2
15 i L L L 1 L L 1 L L L L 1 L L L i}
-90 -60 -30 0 30 60 90

Latitude (degrees)

Figure 7. Schematic diagram of the altitude-latitude distribution of the annually averaged zonal mean of
mean age based on vertical profiles from observations listed in Table 1 and ER-2 measurements around 20 km
(e.g., Figure 6a). As it is based almost exclusively on Northern Hemisphere data, the schematic is hemispheri-

cally symmetric.

crosses show ages from whole air SF, samples from
different balloon flights [Harnsich et al., 1996], and the
blue shaded regions and curves show model I" and will be
discussed later.) Figure 6a shows the latitudinal variation
of I' at 20 km from CO, and SF4 measurements made
aboard the NASA ER-2 aircraft during the period 1992—
1997 [Boering et al., 1996; Elkins et al., 1996]. Both
estimates of I' show values around 1 year near the
equator, large gradients in the subtropics, and values
around 4-5 years at high latitudes. Figures 6b—6d show
vertical profiles from Observations of Middle Strato-
sphere (OMS) balloon flights [Andrews et al., 2001b; Ray
et al., 1999] in the tropics, middle latitudes, and high
latitudes. There is again good agreement between the
two estimates of I'. At all latitudes, I' increases with
altitude with only weak vertical gradients above 25 km
(the spikes in the high-latitude profiles, Figure 6d, are
due to sampling of fragments of vortex air; see below).

[35] More detailed comparisons of I" from the simul-
taneous measurements of CO, and SF, have been per-
formed by Strunk et al. [2000] and Andrews et al. [2001b].
Both these studies showed good agreement between SF,
and CO, ages except within polar vortex air, where I’
from SF, can be greater than that from CO, by 2 or
more years. An example of this is shown in Figure 6d
where the spikes in the OMS mean age profiles are due
to sampling remnants of old polar vortex air [e.g., Her-
man et al., 1998], and in these remnants I' from SF; is
significantly larger than that from CO,. More recent
measurements inside the 1999-2000 Arctic vortex con-
firm this bias between I' from SF, and CO, (J. Elkins
and A. Andrews, personal communication, 2000). These

differences are probably due to unaccounted meso-
spheric SF, loss and are discussed further in section 3.2.

[36] One exception to the overall agreement is the
study of Harnisch et al. [1998], which showed significant
differences between I" from SF; and CO, for whole air
samples from a series of balloon flights. As an explana-
tion, Harnisch et al. [1998] suggested that covariance
between seasonality in surface CO, source and transport
from the surface to the tropical tropopause could lead to
a rectified stratospheric CO, signal not present for SF,.
However, this does not explain why the Harnisch et al.
[1998] CO, profiles have different shapes than SF, pro-
files. Moreover, scatterplots of their CO, data versus
N,O are not compact, even while their SF,-N,O scatter-
plots are compact. A noncompact CO,-N,O relationship
contradicts theoretical understanding of stratospheric
transport [Plumb and Ko, 1992] and is not observed in
other studies [Boering et al., 1996; Strunk et al., 2000;
Andrews et al., 2001b]. Strunk et al. [2000] suggested that
an alternative explanation of the different ages is con-
tamination of the CO, whole air samples.

[37] The estimates of I' from the different measure-
ments listed in Table 1 (and ER-2 measurements in the
lower stratosphere, e.g., Figure 6a) can be combined to
produce the schematic of the global I" distribution shown
in Figure 7. As it is based almost exclusively on Northern
Hemisphere data (see Table 1), the schematic is hemi-
spherically symmetric. The few available Southern
Hemisphere data, as well as model simulations, indicate
slightly greater values of I' in the Southern Hemisphere
(e.g., Figure 6a and Figure 7 of Andrews et al. [2001b]).
Also, because of the limited temporal coverage the sche-
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matic represents the annual mean I'. Available data and
models suggest larger seasonal variations at high lati-
tudes than at low latitudes.

[38] Despite these qualifications the general shape of
the isopleths in Figure 7 is probably realistic and illus-
trates distinctive features about mean age. The isopleths
are similar to those of other chemically active long-lived
tracers, such as N,O, CH,, and CFCs, in that they bulge
upward in the tropics and slope down to high latitudes.
As with all long-lived tracers, the shape of isopleths of
mean age are determined by the balance of the meridi-
onal mass (Brewer-Dobson) circulation, which tends to
increase latitudinal slopes, and isentropic mixing, which
tends to decrease the slopes [e.g., Plumb and Ko, 1992]
(see Figure 1). However, the near-vertical isopleth ori-
entations for mean age (all balloon observations in mid-
dle latitudes show near-zero vertical gradients in age
above around 25 km) are not seen in chemically active
long-lived tracers, which have vertical gradients in their
mixing ratio because they undergo photochemical pro-
cesses in the middle and upper stratosphere.

[39] Despite the weakness of the vertical gradients in
certain regions, mean age increases monotonically with
height throughout the stratosphere, a fact which at first
sight may seem surprising. Transport by the advective
residual mean circulation alone would lead to the high-
est ages in the polar lower stratosphere, whose parcels
would have descended from the highest altitudes follow-
ing ascent in the tropics [e.g., Rosenlof, 1995]. However,
because of wave-driven mixing, there is a broad distri-
bution of transit times throughout the extratropics, and
isolated descent over multiyear timescales is prevented.

3.2. Impact of Chemical Losses

[40] As discussed in section 2.3, estimates of I from
the time lag in tracer concentrations are sensitive to
chemical loss processes. For tracers with only meso-
spheric loss we expect the effect to be largest in the
mesosphere and inside the stratospheric polar vortices
[Hall and Waugh, 1998]. It is therefore possible that
discrepancies in estimates of I' in these regions from
different tracers could be due to chemical losses in one
of the tracers.

[41] Although SF, has a long global lifetime, descent
of air from the mesosphere (where the ultimate chemical
destruction of SF, occurs [Ravishankara et al., 1993])
into the polar vortices may have an appreciable impact
on mean age estimates, because the mean age heavily
weights the tail region of the age spectrum. As men-
tioned in section 3.1, several sets of simultaneous CO,
and SF, measurements in vortex air show larger I" from
SF, than from CO,. Three different platforms made SF,
and CO, measurements in vortex fragments in June
1997, and all show I' from SF, ~2 years older than I
from CO, (e.g., Figure 6d) [Strunk et al., 2000]. Further-
more, more recent measurements inside the 1999/2000
Arctic vortex also show I' from SF larger than that from
CO, (with the bias increasing with altitude) (J. Elkins
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and A. Andrews, personal communication, 2000), and
CO measurements inside the vortex and model calcula-
tions indicate that mesospheric air had descended down
to the lower stratospheric vortex [Plumb et al., 2002].
This supports the hypothesis that the difference between
SF, and CO, estimates of I" in the vortices is primarily
due to influence of mesospheric depletion of SF,. (Note
that although photolytic conversion of CO, to CO occurs
in the mesosphere, this corresponds to an overestima-
tion in I' from CO, of less than a month.) Quantification
of the mesospheric depletion of SF, and impact on I’
from SF; is difficult because of the large uncertainty in
the processes involved and the reaction rates [Reddman
et al., 2001].

[42] The influence of mesospheric air depleted in SF,
may also explain the inconsistency between the values of
I'= 8-10 years from SF, at 30 km inside the vortex
[Harnisch et al., 1996] and the younger values of 5-6
years inferred from measurements of chlorine and fluo-
rine families at 55 km [Zander et al., 1996, Russell et al.,
1996; Anderson et al., 2000]. Note also that the maximum
I' from CO, measurements is around 6 years. These
younger ages from several tracers are hard to reconcile
with the high SF, values without an SF, chemical bias.
However, a further complication is the good agreement
between I' from CF, and SF, [Harnisch et al., 1999]. As
the global lifetime of CF, is thought to be much greater
than even SF, [Ravishankara et al., 1993], one would
expect that if losses are affecting SFg, then I' from SF,
would be greater than that inferred from CF,. Note also
that measurements of CF, around 60 km indicate I’
around 12 years [Harnisch et al., 1999], twice the values
inferred from the measurements of chlorine and fluoride
families.

3.3. Interannual Variations in Mean Age

[43] Increasing attention has been focused on long-
term changes in stratospheric circulation as a part of
climate change. Modeling work suggests that the strato-
spheric circulation may respond appreciably to increas-
ing greenhouse gases [Shindell et al., 1998], and trace gas
measurements from the HALOE instrument show low-
frequency variability that may be caused by circulation
changes [Nedoluha et al., 1998; Randel et al., 1999]. In
principle, mean age can be used to isolate changes in
trace gas distributions due to changes in circulation.
Unfortunately, different tracers, instruments, and plat-
forms have different degrees of uncertainty, making it
difficult to construct reliable time series from the various
mean age estimates. However, there are a few studies
which have reported mean age measurements over a
number of years using the same tracer measurement
technique.

[44] Schmidt and Khedim [1991] analyzed balloon
whole air samples of CO, over Europe from 1976 to
1990, Nakazawa et al. [1995] analyzed similar measure-
ments over Japan from 1985 to 1991, and Boering et al.
[1996] and Andrews et al. [2001b] analyzed in situ aircraft



40, 4 / REVIEWS OF GEOPHYSICS

WAUGH AND HALL: AGE OF STRATOSPHERIC AIR o 1-13

O Volz et al., 1981 (44°N)
+ Volzet al., 1981 (52° N)
¢ Bischof et al., 1985 (44°N)

¥ Nakazawa et al., 1995 (39° N)
X Harnisch et al., 1998 (44° N)
Harnisch et al., 1998 (68° N)
L A Harvard (35° N) b
V Harvard (65° N) e
7

CO, (ppmv)
330 340 350 360

Schmidt and Khedim, 1991 (44°N)

1975 1980

1985

1990 1995 2000

Figure 8. Variation of observed stratospheric CO, with time for balloon measurements in Northern
Hemisphere middle latitudes. Symbols correspond to average values in the region above 20-25 km where
there are weak vertical gradients (see legend for references). The shaded curve represents the stratospheric
boundary condition for CO,, and the long-dashed curve is a linear fit to this boundary condition. The bold
solid curve is this fit delayed by 4.5 years, and the thin curves correspond to delays of 4 and 5 years (From

Andrews et al. [2001b].)

and balloon CO, measurements from 1992 to 1999.
Figure 8 shows the CO, balloon data from these studies,
as well as those of Bischof et al. [1985] and Harnisch et al.
[1988]. The data points represent averages over the
midlatitude regions above roughly 25 km where mean
age (and CO,) varies little with height. Although the
Schmidt and Khedim [1991] data show large interannual
variations with a time period of 3-5 years (which corre-
sponds to I" varying by as much as 4 years within a 2-year
period), the other data sets show near-linear increases in
stratospheric CO, and therefore little interannual vari-
ation in I'. This includes the Nakazawa et al. [1995] data,
which overlaps the Schmidt and Khedim [1991] period
(1985-1990). Note that the data of Harnisch et al. [1998]
appear to be outliers. As discussed in section 3.2, it has
been argued that these data may have been affected by
contamination.

[4s] A further multiyear data set of I" can be obtained
from estimates of total chlorine Cl,,, and fluorine F,,
from Halogen Occultation Experiment (HALOE) mea-
surements of upper stratosphere HCl and HF (in the
upper stratosphere HCI and HF make up the vast ma-
jority of Cl,, and F,,, respectively) [e.g., Anderson et al.,
2000]. Although there is large uncertainty in the strato-
spheric mean age estimates from these data, there is no
sign of large interannual variability. Therefore, except
for the Schmidt and Khedim [1991] analysis, there is no
evidence for large interannual variation of I" over time-
scales of several years. Longer time series will help to
establish the variability more precisely.

[4] The above multiyear data sets apply to middle
and high latitudes. At present the only tropical data are
from the few vertical balloon profiles of SF, and CO, as
part of the OMS campaign [Andrews et al., 2001b; Ray et
al., 1999], all of which occurred in February and Novem-

ber 1997. Thus the magnitude of interannual variation in
I within the tropics is unknown. As there is large inter-
annual variability of winds in the tropics, due primarily
to the quasi-biennial oscillation (QBO), we expect there
to be some interannual variability in I'. In fact, recent
modeling studies using analyzed winds from 1992 to
1997 show interannual variations in I" which are corre-
lated with the QBO (W. Norton, personal communica-
tion, 1999).

3.4. Phase Lag Times

[47] As discussed in section 2, a second class of time-
scales, phase lag times 7, can be defined from conserved
tracers whose mixing ratios at the tropical tropopause
vary periodically. Two tracers with dominant annual
cycles that have been used to estimate T, for an annual
cycle are carbon dioxide CO, [Boering et al., 1994, 1995,
1996; Andrews et al., 1999] and total hydrogen H
H,O 2CH, [Mote et al., 1996, 1998; Weinstock et al.,
2001]. The annual cycle in stratospheric CO, is forced by
the annual cycle in surface CO,, the result of seasonal
variations in biota sources and sinks, whereas the cycle
in H is forced by the annual cycle in tropical tropopause
temperatures, which regulate (via dehydration) the val-
ues of H,O (and H) entering the stratosphere.

[48] Figure 9a shows several observational estimates
of the vertical variation in the tropical stratosphere of 7,
for an annual cycle. The squares correspond to 7, de-
termined from 4 years of measurements of H,O and
CH, from the HALOE instrument on UARS based on
an empirical orthogonal function analysis by Mote et al.
[1998], the solid triangles correspond to T, from in situ
measurements of H,O and CH, (H. Vomel, Personal
communication, 2000), and the solid circles correspond
to 7, from in situ measurements of CO, from the ER-2
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Figure 9. (a) Observational estimates of the vertical variation in the tropical stratosphere of T, for an annual
cycle. Squares correspond to 7, determined from 4 years of measurements of H,O and CH, from the Halogen
Occultation Experiment (HALOE) [Mote et al., 1998], the solid triangles correspond to T, from in situ
measurements of H,O and CH, (H. Vomel, personal communication, 2000), and the solid circles correspond
to 7, from in situ measurements of CO, from the ER-2 aircraft [Andrews et al., 1999]. Also shown are
estimates of I' from balloon measurements of CO,. (b) Observed amplitude as a fraction of the tropopause
value from HALOE measurements of H and from in situ aircraft and balloon measurements of CO, and H

models. (Adapted from Park et al. [1999].)

aircraft [Andrews et al., 1999]. See Park et al. [1999] for
more details on the calculations of 7. Overall, the
agreement between the different estimates of 7 is very
good. The values of 7., shown are approximately equal to

the timescale for tropical upwelling; for example, assum-
ing constant upwelling, 7,(26 km) — 7,(16 km) 1 year
corresponds to an average ascent rate of 0.3 mm/s. Note
that the values plotted in Figure 9a represent annual
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averaged T, but the observations show a seasonal vari-
ation in 1, [Mote et al., 1996; Boering et al., 1996; An-
drews et al., 1999], with younger values in northern
winter. This seasonal variation is consistent with the
seasonal variation in the residual circulation, in which
there is a stronger tropical upwelling during northern
winter [e.g., Holton et al., 1995].

[49] Also shown in Figure 9a are estimates of I" from
balloon measurements of CO, [Andrews et al., 2001b]
(simultaneous measurements of SF, yield similar ages;
see Figure 6b). It can clearly be seen that I' > 7, with
large differences in the middle stratosphere. This is
consistent with theory and models: As discussed in sec-
tion 2, the mean age weights the long tails of the age
spectra heavily. For an annually periodic signal the tail
region is averaged out, and 7, is biased toward the peak
in the spectra and is younger than I". Physically, old air
from the extratropics is mixed into the tropics, greatly
increasing the tropical mean age. However, this extrat-
ropical air contains components with phases from sev-
eral full annual cycles of CO, or H,O at comparable
magnitude, which therefore roughly cancel and contrib-
ute little to the phase of the tropical air.

[s0] The amplitude of annual cycles also provides
valuable information on stratospheric transport, in par-
ticular tropical-midlatitude mixing. Figure 9b shows the
observed amplitude as a fraction of the tropopause value
from HALOE measurements of H and from in situ
aircraft and balloon measurements of CO, and H. The
agreement between the different observations is less
good than for the phase lag times, with the in situ
balloon measurements indicating more rapid attenua-
tion than the satellite measurements. There are poten-
tial sources of error in the estimates of amplitude from
both measurements. The HALOE likely underestimates
the peak-to-peak amplitude near the tropopause be-
cause of coarse vertical resolution [Mote et al., 1996]. On
the other hand, the in situ measurements are derived
from only a few balloon flights at a single latitude (7°S)
and therefore may not represent a tropical climatologi-
cal profile. In fact, Jost et al. [1998] observed abrupt
signatures of filaments of entraining extratropical air in
this region. Nonetheless, even with this uncertainty, the
observational estimates are useful in evaluating models,
as discussed in section 4.2.

[51] The phase and amplitude of the annual cycle and
the mean age have different sensitivities to tropical
transport rates. This has allowed them to be used in
combination to estimate simultaneously ascent rates,
mixing rates with the extratropics, and vertical diffusion
within the tropics. Hall and Waugh [1997b] fit mean age
and annual cycle solutions of a 1-D diffusive-advective-
entraining model with constant coefficients to deduce
these rates. Mote et al. [1998] used a similar analysis but
allowed for vertical variation in the transport coefficients
and used CH, instead of mean age. The resulting rate
estimates were similar, when the results of Mote et al.
[1998] are averaged over the the domain of Hall and
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Waugh [1997b] (16-32 km). Mote et al. [1998], however,
deduced a region from ~20 to 24 km of high tropical
isolation, reflecting the observation that over this region
the HALOE H,O annual cycle amplitude attenuates
very little. Overall, these analyses result in the attractive
and straightforward interpretation of the annual cycle
signal: The phase speed approximately equals the up-
welling rate, and the fractional attenuation approxi-
mately equals the fraction of tropical air with extratropi-
cal origin.

[52] The phase lag time of an annual cycle increases
with latitude from the tropics. Boering et al. [1994] re-
ported simultaneous in situ measurements of CO, and
N,O and deduced from the compactness of the tracer-
tracer scatterplot that in the lower stratosphere the CO,
annual cycle must propagate from the tropics to midlati-
tudes in no more than several weeks. This timescale,
however, must be interpreted with caution. Transport to
the lower midlatitude stratosphere occurs by a variety of
pathways with a range of transit times. Model studies
suggest this range is well over a year, so that all phases
of the tropical tropopause annual cycle are present in
midlatitude parcels. The resulting phase cancellation
leaves a small midlatitude amplitude with a residual
phase whose lag from the tropopause is much less than
the mean age. In other words, while the phase lag is
several weeks, the time to move, for example, half the
tropical air to midlatitudes is significantly longer. How-
ever, as discussed in section 3.5, Andrews et al. [2001a]
have argued recently that midlatitude lower strato-
spheric air may be composed of distinct young and old
components and that the phase lag time is a direct
measure of the young component.

3.5. [Estimates of the Age Spectra

[53] The mean age and phase lag time are pieces of
information about the full age spectrum. The age spectra
themselves cannot be measured directly, but recently
indirect estimates of the spectra have been made from
observations.

[54] Andrews et al. [1999] calculated empirical age
spectra from the time series of in situ CO, measure-
ments in the tropical lower stratosphere, assuming that
the spectra have the same functional form as the spectra
for the 1-D model (equation (8)). They obtained the best
fit to the data with seasonally varying spectra in which
both I' and 7, (modal time) are younger in northern
winter. From the derived spectra, Andrews et al. [1999]
calculated the phase lag time and attenuation of an
annually repeating tracer (see Figure 9) and also gener-
ated vertical profiles of H,O which agree well with in situ
observations.

[55] Andrews et al. [2001a] have recently extended this
type of analysis to midlatitudes and find a better fit to the
CO, data using a bimodal age spectrum. They inter-
preted the younger, narrow peak as representing rapid
quasi-horizontal wave mixing and the older, broader
peak as representing “up-and-over” transport via the
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mean meridional circulation. One way such bimodality
can occur is if a region of relatively slow outflow from
the tropics to extratropics sits above a region of more
rapid outflow. This is consistent with the analysis of Mote
et al. [1998]. These authors inferred from satellite H
observations that over the region 20- to 24-km region the
tropical upwelling rate increases with height, so that, by
continuity, the outflow is reduced. Two-way exchange
was also seen to be strongly inhibited over this region.

[s6] In a different approach, Johnson et al. [1999] have
used Fourier analysis and singular value decomposition
to deconvolve the time-mean age spectrum from the H
time series reconstructed from balloon and satellite
measurements. This approach makes no assumptions
about a functional form. Although the resulting tropical
age spectra are noisy, the modal time clearly increases
with height. In fact, the increase in modal time of 1.6
years from 16.5 to 31.5 km implies a mean velocity of 0.3
mm/s in close agreement with independent estimates of
the tropical upwelling [Rosenlof, 1995; Eluszkiewicz et al.,
1996]. The agreement corroborates the close association
of the modal time and the timescale for vertical advec-
tive ascent, confirming that mixing plays at most a small
role in tropical vertical transport.

[57] As discussed in section 2.3, the decay rate of the
age spectrum for long transit times corresponds to the
e-folding time of the longest-lived mode of stratospheric
transport. An observational estimate of this timescale
has recently been made by Ehhalt et al. [2002]. They
analyzed measurements of the tritium content in strato-
spheric water made between 1975 and 1983 and found
little vertical variation but a strong decay with time.
After taking account of radioactive decay and increases
in stratospheric water, they calculated a timescale of 7.7
years for transport out of the stratosphere. Interpreting
this as the e-folding time of the longest-lived mode, this
timescale then constrains the tail of the age spectra and
also provides an additional test on model transport.

3.6. Summary

[58] The mean age I' can be estimated from measure-
ments of several different chemical species and families
(e.g., CO,, SF, and total chlorine). There is good agree-
ment among the various estimates, except for SF, in the
polar vortex where mesospheric depletion of SF, likely
causes an overestimate of I'. In the lower stratosphere
(20 km), I' is ~1 year at the equator and increases to 45
years at high latitudes, with the largest latitudinal gradi-
ents in the subtropics. At all latitudes, I" generally in-
creases with height, attaining values of ~4 years at 30 km
in the tropics and 6 years at high latitudes. Above about
25 km, however, vertical gradients are weak in midlati-
tudes. Balloon measurements of CO, in northern middle
and high latitudes indicate that I has changed little over
the past 25 years.

[59] The propagation of an annually periodic tracer
signal has been characterized from tropical balloon and
satellite measurements of CO, and total hydrogen
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(H,O  2CH,). The phase lag time 7, is significantly
smaller than the mean age (at 30 km, 7, ~ 1 year
compared to I = 4 years) and is approximately equal to
the timescale for tropical advective upwelling (= 0.3
mmy/s).

[s0] Although age spectra cannot be measured, sev-
eral indirect estimates have been made from observa-
tions of CO, or H,0O. The most recent and detailed
analysis indicates that spectra in the extratropical lower
stratosphere are bimodal with a narrow, young peak
(representing rapid quasi-horizontal wave mixing) and a
broad, older peak (representing “up-and-over” transport
via the mean meridional circulation).

4. MODELS

[61] Transport timescales derived from tracers are
independent of photochemistry and are therefore excel-
lent diagnostics for evaluating model transport. In this
section we discuss model simulations of the mean age
and the phase lag time and amplitude of periodic tracers.

4.1. Mean Age Simulations

[62] There are several ways to calculate mean age in a
model stratosphere. The stratospheric response to an
impulsive mixing ratio boundary condition (approximat-
ing a delta function) at the surface yields the age spec-
trum, and the mean age is the first moment, as in
equation (4). In the presence of annual and interannual
transport variations one needs to simulate a series of
delta functions each centered on a successive date to
obtain the full time-varying age spectrum (function of
transit time and date) and mean age (function of date).
This is computationally intensive, as it requires many
tracers. In practice, a single delta function yields a good
approximation to the annually averaged age spectrum
and mean age. A second way to compute mean age is to
simulate the response to a linearly increasing mixing
ratio boundary condition [Hall and Prather, 1993]. In
steady (or cyclostationary) state the whole atmosphere is
increasing at the same rate, and the mean age is the lag
time at stratospheric points from the troposphere. This
technique has the advantage of requiring only a single
tracer to obtain the full time-varying mean age. A third
technique for the mean age is to obtain the steady state
response to a tracer with unit source for mixing ratio
uniformly distributed over the whole stratosphere and a
zero tropospheric boundary condition. This is summa-
rized in equation (9), has been employed by Neu and
Plumb [1999] in the stratosphere, and is the most com-
mon technique in ocean tracer studies [e.g., Thiele and
Sarmiento, 1990; England, 1995].

[63] The agreement between mean age computed as
the first moment of a single delta function response and
as computed from the linear tracer time lag is close,
when considered as an annual mean [see Hall et al.,
1999, Figure 3]. Moreover, both agree with the time lag
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Figure 10. Annual mean zonal-mean I' distributions from the (a) Goddard Space Flight Center (GSFC)
2D-INT [Rosenfield et al., 1997], (b) GSFC 2D [Fleming et al., 1999], (¢) NCAR2D [Park et al., 1999], and (d)
MONASHI1 [Waugh et al., 1997] models. Contour intervals are 0.5 year, and the bold contours indicate 2-year

intervals. (Adapted from Hall et al. [1999].)

obtained from direct simulations of SF, or CO,, includ-
ing realistic surface-distributed and temporally varying
sources. This indicates that the stratospheric mean age is
robust; that is, it is not sensitive to the tropospheric
details of the tracer.

[¢4] Mean age has been calculated by one or more of
these methods within a large number of 2-D and 3-D
models. The more than 20 models that participated in
MM2 contributed mean age simulations and had these
simulations compared to observations [Park et al., 1999;
Hall et al., 1999]. A number of other models that did not
participate in MM2 have also simulated mean age [e.g.,
Bacmeister et al., 1998; Manzini and Feichter, 1999;
Eluskiewicz et al., 2000; Reddmann et al., 2001; Zhu et al.,
2000]. Comparison of I' among different models, four of
which are included in Figure 10, shows large differences.
The differences between these four models are repre-
sentative of the differences between all models in the
MM2 study (see Hall et al. [1999, Figures 6 and 7] for the
mean age distributions of the individual MM2 models).
There is a large variation in the simulated magnitudes: at
50 km in the tropics the mean age varies from around 2
years to 5.5 years. There are also large differences in the
shape of the I' isopleths. In some models the mean age
has a local maximum in the high latitude lower strato-
sphere (e.g., Figure 10a), while in others the mean age

increases monotonically throughout the stratosphere
and mesosphere (e.g., Figures 10b-10d). In some mod-
els, mean age contours bulge up sharply in the tropics
(e.g., Figures 10b and 10d), while in others the tropical
region is less distinct (e.g.,Figures 10a and 10c). These
differences reflect and diagnose differences in the trans-
port between the models.

4.2. Comparison with Observations

[6s] The observations discussed in section 3.1 can be
used to evaluate the mean age, and hence the transport,
within models. As discussed in section 4.1, there are
qualitative differences in the shape of I' isopleths from
different models. Comparisons with the schematic T’
distribution based on observations shown in Figure 7
indicate that the models that produce a I' distribution
with maximum age (of around 6 years) in the upper
levels of the model and steep meridional gradients in the
subtropics are most realistic.

[e6] A direct and quantitative comparison of mean
age from MM2 models and CO, and SF, observations is
shown in Figure 6. Blue-shaded regions represent the
ranges of mean age simulated by a majority of the MM2
models, while the blue curves represent other selected
MM?2 models. The red curves and symbols show the
observed mean age (see Figure 6 caption for details).
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[67] Figure 6 illustrates further the large spread in the
model mean ages seen in Figure 10 and shows the
unrealistic features of mean age in many models: (1)
Most models underestimate the magnitude of mean age;
(2) most models do not reproduce the steep latitudinal
gradients in the subtropical lower stratosphere; (3) sev-
eral models exhibit a lower stratospheric I' maximum at
middle and high latitudes, which is not observed. (The
lower stratosphere mean age spikes in the OMS profiles
shown in Figure 6d are due to sampling through rem-
nants of old polar vortex air and would not survive
annual averaging.) These model-data differences indi-
cate that most models have significant inaccuracies in
their transport.

[ss] As discussed in section 3.5, Ehhalt et al. [2002]
obtained a value of 7, 7.7 years for the e-folding time
of the longest-lived mode of stratospheric transport
from measurements of the tritium content of strato-
spheric water. This value is larger than the value for the
models in the MM2 study, where 7, < 4 years for nearly
all models. This implies that the model age spectra decay
too rapidly, which is consistent with the underestimation
of the mean age by models.

4.3. Sensitivity to Aspects of Circulation

[¢9] Mean age is a measure of aggregate transport,
determined by the complex interplay of advection and
diffusion on all scales. To better understand why there is
such a large variation in I' among models, it helps to
analyze the sensitivity to specific aspects of the circula-
tion.

[70] The strength of the Brewer-Dobson circulation
has a large impact on the magnitude of I' (with a slower
circulation resulting in older air), but it has much less
impact on the shape of the I' isopleths, as has been
demonstrated in the 2-D studies of Bacmeister et al.
[1998] and Li and Waugh [1999]. This is also well illus-
trated by comparing simulations using the same off-line
transport model driven by winds archived from two
different versions of the NCAR MACCM2 model [Bo-
ville, 1995] (referred to as the MONASHI1 and
MONASH2 models in the MM2 study [Hall et al.,
1999]). The two MACCM?2 versions differed in their
gravity wave parameterized sources: The later version
(MONASH?2) included additional parameterized
sources which alleviated the strong cold pole bias of the
earlier version (MONASH]1) and significantly increased
the residual circulation magnitude. Consistent with the
2-D model sensitivity studies, the version with stronger
circulation has younger air (by ~25%) but similarly
shaped I isopleths.

[71] In contrast, the quasi-horizontal mixing rate in
the extratropics has limited effect on the magnitude but
can have a large impact on the shape of the I isopleths.
Decreased mixing leads to steeper slope of subtropical I'
isopleths, which can be seen directly for MM2 2-D
models by comparing their I" distributions and horizon-
tal diffusivities [Hall et al., 1999, Figures 6 and 10]. In
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fact, if extratropical mixing is weak enough, the I' has a
local maximum in the polar lower stratosphere. Mean
age in such a model is much like the advection time by
the residual circulation, as seen both in models [Bac-
meister et al., 1998; Hall et al., 1999; Yudin et al., 2000, Li
and Waugh, 1999] and from trajectory calculations
driven by an observationally based residual circulation
[Rosenlof, 1995]. However, observations show that mean
age does not exhibit a lower stratospheric maximum
(except when isolated vortex fragments are encoun-
tered) but rather increases monotonically with height at
all latitudes, albeit weakly in the midlatitude middle
stratosphere. Models exhibiting such a I' maximum likely
have too little quasi-horizontal mixing in the extratrop-
ics. Notably, all 2-D MM2 models that calculate the
horizontal diffusivities interactively using a wave-break-
ing parameterization, as given by Garcia et al. [1992],
display this unrealistic lower stratospheric maximum in
I.

[72] Many of the sensitivities of mean age to large-
scale circulation features can be understood with the
idealized tropical leaky pipe model of stratospheric
transport [Plumb, 1996; Neu and Plumb, 1999] described
in section 2.2. Neu and Plumb [1999] solved for mean age
in this model, revealing the inverse relationship between
mean age and residual circulation magnitude seen in the
2-D and 3-D models. In addition, the mean age was
found to increase with increased tropical-midlatitude
mixing due to enhanced recirculation of stratospheric
air. Neu and Plumb [1999] also obtained the counterin-
tuitive result that the mean age gradient across the
tropical barrier is only weakly sensitive to tropical-mid-
latitude mixing. With increased mixing the mean age
isopleths “flatten,” but the apparent decrease in hori-
zontal gradient is approximately compensated by the
overall increase in mean age magnitude.

[73] In addition to large-scale circulation features, the
mean age is sensitive to the numerical transport scheme,
as illustrated in a recent study by Eluszkiewicz et al.
[2000]. They simulated I" within the Geophysical Fluid
Dynamics Laboratory SKYHI GCM using several dif-
ferent transport schemes: two centered finite difference
schemes, the semi-Lagrangian scheme of Rasch and Wil-
liamson [1990], and the mass-conserving flux form semi-
Lagrangian schemes of Lin and Rood [1996]. In addition,
Eluszkiewicz et al. [2000] used particle trajectories (em-
ploying both sigma and potential temperature as vertical
coordinates) driven by the SKYHI winds to obtain mean
age. The mean age distribution varied widely with ad-
vection scheme, ranging from as old as 10 years in the
upper stratosphere for one of the centered difference
schemes to ages everywhere younger than 3 years for the
semi-Lagrangian scheme. Moreover, the semi-Lagrang-
ian calculation displayed a high-latitude lower-strato-
sphere mean age maxima not seen using the other
schemes.

[74] It is important to note, however, that other com-
parisons of models using the same circulation fields but
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different advection schemes show much less sensitivity
than reported by Eluszkiewicz et al. [2000]. For example,
the mean age distributions of two 3-D off-line transport
models (MONASH2 and GMI-NCAR) in the MM2
study that employed the same meteorological data from
the NCAR MACCM2 model but used the different
advection schemes (the two semi-Lagrangian advection
schemes considered by Eluszkiewicz et al. [2000]) are
very similar [Hall et al., 1999]. Similarly, the UCI23 and
GMI-GISS models in the MM2 study use the same
meteorological data (the GISS middle atmosphere
GCM) but different advection schemes (flux form semi-
Lagrangian for GMI-GISS and quadratic upstream
[Prather, 1986] for UCI23) and produce very similar I"
distributions. The insensitivity of these I" simulations to
the advection scheme shows that the differences be-
tween some model simulations are due to the circulation
fields and not the advection schemes.

[75] More recently, Mahowald et al. [2002] compared
age simulations from two versions of an off-line model
using meteorological data from the NCAR MACCM2
model, one using a standard hybrid pressure vertical
coordinate and the other using a new hybrid isentropic
coordinate. The simulations using the isentropic coordi-
nate agreed better with observations, and they argued
that the improved simulation was due to reduced nu-
merical vertical diffusion.

[76] These model analyses indicate that some caution
is required when interpreting simulated mean age solely
in terms of the large-scale circulation fields and that the
vertical coordinate and advection scheme (as well as
other characteristics of the transport scheme) may both
contribute to the problems with mean age simulations.

4.4. Propagation of Annually Repeating Tracers

[77] The propagation into the stratosphere of the an-
nually periodic tracer signals in H and CO, complement
mean age as tests of model transport. For this reason,
annually periodic tracer signals were employed in the
MM2 study and have been used in other model studies
as well. Figure 11 shows phase lag time 7, and the
peak-to-peak amplitude A, as functions of height in the
tropical stratosphere for the MM2 model participants, as
well as the observations discussed in section 3.4. Most
MM2 models propagate the annual signal too rapidly in
the vertical. Average phase speeds over the 16- to 26-km
region (Az/Ar,) range from 0.30 to 1.09 mm/s [Hall et al.,
1999], whereas the HALOE taperecorder average speed
is ~0.3 mm/s [Mote et al., 1998]. The amplitude of the
models is more difficult to evaluate, since the observa-
tional estimates of its height variation show considerable
spread. However, if one considers the attenuation fol-
lowing an upwelling seasonal impulse over a year (rather
than attenuation over a fixed height range), then the
observational and model spreads are reduced and are
sufficiently separated to show that most MM2 models
overattenuate the signal [Hall et al., 1999].

[78] The overattenuation of 4, by models at first sight
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could be due to either too much mixing of tropical and
extratropical air or too much vertical diffusion (numer-
ical or explicit) within the tropics. The 1-D advective-
diffusive-entraining observational analyses [Hall and
Waugh, 1997b; Mote et al., 1998] described in section 3.4
separate the roles of these processes and obtain from
100-hPa and 10-hPa dilution timescales between 1 and
1.5 years (with narrow regions of much slower mixing)
and diffusivities well under 0.1 m?s. In this regime,
diffusion plays little role in propagating the signal. Sev-
eral 2-D MM2 models had explicit vertical diffusivities
significantly larger than 0.1 m?s. Fleming et al. [1999]
confirmed that low diffusivities are more realistic by
performing sensitivity experiments with the Goddard
Space Flight Center 2D model and finding convergence
of I" to realistic profiles for values of K., less than 0.1
m?/s.

4.5. Summary

[9] The mean age and the phase and amplitude of
annually periodic tracers represent stringent tests of
transport in stratospheric models. These quantities have
been simulated by a large number of two- and three-
dimensional chemical transport models, and the simu-
lated fields have been intercompared and compared with
observations. There is a wide variation among models in
both the magnitude and spatial structure of the mean
age and annual cycle phase, and when compared with
observations, several unrealistic features can be seen in
most models. Such discrepancies with observations indi-
cate that most stratospheric models have significant in-
accuracies in their transport. The causes of the deficien-
cies vary from model to model. Both the large-scale
circulation and numerics, including the nature of the
vertical coordinate and the advection algorithm, play a
role in determining the mean age and characteristics of
the annual cycle propagation.

5. RELATIONSHIPS BETWEEN MEAN AGE AND
OTHER TRACERS

[s)] Mean age is a pure transport diagnostic. Model-
ers are ultimately interested in simulating accurately the
distribution of trace gases that are affected by both
transport and photochemistry. It is therefore important
to determine the extent to which constraints imposed by
mean age observations are relevant for the distributions
of various reactive gases.

[81] There are significant model-to-model variations
in simulations of long-lived photochemically active trace
gases such as N,O, NO,, and Cl,, and these variations
are similar in many respects to those of mean age. Figure
12 shows the annual mean, zonal-mean N,O for the
models shown in Figure 10. Comparison of Figures 10
and 12 shows that the isopleths of I" and N,O are almost
parallel in middle and low latitudes, and models with
strong (weak) subtropical meridional gradients in I" also
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[1999].)

have strong (weak) N,O gradients. Also, models with
younger (older) I' generally have higher (lower) N,O.
Variations in lower stratospheric N,O, NO,, and ClI,
across the set of MM2 models are well correlated with
the corresponding variations in I" (see tracer-tracer scat-
terplots in Figure 15 of Hall et al. [1999]). This close

relationship indicates that inaccuracies in the model
transport, as revealed by the mean age, have a large
impact on simulations of chemically active tracers.
Transport inaccuracies may be the principal source of
uncertainty in simulations of the lower stratospheric
distributions of these trace gases [Kawa et al., 1999].
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Figure 12. Annual mean zonal-mean N,O distributions from same models as Figure 10. Contour intervals
are 50 ppb, with additional contours shown for 1, 10, and 290 ppbv. (Adapted from Hall et al. [1999].)

[s2] The correlation between mean age and photo-
chemically active gases is not perfect, however. Using a
2-D model, Li and Waugh [1999] showed that changes in
the transport that change the magnitude but not the
shape of I' isopleths (e.g., change in strength of the
circulation, see section 4) have only a minor effect on the
lower stratospheric concentrations of the N,O and other
chemically active trace gases. This insensitivity can be
explained by the total “depletion” or “saturation” of the
gas in the upper stratosphere and mesosphere. A strato-
spheric air parcel is made up of irreducible fluid ele-
ments that have taken a range of paths to the parcel
location, and some of these paths have crossed through
upper stratospheric and mesospheric regions of rapid
photochemistry. Decreasing the circulation strength in-
creases the mean age because all elements take longer to
get to the parcel, including those that pass through
upper levels. On the other hand, for these “high flying”
elements, N,O and other tracers with photochemical
loss in upper stratosphere are fully depleted (i.e., nearly
all N,O is photolyzed) and CI, saturates (all available
organic chlorine is converted to Cl,). Additional time in
the region results in no further change. Therefore the
circulation strength has a larger impact on I' than on
chemical tracers for these irreducible elements.

[83] One might think that in a slower circulation less
air passes through upper regions before returning to the
troposphere, weakening or negating the above effect.

However, an analysis of transport pathways by Hall
[2000] indicates that the average maximum height
achieved by air during its stratospheric residence is only
weakly sensitive to the magnitude of circulation rates
(e.g., tropical upwelling, tropical-extratropical mixing,
and vertical diffusion), and so the total depletion/satu-
ration effect does indeed limit the relationship between
mean age and photochemical tracers.

[84] Schoeberl et al. [2000] also examined the relation-
ship between age and long-lived tracers. Using a La-
grangian framework, they examined the dependence of
the photochemical loss of irreducible elements on the
pathway of the elements. They showed that elements
with similar transit times experience similar photochem-
ical loss, which means that the photochemical loss of an
ensemble of elements with the same transit time can be
calculated using the average path of the ensemble. They
also showed, consistent with the above studies, a strong,
but not perfect, correlation between mean age and long-
lived tracers.

[ss] Other trace gases of considerable interest are
emissions from aircraft flying in the lower stratosphere,
which may impact ozone chemistry [Kawa et al., 1999]. A
crucial aspect of the environmental impact of these
emissions is their residence time 74 in the stratosphere,
defined as the steady state mass load divided by strato-
spheric source. The timescale T is equivalent to the
mean of the distribution of transit times for the tracer to
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be transported from the source to the tropopause [Hall
and Waugh, 2000]. Residence time and mean age are
closely related. Boering et al. [1996] noted that T" is
proportional to a trace gas with uniform stratospheric
source and tropospheric sink, as summarized in the ideal
age equation (9). Furthermore, Holzer and Hall [2000]
showed that the mean age at r is equivalent to 7 for a
source at r in the time-reversed adjoint flow. However, I'
and 1 are not identical. Both are integrated measures of
stratospheric transport that depend on a range of pro-
cesses (e.g., advection by meridional circulation and
mixing across transport “barriers”), but the two time-
scales weight the processes differently. This was illus-
trated by Hall and Waugh [2000], who examined the
relationship between I' and 14 for an aircraft-like source
in the lower-midlatitude stratosphere of the tropical
leaky pipe model. Here 75 and I are well correlated over
a large range of circulations, but the correlation is not
perfect. In particular, because the aircraft source is con-
centrated near the extratropical tropopause, T is more
sensitive to characteristics of this region, such as the
tropopause height, than is I'. The imperfect correlation
between 1z and I' can also be seen in models of the MM2
study [see Park et al., 1999, Figure 42, chapter 2; Kawa et
al., 1999, Figure 4-15]. Hall and Waugh [2000] con-
cluded that models that underestimate I' by large mar-
gins also underestimate the residence time of aircraft
emissions, but models that underestimate I' by only
modest amounts could either underestimate or overes-
timate Tz by modest amounts.

[ss] Similar considerations apply to other trace gases
of stratospheric source and tropospheric sink, such as
H,O produced from oxidation of CH, and H, in the
stratosphere and mesosphere. The mean age may be
useful in evaluating a model’s ability to hold realistic
amounts of H,O from this source. In fact, the relation-
ship between I' and 1, for H,O from CH, and H, is
likely stronger than that between I' and aircraft emis-
sions because the H,O source is more spatially distrib-
uted and farther from the tropopause.

[87] As mentioned in section 3, a conserved family of
chemicals whose abundance varies linearly in time has a
distribution proportional to mean age. In fact, measure-
ments of stratospheric I' have been used to predict the
total chlorine (Cl,,) and bromine loading in the strato-
sphere from tropospheric measurements of the total
abundances of chlorine and bromine [e.g., Woodbridge et
al., 1995; Daniel et al., 1996; Wamsley et al., 1998]. How-
ever, tropospheric total chlorine peaked around 1993-
1994 and is now decreasing [Montzaka et al., 1996], and
using mean age to estimate the stratospheric loading
during the current period when the temporal variation is
nonlinear introduces some error. To illustrate this, the
bold curves in Figure 13 show the “stratospheric” Cl,;
for three 1-D age spectra with the same mean age (6
years) but differing spectral width (see inset). For the
narrow spectrum, there is very little difference between
the time series and that using the mean age to lag the
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surface time series. However, for more realistic broader
spectra, there is significant nonlinearity over the width of
the age spectrum, and the two time series differ. In
particular, the convolution over the spectrum results in a
reduced peak in stratospheric Cl,,, and a more gradual
turnover than at the surface (or inferred using the mean
age as the time lag) [Waugh et al., 2001]. Also shown in
Figure 13 is the Cl,, at 55 km estimated from HALOE
HCI. As discussed by Waugh et al. [2001], the Cl;, from
HALOE turns over earlier and decays more rapidly than
expected. The reason for this earlier decay is currently
unknown.

6. CONCLUSIONS

[ss] The use of “age” in stratospheric analysis has
grown in recent years from a convenient empirical sum-
mary of sparse trace gas measurements to a component
of a rigorous statistical description of stratospheric
transport. Part of this description is the theory of transit
time distributions (age spectra) and their relationship to
observable transient tracers and stratospheric circula-
tion. At the same time, there has been an enormous
increase in aircraft, balloon, and satellite measurements
of stratospheric tracers and from these measurements,
there has been an increase in the number of estimates of
the mean age and other transport timescales. In addi-
tion, many modelers have simulated mean age, both to
understand better its diagnostic nature and to evaluate
transport in their models by comparing to observations.
The comparisons are stringent tests of model transport
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and have highlighted certain problems with transport in
current models (e.g., models generally underestimate
the mean age and overattenuate propagating signals of
annually repeating tracers). Age simulations and com-
parisons with data can now be considered standard tests
of stratospheric models.

[s9] There are, however, a number of outstanding
issues with regard to our understanding and ability to
model the mean age and age spectrum. Observationally,
more complete spatial and temporal coverage of chro-
nological tracers is needed to better define the mean age
distribution. In particular, there are only a few measure-
ments near the tropical tropopause. Additional observa-
tions are needed in this region to better define the
concentration history of tracers entering the strato-
sphere and hence to reduce the uncertainty in mean age
estimates.

[o0] It is also important to infer from observations
transport timescales complementary to mean age. This is
true generally because transport cannot be summarized
by a single timescale, and particularly because mean age
weights heavily air that has resided for long times in the
stratosphere, passing through regions of rapid photo-
chemistry. Transport of this old air may not be as rele-
vant for photochemically active trace gases as is younger
air. The concentrations of these gases “saturate” in the
old air even while the age keeps increasing. Thus, al-
though mean age is a powerful transport diagnostic, its
sensitivity to old air imposes a limit on its relationship to
active trace gases. More inferences of timescales that
preferentially weight younger air, such as periodic trac-
ers, are needed to complement mean age observations.

[01] The full age spectrum represents transport infor-
mation at all timescales, and knowledge of it would
circumvent the old air sensitivity problem of the mean
age. In this regard the recent estimates of the age spectra
from CO, observations by Andrews et al. [1999, 2001a]
are of particular interest. To improve such age spectral
estimates, however, additional observations and analyses
are necessary. More CO, measurements would be espe-
cially useful to corroborate and better define the mid-
latitude bimodal spectra. With sufficient observations it
may be possible to track the propagation into the strato-
sphere of interannual CO, variations, which would com-
plement the linear trend and annual cycle. Other tracers,
yet to be exploited, offer the possibility of independent
constraints on the spectrum. For example, the growth of
CFC replacement gases may be nonlinear enough to
sample early components of the age spectrum dispro-
portionately, thereby representing independent con-
straints compared to the quasi-linear tracers CO, and
SF. Preliminary analysis indicates that stratospheric
measurements of HFC-134a made between 1995 and
2000 [Schauffler et al., 1999] contain information on the
shape (width) of the age spectra.

[92] Even if the full age spectrum were known at a
given location, it would still provide no information itself
about transport pathways. However, coupled with kine-
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matic models, observational inferences about the age
spectrum can be used to infer pathways. Andrews et al.
[2001a] argue that CO, measurements imply a bimodal
age spectrum in the midlatitude lower stratosphere and
associate the early peak with direct transport from the
tropics and the later peak with “up and over” transport
of the Brewer-Dobson circulation. Further tracer anal-
yses are needed to corroborate these results. Distinct
pathways should, in principle, leave a signature in long-
lived photochemically active species as well, such as
N,O. Assuming sufficient knowledge of the photochem-
istry, it may be possible to invert the active trace gas
distribution and infer pathways and aspects of the age
spectrum, similar to a suggestion by Schoeberl et al.
[2000].

[93] Finally, more work is needed to sort out the
causes of numerical model discrepancies in mean age
and annual cycle propagation compared to observations.
It is not at present possible to state generally which
erroneous features are caused by which inaccuracies in
model dynamics. Both large-scale features of the circu-
lation and numerical diffusion and dispersion appear to
have a role in influencing mean age [Hall et al., 1999;
Eluszkiewicz et al., 2000]. Nor can these aspects of a
model’s transport be completely separated, particularly
in three dimensions, as numerical diffusion acts to dis-
tribute active trace gases, which, in turn, influence the
circulation. The fact that different dynamical and nu-
merical processes can cause similar inaccuracies in mean
age simulations, depending on the nature of the model
(2-D versus 3-D and off-line CTM versus on-line GCM),
suggests that using independent tracers in combination
to evaluate and improve models is the best approach.
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Figure 6. Comparison of observed (red curves with symbols) and modeled (blue shaded area and curves)
mean age: (a)z 20 km and latitude of (b) 5°S, (c) 40°N, and (d) 65°N. The shaded region indicates the range
of most models in the Models and Measurements II (MM2) study, while the individual curves represent
several models falling outside the range. The symbols represent observations: mean age from in situ CO,
(diamonds) [Boering et al., 1996; Andrews et al., 2001b], in situ SF, (triangles) [Elkins et al., 1996; Ray et al.,
1999], and whole air samples of SF, (square outside vortex and asterisk inside vortex) [Harnisch et al., 1996].
See Hall et al. [1999] for details.
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