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Abstract. As a basic understanding of the dynamics of the at-
mospheric circulation, it has been believed that gravitational
separation of atmospheric components is observable only in
the atmosphere above the turbopause. However, we found,
from our high-precision measurements of not only the iso-
topic ratios of N2, O2 and Ar but also the mole fraction of
Ar, that gravitational separation occurs even in the strato-
sphere below the turbopause; their observed vertical profiles
are in good agreement with those expected theoretically from
molecular mass differences. The O2/N2 ratio observed in the
middle stratosphere, corrected for gravitational separation,
showed the same mean air age as estimated from the CO2
mole fraction. Simulations with a 2-dimensional model of
the middle atmosphere indicated that a relationship between
gravitational separation and the age of air in the stratosphere
would be significantly affected if the Brewer–Dobson circu-
lation was enhanced due to global warming. Therefore, grav-
itational separation is usable as a new indicator of changes in
the atmospheric circulation in the stratosphere.

1 Introduction

The gravity of the earth prevents the atmosphere from dis-
sipating into space. It is also known that the gravity causes
atmospheric molecules to separate depending on their mo-
lar masses, which is called “gravitational separation”. It
is widely recognized that gravitational separation of atmo-

spheric components occurs in the atmosphere above the tur-
bopause (about 100 km) (Lewis and Prinn, 1984; Jacobs,
1999). On the other hand, we have suggested from our mea-
surements of the stable isotopic ratios of major atmospheric
components (δ(15N) of N2 and δ(18O) of O2) (Ishidoya et
al., 2006, 2008a, b) that gravitational separation exists even
in the stratosphere. However, in our earlier studies, we were
not able to exclude the possibility that some other factors af-
fected our measurement results.

In this paper, we present new concrete evidence for the
existence of gravitational separation in the stratosphere. We
also show a significant effect of gravitational separation on
the O2/N2 ratio (δ(O2/N2)) measured in the stratosphere.
Furthermore, we propose to use gravitational separation as
a new indicator to detect a change in the Brewer–Dobson
Circulation (BDC) (Brewer, 1949) in the stratosphere. At-
mospheric general circulation models have shown that the
mean age of stratospheric air decreases as the BDC is en-
hanced under global warming (Austin and Li, 2006; Li et al.,
2008), but a significant change of the air age has not been
observed so far (Engel et al., 2009). Since the gravitational
separation occurs physically due to gravity, its effect is ex-
pected to become more pronounced as the stratospheric air is
slowly transported poleward after it enters the tropical strato-
sphere from the troposphere. Therefore, in this conceptual
framework, by measuring gravitational separation, it would
be possible to obtain information about changes in the strato-
spheric circulation. To confirm this supposition, we simulate
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stratospheric gravitational separation using a 2-dimensional
model of the middle atmosphere (SOCRATES) (Huang et al.
1998; Park et al., 1999; Khosravi et al., 2002), and then ex-
amine the relationship between gravitational separation and
the stratospheric circulation.

2 Stratospheric air collection and sample analyses

The collection of stratospheric air has been carried out using
a balloon-borne cryogenic air sampler over Sanriku (39◦ N,
142◦ E) and Taiki (43◦ N, 143◦ E), Japan, since 1985 (e.g.,
Nakazawa et al., 1995; Aoki et al., 2003). Our air sampler
consists of 12 stainless-steel sample containers, a liquid he-
lium dewar, a receiver, a transmitter, a control unit and batter-
ies; all these components are housed in a water- and pressure-
proof aluminum chamber (Honda, 1990; Honda et al., 1996).
The volume of each sample container is about 760 mL, and
its inner wall is electropolished. A motor-driven metal-to-
metal seal valve is attached to each sample container. The
other end of the motor-driven valve is connected to a sam-
ple intake, located 3.5 m below the bottom of the aluminum
chamber, through a manifold and a stainless-steel bellows
tube with an inner diameter of 15 mm reinforced with mesh.
Before sampling, all the sample containers were evacuated
by heating and then cooled by filling the dewar with liquid
He. Then, the cryogenic air sampler was connected to a large
balloon, launched from the balloon center at Sanriku or Taiki
early in the morning and recovered from the Pacific Ocean
around noon. Air samples were collected in the containers at
assigned altitudes by opening and closing the motor-driven
valves using a telecommand system. The flow rates of sam-
ple air at the respective altitudes were 50–100 L min−1 at am-
bient pressures, and typical amounts of air samples collected
were about 25 L at standard temperature (0◦C) and pressure
(1013.25 hPa).

In this study, δ(15N) of N2, δ(18O) of O2, δ(O2/N2),
δ(Ar/N2) andδ(40Ar) are reported in per meg (one per meg
is equal to 1× 10−6),

δ
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Here, n means the amount of each substance, and “refer-
ence” is dried natural air filled in a high-pressure cylinder
in the suburban areas of Sendai (38◦ N, 140◦ E, 150 m a.s.l.),
Japan, in November 1998 as a primary standard of our mea-
surements (Ishidoya et al., 2003). We have also prepared 6
working standard air by a similar procedure, and the working
standards showed no systematic trend in theδ(15N), δ(18O)
andδ(O2/N2) with respect to the primary standard since 1999
(Ishidoya et al., 2012). To detect gravitational separation in
the stratosphere, we measured theδ(15N) of N2, δ(18O) of
O2 andδ(O2/N2) of the air samples collected over Sanriku
on 31 May 1999, 28 August 2000, 30 May 2001, 4 Septem-
ber 2002, 6 September 2004, 3 June 2006 and 4 June 2007,
as well as of those collected over Taiki on 22 August 2010,
using a mass spectrometer (Finnigan MAT-252) (Ishidoya et
al., 2003).δ(15N) of N2 and δ(18O) of O2 were also mea-
sured for the samples collected over Sanriku on 8 June 1995.
Furthermore, the air samples collected over Sanriku on 4
June 2007 were analyzed forδ(15N) of N2, δ(18O) of O2,
δ(O2/N2), δ(Ar/N2) andδ(40Ar) using a new mass spectrom-
eter (Thermo Scientific DELTA-V). It is noted that theδ(15N)
andδ(18O) values measured by using the MAT-252 are con-
firmed to agree with those measured by DELTA-V within
the measurement precision, as seen in Fig. 1 discussed be-
low. The measurement precision (external reproducibility)
of MAT-252 for δ(O2/N2), δ(15N) andδ(18O) of the strato-
spheric air samples was estimated to be± 30–40,± 12 and
± 26 per meg (± 1σ ), respectively, by repeatedly introducing
the same air sample into the mass spectrometer (Ishidoya et
al., 2006). On the other hand, DELTA-V showed a precision
of ± 5, ± 7, ± 35 and± 22 per meg forδ(15N) of N2, δ(18O)
of O2, δ(Ar/N2) andδ(40Ar), respectively.

3 Results and discussion

3.1 Vertical profiles of the isotopic ratios of N2, O2 and
Ar, and the Ar/N 2 ratio

Figure 1 shows the vertical profiles of the isotopic ratios of
N2, O2, and Ar, and the Ar/N2 ratio over Sanriku on 4 July
2007. Since the differences in mass number (1m) for δ(18O),
δ(Ar/N2) andδ(40Ar) are 2, 12 and 4, respectively, the mea-
sured values of each variable plotted in this figure are normal-
ized to the values corresponding to1m = 1, i.e.,δ(18O)/2,
δ(Ar/N2)/12 andδ(40Ar)/4. The measured values are also
summarized in the electronic supplement, Table S1. As seen
in Fig. 1, all the vertical profiles show a gradual decrease with
height, their average difference between the lowermost part
of the stratosphere and 32 km being about 45 per meg, and
the fluctuations of their profiles are correlated well with each
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Fig. 1. δ(15N) of N2, δ(18O)/2 of O2, δ(Ar/N2)/12 andδ(40Ar)/4
observed over Sanriku, Japan, on 4 July 2007. Also shown is the
vertical profile ofδ value calculated using a 1-dimensional steady
state eddy diffusion/molecular diffusion model for the mass number
difference of 1. The tropopause height on 4 July 2007 was estimated
to be about 12 km. The vertical eddy diffusion coefficient (black
dashed line) and molecular diffusion coefficient (black solid line),
and the gravitational acceleration (green solid line) for the model
are also shown.

other. Such a good correlation is not well interpreted yet,
but causes may be seasonally varying strength of the BDC
or short-term variations in the stratospheric air transport. A
vertical profile calculated using a 1-dimensional steady state
eddy diffusion/molecular diffusion model for1m = 1 is also
shown in Fig. 1. The model is based on Eq. (33) in Lettau
(1951),
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and

H = kT0
/
mN2g0, (2d)

where subscripti denotes the species of air.Ci , g andT are
the number density, the gravitational acceleration and abso-
lute temperature at the altitudez km, respectively. The index
“0” (e.g., Ci0) refers to the quantities at the Earth’s surface.
g0 is 9.8 ms−2 and the vertical profile ofg is also shown in

Fig. 1.N is the number density of air, andγ0 is the strength
of the continuous external source (or sink). Theγ0 is simply
assumed to be zero in this study.H andµi denote the scale
height and the reduced mass, respectively.mi andmN2 are
the relative molecular masses of the speciesi and N2, respec-
tively. k is Boltzmann’s constant, andDiN2 andKz denote the
coefficient of mutual (i and N2) molecular diffusion and the
vertical eddy diffusion coefficient, respectively. The vertical
eddy diffusion and molecular diffusion coefficients for the
model were taken from Massie and Hunten (1981) and Let-
tau (1951), respectively, and the coefficients were also plot-
ted in Fig. 1. Atmospheric temperatures and pressures of the
model were given by the meteorological data obtained from
rawinsonde observations. The calculated vertical profile is
highly consistent with the observational results, suggesting
that gravitational separation due to molecular diffusion can
occur even in the stratosphere. However, as pointed out in our
previous studies (Ishidoya et al., 2006, 2008a), the air intake
of our cryogenic air sampler is gradually heated by the solar
radiation during ascent, possibly causing lighter molecules to
enter the sample air preferentially at high altitudes by a pro-
cess called thermal diffusion (Blaine et al., 2006). If this is
the case, such an effect would yield a vertical profile similar
to that expected from the gravitational separation. Therefore,
for providing a definitive evidence of the existence of grav-
itational separation in the stratosphere, it is indispensable to
quantitatively evaluate the magnitude of the thermal diffu-
sion effect. It is noted that the thermal diffusion could also
cause a diffusive separation of the actual lower atmosphere
in the center of a wide desert due to the nighttime vertical
temperature gradient (Adachi et al., 2006).

3.2 Laboratory experiments on the thermal diffusion
effect

To examine the thermal diffusion effect at the air intake, labo-
ratory experiments were carried out. Dry natural air was first
filled into two 2700 mL Pyrex glass flasks connected in se-
ries at an overpressure of 0.07 MPa, and then one was grad-
ually cooled to−57◦C, while the other was kept at room
temperature (25◦C). During this period, the air in the flask
with room temperature was introduced into an inlet system
of the mass spectrometer equipped with a dual inlet sys-
tem (Thermo Scientific DELTA-V). The sample air intro-
duced from the flask was exhausted from the inlet system
with a flow rate of 4 mL min−1 and only a smidgen of air
was transferred to an ion source of the mass spectrometer
through a thermally insulated fused silica capillary, to con-
tinuously measureδ(15N), δ(18O), δ(O2/N2), δ(Ar/N2) and
δ(40Ar). The reference air was also introduced into the mass
spectrometer by the same procedure using the other inlet. The
pressure imbalance between the sample air and the reference
air as well as the influences of CO2 mole fraction and O2/N2
ratio of the sample air on the measured values of the respec-
tive variables were experimentally corrected (e.g., Bender et

www.atmos-chem-phys.net/13/8787/2013/ Atmos. Chem. Phys., 13, 8787–8796, 2013
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Fig. 2.Plots ofδ(18O)/2,δ(Ar/N2)/12 andδ(40Ar)/4 againstδ(15N)
for stratospheric air samples collected over Sanriku, Japan, on 4 July
2007, and those for laboratory experiments to examine a possible
effect of thermal diffusion at the air intake of the sampler on the
collected air samples (see text). Black dashed line represents the
relationship expected from the gravitational separation.

al., 1994; Ishidoya et al., 2003). The sample air and the ref-
erence air were alternately analyzed, taking 80 s for one cy-
cle analysis of reference–sample–reference. By analyzing the
same air sample repeatedly, the precision of measured values
of δ(15N), δ(18O), δ(O2/N2), δ(Ar/N2) andδ(40Ar) was esti-
mated to be± 8, ± 20,± 5, ± 10 and± 70 per meg, respec-
tively.

In general, gravitational separation is completely mass-
dependent (proportional to the difference between the
mass numbers of related molecules), while the fraction-
ation of molecules due to thermal diffusion is slightly
mass-independent (Severinghaus et al., 2001). The re-
lationships of δ(18O)/2, δ(Ar/N2)/12 and δ(40Ar)/4 with
δ(15N) of N2, obtained from our laboratory experiments,
are shown in Fig. 2 together with those observed in
the stratosphere. The experimentally determined ratios
of δ(18O)/δ(15N), δ(Ar/N2)/δ(15N) and δ(40Ar)/δ(15N) are
(1.55± 0.02), (16.2± 0.1) and (2.75± 0.05) per meg per
meg−1, respectively. These ratios are clearly different from
the corresponding values of (2.1± 0.2), (11.9± 1.4) and
(4.2± 0.6) per meg per meg−1 derived from the observa-
tional results shown in Fig. 2 as well as of 2, 12 and 4 ex-
pected from gravitational separation. These statistically sig-
nificant differences clearly show that the effect of thermal
diffusion on our observation data is negligibly small. Previ-
ous studies have reported thermal diffusion factors’ ratios of
approximately 1.6 (Grew and Ibbs, 1952; Severinghaus et al.,

2001) and 2.6 (Severinghaus et al., 2001) forδ(18O)/δ(15N)
andδ(40Ar)/δ(15N), respectively, which are consistent with
our experimental results. Therefore, we conclude that grav-
itational separation of the major atmospheric components is
clearly observable, not only above the turbopause but also in
the stratosphere.

3.3 Effect of gravitational separation on theδ(O2/N2)
and CO2 mole fraction in the stratosphere

In order to determine the magnitude of gravitational separa-
tion in the stratosphere, we define a parameter “< δ >” as an
average value ofδ(15N) of N2, δ(18O)/2 of O2, δ(Ar/N2)/12
andδ(40Ar)/4 for each collected air sample. From its vertical
profile, we are able to evaluate the effects of the gravitational
separation on the mole fraction (1Xgrav) and the isotopic ra-
tio (1δgrav) of a specified atmospheric component at a certain
altitude using the following equations:

1Xgrav ≈ X × (m − mair) × 1 < δ > (3)

and

1δgrav = 1m × 1 < δ > . (4)

Here,X is the mole fraction of the specified component,m

andmair denote the relative molecular masses of the specified
component and air, respectively, and1< δ > is the differ-
ence in the measured< δ > value from its tropospheric value.
Equations (3) and (4) are similar to Eq. (3) in Etheridge et
al. (1996) and Eq. (10) in Severinghaus and Battle (2006),
respectively, which were used to evaluate gravitational sepa-
ration of atmospheric components in polar firn.

It is expected from the above discussion that the tropo-
spheric air having intruded into the tropical stratosphere is af-
fected by gravitational separation during poleward transport.
To exclude this effect, the data ofδ(O2/N2) and CO2 mole
fraction (µmol mol−1) taken at altitudes above 18–25 km
since 1999 were corrected for gravitational separation using
Eqs. (4) and (3), respectively, and their averages for each year
are shown in Fig. 3. As seen in the figure, the corrected values
of δ(O2/N2) are significantly higher than the observed values.
In addition, variability in theδ(O2/N2) value, represented by
the error bars in Fig. 3, is much reduced by applying the
gravitational separation correction. On the other hand, the
difference between the CO2 mole fraction with and without
the correction is quite small (0.14–0.36 µmol mol−1). These
results imply that the gravitational separation correction is
necessary when extremely small variations of abundant at-
mospheric components are discussed.

It is also obvious in Fig. 3 that the stratosphericδ(O2/N2)
value, corrected for the gravitational separation, decreases
secularly following a similar temporal change in the upper
troposphere over Japan, mainly due to anthropogenic fos-
sil fuel combustion (Ishidoya et al., 2012). By comparing
the stratospheric CO2 and SF6 mole fraction with their mole

Atmos. Chem. Phys., 13, 8787–8796, 2013 www.atmos-chem-phys.net/13/8787/2013/
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Fig. 3. Average values ofδ(O2/N2) and the CO2 mole fraction ob-
served above 18–25 km over Sanriku and Taiki, Japan, for the pe-
riod 1999–2010, after (black open circles) and before (red trian-
gles) correcting for the gravitational separation effect. Asterisks de-
note the annual mean values ofδ(O2/N2) and the CO2 mole frac-
tion observed in the upper troposphere over Japan for the period
2000–2010.

fraction histories in the equatorial troposphere, the middle
stratospheric air is found to be older by several years than
the tropospheric air (e.g., Waugh and Hall, 2002). If the
gravitational separation effect is reasonably corrected by the
above method, then the obtained stratosphericδ(O2/N2) val-
ues should yield a mean age similar to that derived from the
CO2 mole fraction data. In this study, the data of equatorial
troposphericδ(O2/N2) are not available. Therefore, we sim-
ply calculated average time lags between the corrected mid-
dle stratospheric and upper tropospheric values ofδ(O2/N2)
and CO2 mole fraction shown in Fig. 3 by shifting the rel-
evant solid line to match the corresponding dashed line.
The average time lag, thus obtained, is (3.9± 0.9) years for
δ(O2/N2) and (4.0± 0.4) years for the CO2 mole fraction,
both values being consistent with each other. This agree-
ment strongly suggests that the present gravitational sepa-
ration correction is appropriate. The time lags obtained by
this method are shorter by about 1 yr than our “CO2 age” to
be appeared in Figs. 5 and 6, which was calculated from the
middle stratospheric and equatorial tropospheric CO2 mole
fractions, reflecting different tropospheric CO2 mole frac-
tions between the tropics and northern mid-latitudes. It is
noted that the< δ > and the CO2 age measured over Sanriku
in 1995, 1999, 2000, 2001, 2002, 2004, 2006 and 2007, as
well as over Taiki in 2010, are also given in the Supplement
Tables S2–S10, respectively.

3.4 Numerical simulation of gravitational separation

Existence of gravitational separation in the stratosphere was
also confirmed theoretically by numerical model simulations.
As a first attempt, a 2-dimensional model of the middle at-

mosphere (SOCRATES) developed by National Center for
Atmospheric Research (NCAR) was used to evaluate the ba-
sic structure of gravitational separation in the stratosphere.
In this model, mass transport processes caused by molecular
diffusion were originally taken into account only above the
mesosphere, since the molecular diffusion effect was thought
to be negligibly small in the stratosphere compared with
the eddy diffusion effect. In this study, we simply lowered
its vertical domain to the tropopause for the calculation of
molecular diffusion. Molecular diffusion theory included in
SOCRATES is based on Banks and Kockarts (1973),

fi = −Di

[
∂Ci

∂z
+

Ci

Hi

+ (1+ αTi)
Ci

T

∂T

∂z

]
, (5)

wherefi , Di , Ci , Hi andαTi are the vertical flux by molecu-
lar diffusion, the molecular diffusion coefficient, the number
density, the scale height and the thermal diffusion factor for
speciesi, respectively. We assumedαT i to be zero, since the
thermal diffusion effect would be of no importance in the
stratosphere. The lesser importance of the thermal diffusion
than gravitational separation was confirmed below 40 km by
a simulation assuming theαT i to be 0.01, which is a rough
approximation of theαTi for the mixtures of15N14N–14N2
(or 18O16O–16O16O, 40Ar–36Ar) at 255 K (Severinghaus et
al., 2001). The molecular diffusion coefficient is given by

Di

/(
cm2s−1

)
= 1.52× 1018

(
cm−1s−1kg−1/2K−1/2

)
×

(
1

mair
+

1

mi

)1/2 √
T

N
, (6)

wheremair has the same meaning as above, andmi andN are
the mean relative molecular mass of speciesi and the number
density of air, respectively. Based on this model setup, we
calculated height–latitude distributions of12C16O2 (mi = 44)
and13C16O2 (mi = 45) mole fractions, and then derived the
isotopic ratio,

δ
(

13C16O2

)
=

[
n
(
13C16O2

)
/n

(
12C16O2

)]
strat[

n
(
13C16O2

)
/n

(
12C16O2

)]
trop

− 1. (7)

Here, subscripts “trop” and “strat” denote the tropospheric
and stratospheric values, respectively. In this study, we used
the isotopic ratios of CO2 to simulate the< δ > value in-
stead of those of N2, O2 and Ar obtained from our mea-
surements, since most chemistry–climate models including
SOCRATES cannot calculate the mole fractions and isotopic
ratios of major components of the atmosphere. However, as
seen from Eq. (4), the effect of gravitational separation on
the isotopic ratio depends not on the atmospheric compo-
nent but on1m. We also confirmed, using SOCRATES, that
variations in the simulated vertical profile ofδ(12C18O16O
(mi = 46)) (1m = 2) are just twice larger than those of
δ(13C16O2) (1m = 1). Therefore, gravitational separation of
major stratospheric components can be discussed using the
< δ > value simulated forδ(13C16O2).
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Fig. 4. Annual mean height–latitude distributions of(a) < δ > value (per meg) and(b) CO2 age (years) calculated using the SOCRATES
model for Control Run, and the corresponding results for Enhanced BDC (c andd). Theδ values lower than−500 per meg are shown by
gray shades.

 19 

-40

-20

0

20

A
no

m
al

y 
of

 <
δ>

 (p
er

 m
eg

)

2008200420001996
Year

6.5
6.0
5.5
5.0
4.5
4.0

CO
2  age  (years)

   1 
Figure 5. Average values of the deviations of <δ> from its mean vertical profile over the 2 
observation period (upper) and those of the CO2 ages (lower) at heights above 20-28 km 3 
for the respective years. 4 
 5 

Fig. 5. Average values of the deviations of< δ > from its mean
vertical profile over the observation period (upper) and those of
the CO2 ages (lower) at heights above 20–28 km for the respective
years.

In the actual atmosphere, the13C16O2/12C16O2 ratio has
been decreasing secularly due to the emissions of isotopi-
cally light CO2 by human activities. However, in this study,
we assumed the13C16O2/12C16O2 ratio to be constant in
the lowermost layer of the model, since our aim is to sim-
ulate the gravitational separation on12C16O2 and 13C16O2

molecules. The boundary conditions and other input data for
the present simulations were the same as for the SOCRATES
baseline-atmosphere run (Huang et al., 1998). At first, a 20 yr
spin-up calculation was carried out with no CO2 increase in
the troposphere, and then a 30 yr simulation was performed
with monotonically increasing CO2 at the model surface, to
evaluate both the CO2 age and gravitational separation on
12C16O2 and 13C16O2. The CO2 age was simply defined
as a time difference between the appearance of the same
CO2 mole fraction in the stratosphere and the troposphere.
Since the CO2 age obtained from the model simulation was
obviously underestimated compared with the observational
result, probably due to atmospheric circulation moving too
fast, the meridional mass transport was arbitrarily suppressed
by changing the meridional mass stream function in this
study so that the model-calculated CO2 ages at northern mid-
latitudes were close to the results observed over Japan. The
results obtained under this condition are referred to as “Con-
trol Run”.

Regarding the CO2 age underestimated by SOCRATES,
it is interesting to describe the study of Park et al. (1999),
in which the global mean ages of the stratospheric air de-
rived using various models, including SOCRATES, are ex-
amined in detail. They found that almost all models show
lower mean ages for the lower and middle stratosphere com-
pared to observations. They also suggested that the mean age
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Fig. 6. (a)Plots of the< δ > value at 29 km against the average val-
ues of CO2 ages at heights above 20–28 km for the respective obser-
vations over Sanriku and Taiki, Japan (closed circles). Color bar and
Arabic numerals near the symbols indicate the observation years.
The results calculated using the SOCRATES model for Control Run
(solid lines) and Enhanced BDC (dashed lines) are also shown. Blue
and red dotted lines represent the results obtained by applying a lin-
ear regression analysis to the data for the periods 1995–2001 and
2004–2010, respectively. It is noted that the result for 2002 is not
used in the regression analysis, since the error in the CO2 age es-
timated for that year is significantly larger compared to the other
years due to large variability in the vertical CO2 profile observed in
that year. It is also noted that the observed< δ > values at 29 km,
which is approximately the highest altitude covered by all our ob-
servations, are the values obtained by applying linear least squares
fits to the vertical< δ > profiles for the respective years, and their
error bars denote standard deviations (± 1σ ) of the < δ > values
from the respective fitted lines. On the other hand, since the vertical
gradients of the CO2 age are not significant above 20–28 km, we
use the average values of CO2 ages above these altitudes.(b) Verti-
cal profiles of the< δ > values and the CO2 ages calculated using
the SOCRATES model for Control Run (solid lines) and Enhanced
BDC (dashed lines). Black solid (dashed) line denotes the< δ >

values for the CO2 age of 5 yr at 40◦ N for Control Run (Enhanced
BDC).

should be increased by reducing the residual circulation mag-
nitude and/or by enhancing the mixing of extratropical and
tropical air. In this connection, the latter may partly explain
the age underestimation by models, since the CO2 ages es-
timated from our balloon observations are consistent with
those reported by Ray et al. (2010) using a Tropical Leaky
Pipe (TLP) model with fast horizontal mixing in the lower
stratosphere.

The annual mean distributions of the< δ > value and the
CO2 age calculated using SOCRATES are shown in Fig. 4a
and b, respectively. The height–latitude distribution of the
CO2 age is close to those summarized by Waugh and Hall
(2002) on the basis of the observations and model simu-
lations. Simulated vertical distributions of the< δ > value
and the CO2 age at northern mid-latitudes are almost con-
sistent with the observational results. The model result pre-
dicts that the vertical gradient of the< δ > value increases
with increasing height especially at mid- and high latitudes
and that the differences between low and high latitudes
will be also observable. The basic structure of the vertical–
meridional distribution of the< δ > value reproduced by
model calculations can be interpreted as a result of a bal-
ance between the mass-dependent molecular diffusions and
the mass-independent transport processes in the stratosphere.

3.5 Gravitational separation as a new indicator of
atmospheric circulation

Our observational results show that the< δ > value always
decreases with increasing altitude due to the gravitational
separation effect, but the vertical gradient is different depend-
ing on observation. To examine the temporal variations of the
vertical gradient, we calculated an average vertical profile of
< δ > by applying a linear least squares fit to all the profiles
observed in this study and then obtained deviations of the re-
spective< δ > values from the average profile. The average
of the deviation values of< δ > above 20–28 km for each ob-
servation is shown in Fig. 5 as< δ > anomaly, together with
the CO2 age calculated from our stratospheric and equatorial
tropospheric mole fraction data (Nakazawa et al., 1997). The
results indicate that the< δ > anomaly is negatively corre-
lated with the CO2 age, which means that gravitational sep-
aration becomes stronger when the relevant stratospheric air
becomes older.

As described in the previous section, the magnitude of
gravitational separation at a certain altitude in the strato-
sphere is basically determined by the molecular diffusion and
the mass-independent atmospheric transport. Therefore, the
CO2 age and the< δ > value would be affected to some ex-
tent by changes in the stratospheric circulation, such as an
enhanced BDC due to global warming. To examine how the
CO2 age and the< δ > value are influenced by changes in
the stratospheric circulation, model simulations were further
made by arbitrarily changing the meridional mass stream
function so that the CO2 age decreased to about 80 % at
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30 km over northern mid-latitudes, in accordance with the
prediction made by a past study (Austin and Li, 2006) for
potential global warming effects over the period 1960–2100,
in which the BDC is accelerated due to global warming. The
results obtained under this condition are referred to as “En-
hanced BDC”. The annual mean distributions of the< δ >

value and the CO2 age calculated using SOCRATES for En-
hanced BDC are shown in Fig. 4c and d, respectively. The
annual mean relationships between the CO2 age and the
< δ > value obtained from the Control Run and Enhanced
BDC simulations for northern mid-latitudes are also shown
in Fig. 6a, together with the observational results over Japan.

As seen in Fig. 6a, the relationships between the CO2 age
and the< δ > value for Control Run at northern mid-latitudes
are fairly close to the observational results over Japan, which
implies that both the CO2 age and the< δ > value can be al-
most reproduced by SOCRATES. However, the relationships
for Enhanced BDC are clearly different from those of Con-
trol Run, indicating that the CO2 age and the< δ > value
respond differently to changes in the stratospheric transport,
i.e., gravitational separation for the air molecules with the
same age is enhanced when the BDC is accelerated. To see
such a behavior in more detail, vertical profiles of the two
variables for Control Run are compared in Fig. 6b with those
for Enhanced BDC. It is clearly seen from this figure that
gravitational separation is weakened and the CO2 age is de-
creased by enhancing the BDC. It is also found that the< δ >

value of about−50 per meg and the CO2 age of 5.0 years are
found at 31–34 km over the northern mid-latitudes for Con-
trol Run, while Enhanced BDC shows about−100 per meg
for the< δ > value and 5.0 yr for the CO2 age at 38–47 km
over the same latitude region. This phenomenon is caused by
a strong height dependency of gravitational separation due
to the fact that the molecular diffusion coefficient increases
with increasing height.

It is not easy to detect a long-term change in the BDC only
from the CO2 age derived from spatiotemporally discrete bal-
loon observations because of its year-by-year variability su-
perimposed on a secular trend. On the other hand, the re-
sults given in Fig. 6 indicate that not only the CO2 age but
also the< δ > value, as well as their relationship, are clearly
changed when the BDC varies. As seen from Fig. 5, the ob-
served year-by-year variability of the< δ > value is inversely
correlated with that of the CO2 age. This suggests that the
influence of year-by-year variability is reduced by inspect-
ing the two variables simultaneously and that a long-term
change in the BDC can be detected as a change in the cor-
relation between age and gravitational separation. Therefore,
simultaneous observation of the< δ > value and the CO2 age
would provide more reliable information about a long-term
change in the BDC than that of only the CO2 age. It is actu-
ally found from our observational results shown in Fig. 6a
that gravitational separation for the air with the same age
slightly weakened with time for the period 1995–2010. This
tendency is just the opposite of that expected from the En-

hanced BDC simulation. Balloon and satellite observations
(Engel et al., 2009; Stiller et al., 2012) reported that the CO2
and SF6 ages in the stratosphere over northern mid-latitudes
showed no significant trend over the last 30 yr, while the
satellite measurements indicate that the SF6 age might have
increased for the period 2002–2010. Our long-term record of
the middle stratospheric CO2 mole fraction over Japan for
the period 1985–2010 also shows a slight secular increase in
the CO2 age (our unpublished data, but the CO2 age values
for a limited time period of 1986–2001 are available from
Engel et al., 2009). These observational results on gravita-
tional separation and the air age could imply that the BDC
has not changed significantly or weakened slightly over the
past 10–30 yr, in conflict with the model prediction of an en-
hancement of the BDC due to global warming (Austin and
Li, 2006; Li et al., 2008).

With respect to this interpretation, it may be worthwhile to
describe the results of simulations made by Ray et al. (2010)
using the TLP model. Ray et al. (2010) reported that a weak-
ening of the mean circulation in the middle and upper strato-
sphere is of importance for obtaining an agreement with the
observed mean age over the past 3 decades. Their finding
would strongly support the above-mentioned observational
results. However, they also pointed out that the mean age
trend is sensitive to the horizontal mixing into the tropics.
Therefore, it is further necessary to examine how the hori-
zontal mixing affects not only the mean age but also gravita-
tional separation using stratospheric transport models.

4 Conclusions

To detect gravitational separation in the stratosphere, the
stratospheric air samples collected over Japan were ana-
lyzed for δ(15N) of N2, δ(18O) of O2, δ(O2/N2), δ(Ar/N2)
andδ(40Ar). The vertical profiles ofδ(18O)/2, δ(Ar/N2)/12,
δ(40Ar)/4 andδ(15N) of N2 showed a gradual decrease with
height, their average difference between the lowermost part
of the stratosphere and 32 km being about 45 per meg. The
relationships ofδ(18O), δ(Ar/N2) and δ(40Ar) with δ(15N)
of N2 were (2.1± 0.2), (11.9± 1.4) and (4.2± 0.6) per meg
per meg−1, respectively. These ratios are consistent with the
corresponding values of 2, 12 and 4 per meg per meg−1 ex-
pected from gravitational separation, but are clearly different
from (1.55± 0.02), (16.2± 0.1) and (2.75± 0.05) per meg
per meg−1 determined experimentally for a possible thermal
diffusion effect at the air intake of the cryogenic air sampler.
This fact indicates that gravitational separation of the ma-
jor atmospheric components is clearly observable even in the
stratosphere.

By using a parameter “< δ >” defined as an average of
δ(15N) of N2, δ(18O)/2 of O2, δ(Ar/N2)/12 andδ(40Ar)/4
for each collected air sample, we corrected the values of
δ(O2/N2) observed in the middle stratosphere for gravita-
tional separation. Theδ(O2/N2) values, thus corrected, were
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found to be significantly higher than the observed values.
This implies that gravitational separation correction is nec-
essary when extremely small variations of abundant atmo-
spheric components are discussed. It was also found that the
corrected values ofδ(O2/N2) show a secular decrease similar
to temporal change in the troposphere, and that the mean age
of the middle stratospheric air calculated fromδ(O2/N2) is
consistent with the CO2 age.

To examine how the CO2 age and the< δ > value are
influenced by changes in the stratospheric circulation, we
made numerical simulations using the SOCRATES model.
It was found from the simulations that the CO2 age and
the< δ > value respond differently to changes in the strato-
spheric transport. The simulation results also indicate that
the gravitational separation for the air with the same age is
strengthened if the BDC is enhanced due to global warming,
which is just the opposite of our observational result for the
period 1995–2010.

The< δ > value is a new, unique and excellent indicator
to represent how much the gravitational separation occurs in
the stratosphere. Therefore, analyses of the< δ > value, in
addition to the CO2 and SF6 ages, would provide us with
useful information about the stratospheric circulation. How-
ever, observations of gravitational separation are still sparse.
By taking longer records of the< δ > value, we can detect
a change in the BDC due to global warming, a feat that has
not been achieved so far. Knowledge obtained from obser-
vations of gravitational separation also contributes to further
progression of atmospheric science, especially for the middle
atmosphere.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
8787/2013/acp-13-8787-2013-supplement.pdf.

Acknowledgements.We deeply thank the balloon engineering
group of the Institute of Space and Astronautical Science JAXA
for their cooperation in our stratospheric air sampling. This work
is partly supported by the Grants-in-Aid for Creative Scientific
Research (2005/17GS0203), the Grants-in-Aid for Scientific
Research (2006/18710004) and the subsidized project “Formation
of a virtual laboratory for diagnosing the earth’s climate system” of
the Ministry of Education, Science, Sports and Culture, Japan.

Edited by: J. Kaiser

References

Adachi, Y., Kawamura, K., Armi, L., and Keeling, R. F.: Diffusive
separation of the lower atmosphere, Science, 311, 1429, 2006.

Aoki, S., Nakazawa, T., Machida, T., Sugawara, S., Morimoto, S.,
Hashida, G., Yamanouchi, T., Kawamura, K., and Honda, H.:
Carbon dioxide variations in the stratosphere over Japan, Scan-
dinavia and Antarctica, Tellus, 55B, 178–186, 2003.

Austin, J. and Li, F.: On the relationship between the strength of
the Brewer–Dobson circulation and the age of stratospheric air,
Geophys. Res. Lett., 33, L17807, doi:10.1029/2006GL026867,
2006.

Banks, P. M. and Kockarts, G.: Aeronomy, Parts A and B, Academic
Press, Inc. New York, USA, 32–63, 1973.

Bender, M. L., Tans, P. P., Ellis, J. T., Orchard, J., and Habfast,
K.: High precision isotope ratio mass spectrometry method for
measuring the O2/N2 ratio of air, Geochim. Cosmochim. Acta,
58, 4751–4758, 1994.

Blaine, T. W., Keeling, R. F., and Paplawsky, W. J.: An improved
inlet for precisely measuring the atmospheric Ar/N2 ratio, At-
mos. Chem. Phys., 6, 1181–1184, doi:10.5194/acp-6-1181-2006,
2006.

Brewer, A.: Evidence for a world circulation provided by the mea-
surement of helium and water vapor in the stratosphere, Q. J.
Roy. Meteorol. Soc., 75, 351–363, 1949.
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