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Stratospheric Mean Ages and Transport Rates
from Observations of Carbon Dioxide
and Nitrous Oxide

K. A. Boering, S. C. Wofsy,* B. C. Daube, H. R. Schneider,
M. Loewenstein, J. R. Podolske, T. J. Conway

Measurements of stratospheric carbon dioxide (CO,) and nitrous oxide (N,O) concen-
trations were analyzed to investigate stratospheric transport rates. Temporal variations
in tropospheric CO,, were observed to propagate into the stratosphere, showing that
tropospheric air enters the lower tropical stratosphere continuously, ascends, and is
transported rapidly (in less than 1 month) to both hemispheres. The mean age A of
stratospheric air determined from CO,, data is approximately 5 years in the mid-strato-
sphere. The mean age is mathematically equivalent to a conserved tracer analogous to
exhaust from stratospheric aircraft. Comparison of values for A from models and ob-
servations indicates that current model simulations likely underestimate pollutant con-
centrations from proposed stratospheric aircraft by 25 to 100 percent.

The chemistry of the stratosphere may be
strongly perturbed by pollutants as a result
of the long residence times (1-10) for gases
and aerosols in the stratosphere. Rates of
transport of pollutants into, within, and out
of the stratosphere are thus important pa-
rameters that regulate stratospheric compo-
sition. The basic characteristics of strato-
spheric circulation are known from obser-
vations of trace gases such as water vapor
and ozone (O5) (1) and of particulates from
nuclear tests (10) and volcanic eruptions
(11). Air enters the stratosphere at the
tropical tropopause, rises at tropical lati-
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tudes, and descends at middle and high
latitudes to return to the troposphere (I,
12). However, the rates for transport on
global scales are poorly known, and quanti-
tative information is critically needed to
predict the response of stratospheric O5 to
climatic or chemical change (13) or to ex-
haust deposited in the stratosphere by pro-
posed high-speed civil transports (HSCTs)
(14).

We present here in situ observations of
stratospheric CO, and N,O concentra-
tions that elucidate key aspects of strato-
spheric transport. Seasonal and annual
variations in tropospheric CO, are shown
to propagate into the stratosphere where
CO, behaves as a conserved tracer (15);
N,O is nearly invariant in the troposphere
and is removed by photolysis in the upper
stratosphere. These tracers together pro-
vide an ideal probe of transport on time
scales of importance in the stratospheric
circulation.
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Tropospheric CO, concentrations os-
cillate seasonally, reflecting hemispheric
cycles of photosynthesis and respiration;
seasonal amplitudes near the surface are 1
part per million (ppm) in the south and 3
to 15 ppm (increasing poleward) in the
north, with the two hemispheres 6 months
out of phase (16). In addition, CO, in-
creases annually on average by 1.4 ppm
year™! as a result of fossil fuel combustion
(17). The 5 years of near global scale
observations of CO, reported here reveal
that air enters the stratosphere in all sea-
sons and that seasonal cycles of CO, in
the stratosphere have identical phase in
the Northern Hemisphere and Southern
Hemisphere. Analysis of the measure-
ments establishes a lower limit for the rate
of quasi-horizontal transport from the
tropics to mid-latitudes of both hemi-
spheres and defines mean upwelling veloc-
ities in the tropics and the mean age of
stratospheric air in mid-latitudes. The re-
sults also provide critical diagnostics for
models of stratospheric transport.

We obtained simultaneous measure-
ments of CO,, N,O, and other species at
altitudes between 9 and 21.5 ki from No-
vember 1992 to February 1996, using
NASA'’s ER-2 aircraft. The longest interval
between observations was 5 months, with
near monthly time resolution between Feb-
ruary and November 1994. Sampling in-
cluded tropical, middle, and high latitudes
from 70°S to 61°N (I8).

Seasonal and annual changes in tropo-
spheric CO, propagate across the tropical
tropopause and slowly ascend, as shown by
vertical profiles of CO, in the tropics (Fig.
1A). Maxima in CO, were observed at a
potential temperature 6 ~ 435 K [corre-
sponding to a pressure-altitude of 19 km
(19)] in October 1994 and in November
1995. A minimum was observed at a similar
altitude in February 1996. The observed
extrema represent the annual maxima (or
minimum) that entered the stratosphere 3
to 4 months earlier at the tropical tropo-
pause at 390 K (~16 km). The 2-ppm
increase from October 1994 to November
1995 reflects the trend in tropospheric CO,
over that time interval. The amplitude of
the seasonal variation at 435 K is about
80% of the variation for air entering the
stratosphere (see below), a notably small
attenuation indicating that vertical advec-
tion dominates both vertical diffusion and
mixing of older air from mid-latitudes into
the tropics (20-22).

Observations of CO, at northern and
southern mid-latitudes show that seasonal
variations in CO, are transported rapidly
from the tropics poleward. However, the
seasonality at mid-latitudes is not as well
preserved with respect to altitude (or ) (for



example, Fig. 1B) as in the tropics. Plane-
tary-scale waves in the extratropics induce
both large-scale reversible air displacements
and horizontal mixing (12), resulting in air
parcels at a given altitude that have a di-
verse range of transport histories rather
than the relatively narrow distribution
found in the tropics (3, 22, 23). Seasonal
variations in CO, at mid-latitudes are evi-
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Fig. 1. (A) Vertical profiles of CO, at tropical lati-
tudes, plotted versus potential temperature (79)
for flights on 24, 26, and 29 October 1994 (7°S to
7°N; six profiles), 5 November 1995 (2°S to 4°N;
two profiles), and 13 February 1996 (2°S to 3°N;
two profiles). The dotted line denotes the tropo-
pause at 390 K (~16 to 17 km). (B) Profiles of CO,
at mid-latitudes (35° to 65°N) in November 1995,
(C) Scatterplot of simultaneous measurements of
CO, versus N,O, with N,O used as a pseudo-
vertical coordinate for November 1995; o, tropical
data from (A); +, mid-latitude data from (B). (Inset)
Same data on an expanded scale with CO, aver-
aged in 1-ppb intervals of N,O.

dent when CO, is plotted against a season-
ally invariant tracer such as N,O (for ex-
ample, Fig. 1C), which removes the vari-
ability associated with reversible displace-
ments (24) and, to some extent, with
irreversible mixing (25).

Compact relations between CO, and
N,O as in Fig. 1C were consistently ob-
served in the extratropics on the 87 flights
from 1992 to 1996, defining the seasonal
and interannual evolution of stratospheric
CO, concentrations. On several occasions
data were obtained in both southern and
northern mid-latitudes within a 3-week
period; the resulting scatterplots within
each period are nearly identical (Fig. 2).
Air at mid-latitudes in both hemispheres
for which 6 = 380 to 400 K and N,O =
305 to 310 parts per billion (ppb) exhib-
ited CO, seasonal changes identical in
phase and amplitude to changes at the

S e REPORTS |
tropical tropopause (Fig. 3A; see also Fig.
1C) (26). These observations indicate (i)
that inputs from the extratropical tropo-
sphere to altitudes above 8 = 380 to 400 K
are insignificant (27), (ii) that air enters
the tropical stratosphere continuously
throughout the year, and (iii) that air is
transported rapidly (<1 month) from the
tropics to mid-latitudes of both hemi-
spheres at altitudes near the tropopause
(28). At higher altitudes (higher 6, lower
N,O concentrations), the CO, cycle is
more attenuated at mid-latitudes than in
the tropics (Fig. 1C) and is completely
damped above 19 km (440 K). The com-
plete attenuation may reflect limited
transport of air from the tropics to mid-
latitudes at these altitudes or simply the
dominance of dispersive mixing.

Several important transport quantities
can be derived from the phase velocity of

C Fig. 2. Scatterplot of CO,
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and Samoa (14°S) from the National Oceanic S gggl:_ =
and Atmospheric Administration Climate Moni- S 356]; e o
toring and Diagnostics Laboratory Flask Net- 355 e w g . |
work data (dotted line) and the average delayed 354§ e Lo
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2.0 years; () 240 to 245 ppb, age = 3.0 years; (A): 170 to 175 ppb, age = 4.5 years. Ages have 1o
standard deviations of 0.2 year. Lines are linear least squares fits to the CO, concentrations, yielding

growth rates of 1.5, 1.3, and 1.3 = 0.1 ppm year-
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the CO, seasonal signal and from the time
lag of stratospheric CO, concentrations
with respect to the troposphere once the
seasonal signals have damped (or averaged)
out. Effective upwelling velocities in the
tropics can be derived from the altitudes of
the extrema in the CO, profiles (Fig. 1A)
and the time interval between the observa-
tion and the date on which the CO, ex-
trema entered the stratosphere (29), if the
locations of the extrema are not significant-
ly altered by mixing with mid-latitude air.
The data in Fig. 3A show that the boundary
condition for stratospheric CO, is accurate-
ly represented by the mean of ground-based
observations from southern and northern
subtropical stations [Samoa (14°S) and
Mauna Loa (19°N), respectively], retarded
by 2 months. Knowledge of this boundary
condition allows estimates of the transit
time for seasonal extrema within = 2
weeks. The resulting ascent rates (Table 1)
are remarkably similar to seasonally re-
solved velocities computed from radiative
heating rates based on the use of satellite
and climatological data (30) but are inde-
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Fig. 4. (A) Mean ages of mid-latitude air for 1992
through 1996 derived from all CO, observations
(binned in 2-ppb intervals of N,O), plotted against
N,O (as a pseudo-vertical coordinate) (heavy solid
line). Representative standard deviations of ages
for a given value of N,O are shown by horizontal
bars and are =0.2 year for N,O < 280 ppb. For
N,O < 90 ppb (heavy dashed line), data were
obtained in May 1993 and October 1994 only and
represent air that had descended in the polar vor-
tices. The thin lines show results for a tracer model
with transport based on a monthly (solid) or annual
(dashed) mean residual circulation. (B) Model re-
sults for the tropics (=15°). Observations of CO,
in low N,O and high-altitude tropical air have not

pendent of radiative transfer models. Veloc-
ities derived from CO, extend to lower
altitudes into the region near the tropical
tropopause where air enters the stratosphere
and heating rates are small.

The mean age (A) of air at a point in the
stratosphere is commonly defined as the
time lag between the observed stratospheric
concentration and tropospheric values for a
conserved tracer with a time-varying con-
centration in the troposphere, for example,
CO, (2, 3) or sulfur hexafluoride (SF,) (9,
31). Hall and Plumb (23) showed that, if
the tropospheric concentration of the trace
gas increases linearly with time, this time
lag is identical to an average over the en-
semble of transit times from the troposphere
and therefore represents the true average
time (or “mean age”) since the air entered
the stratosphere. We calculated mean
stratospheric ages from CO, data, using a
linear fit to the deseasonalized boundary
condition in Fig. 3A after correcting for
methane (CH,) oxidation (15). For alti-
tudes at which seasonal variations in CO,
have damped out, that is, higher than 3 to
5 km above the tropopause at mid-latitudes
(N,O < 280 ppb), remarkably precise ages
for a given value of N,O were obtained for
all observations from 1992 to 1996, includ-
ing 2.0 = 0.2 years for N,O = 275 to 280
ppb and 4.5 = 0.2 years for N,O = 170 to
175 ppb (Fig. 3B), and values exceeding 5
years for low N,O air in the polar vortices
(Fig. 4A) (32). These ages are in good
agreement with those derived from SF; (9,
33). The uniformity of the ages derived
from CO, data obtained frequently over a
5-year period and the agreement with ages
from SF, observations indicate that negligi-
ble errors are introduced by the CO, sea-
sonal cycle or by interannual variations in
CO, growth rates.

The mean age A is a quantity closely
related to the mean residence time for pol-
lutants with stratospheric sources (exhaust
from HSCTs, for example) that can be ac-
curately determined from atmospheric oh-
servations. We show here that A is mathe-
matically equivalent to a conserved pseudo-
tracer with unit stratospheric input rate and
zero tropospheric concentration. The mass
continuity equation for the concentration
C of a conserved tracer is

where ®. is the flux. If C at the tropopause
(z = 0) increases linearly with time t [C(x,
y, 05 t) = C, + bt] and ®. = O normal to
the upper boundary, we can define A =

—(C = Cy — bt)/b, giving
dAlat + Vb, =1 (2)

The right side of Eq. 2 represents a uniform
“source” (aging rate), and the concentra-
tion (age) at the lower boundary is A(x, vy,
0;¢t) = 0.

A simple model that solves Eq. 2, with
the second term computed from the monthly
residual circulation (34) averaged into a
tropical and two mid-latitude zones, repro-
duces the distribution of A in the extratrop-
ics derived from CO, (Fig. 4, A and B) (35).
The agreement is surprising because the re-
sidual circulation in the model is completely
advective; it may be explained by noting
that model ages are 20% smaller at mid-
latitudes and almost 40% smaller in the trop-
ics if the residual circulation is averaged
annually instead of monthly. We therefore
infer that fluctuations in the sign and mag-
nitude of the residual circulation on monthly
time scales provide significant mixing in the
model on global scales, sufficient to match
the mean ages derived from the observations.

The pseudo-tracer A, constrained by ob-
servations, represents a critical parameter to
test models used to predict the distributions
of pollutants from HSCTs. For HSCTs fly-
ing at Mach 2.4 with an emission index of
15 ¢ of NO_ per kilogram of fuel burned
(14), the model described above predicts
peak enhancements in stratospheric nitro-
gen oxides (ANO,) of >5 ppb for 15° to
90°N and >3 ppb for 15°N to 15°S, or 25
to 100% greater than predicted by models
used in recent assessments (14). This differ-
ence is consistent with the underestimation
of mean ages derived from SF distributions
simulated by assessment models (36).
Hence, these models likely underestimate
ANO, resulting from HCSTs by 25 to
100%.

These measurements of CO, and N,O
provide quantitative information on
stratospheric transport rates and unique
constraints on stratospheric models, in-
cluding (i) a lower limit of 1 month on
rates for the dispersal of tracers from trop-
ical to mid-latitudes of both hemispheres;
(ii) seasonally resolved tropical upwelling

yet been acquired. aClot + V- =0 (1) velocities in the range 0.2 to 0.3 mm s~}
Table 1. Upwelling velocities in the lower tropical stratosphere.

. ) Potential temperature Time period for ascent Transit time Ascent rate Ascent rate
Date of tropical profile range (K) from tropopause (days) (Kday™ ) (107°ms ") (38)
24, 26, 29 Oct. 1994 390 — 430 £ 5 1 July — 26 Oct. 118 = 14 0.34 = 0.06 0.19 + 18%
5 Nov. 1995 390 - 438 = 4 1 July — 5 Nowv. 128 + 14 0.38 + 0.07 0.21 £ 18%
13 Feb. 1996 390 — 440 + 10 15 Nov. — 13 Feb. 90 + 14 0.56 + 0.14 0.31 = 25%
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and (iii) accurate mean ages for the lower
and middle stratosphere, including 2 years

at

altitudes of 15 km and >5 years for

altitudes above 25 km. Values for A rep-
resent a powerful diagnostic for strato-

sp
us

heric models, readily computed by the
¢ of a simple pseudo-tracer. Reproducing

the observed temporal and spatial evolu-
tion of the relation between CO, and N,O
represents a further challenging test. With
this information it should be possible to
improve models and provide enhanced
confidence in predictions of environmen-

ta
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