Atmos. Chem. Phys., 18, 1819-1833, 2018
https://doi.org/10.5194/acp-18-1819-2018

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Chemistry
and Physics

Age and gravitational separation of the stratospheric

air over Indonesia

Satoshi Sugawara!, Shigeyuki Ishidoya®, Shuji Aoki®, Shinji Morimoto’, Takakiyo Nakazawa>, Sakae Toyoda®,
Yoichi Inai*>>, Fumio Hasebe’, Chusaku Ikeda®, Hideyuki Honda®, Daisuke Goto’, and Fanny A. Putri®

'Miyagi University of Education, Sendai 980-0845, Japan

2National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba 305-8569, Japan
3Center for Atmospheric and Oceanic Studies, Tohoku University, Sendai 980-8578, Japan
“Department of Chemical Science and Engineering, School of Materials and Chemical Technology,

Tokyo Institute of Technology, Yokohama 226-8502, Japan

SFaculty of Environmental Earth Science, Hokkaido University, Sapporo, 060-0810, Japan
®Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, Sagamihara 252-5210, Japan

"National Institute of Polar Research, Tokyo 190-8518, Japan

8Indonesian National Institute of Aeronautics and Space (LAPAN), Bandung 40173, Indonesia

Correspondence: Satoshi Sugawara (sugawara@staff.miyakyo-u.ac.jp)

Received: 26 June 2017 — Discussion started: 18 July 2017

Revised: 25 October 2017 — Accepted: 20 December 2017 — Published: 7 February 2018

Abstract. The gravitational separation of major atmospheric
components, in addition to the age of air, would provide ad-
ditional useful information about stratospheric circulation.
However, observations of the age of air and gravitational
separation are still geographically sparse, especially in the
tropics. In order to address this issue, air samples were col-
lected over Biak, Indonesia in February 2015 using four
large plastic balloons, each loaded with two compact cryo-
genic samplers. With a vertical resolution of better than 2 km,
air samples from seven different altitudes were analyzed for
CO, and SFg mole fractions, §°N of Ny, §!180 of O,, and
8(Ar/Ny) to examine the vertically dependent age and grav-
itational separation of air in the tropical tropopause layer
(TTL) and the equatorial stratosphere. By comparing their
measured mole fractions with aircraft observations in the up-
per tropical troposphere, we have found that CO, and SFg
ages increase gradually with increasing altitude from the
TTL to 22 km, and then rapidly from there up to 29 km. The
CO; and SFg ages agree well with each other in the TTL
and in the lower stratosphere, but show a significant differ-
ence above 24 km. The average values of 819N of Ny, s180
of O, and §(Ar/Ny) all show a small but distinct upward
decrease due to the gravitational separation effect. Simula-
tions with a two-dimensional atmospheric transport model

indicate that the gravitational separation effect decreases as
tropical upwelling is enhanced. From the model calculations
with enhanced eddy mixing, it is also found that the upward
increase in air age is magnified by horizontal mixing. These
model simulations also show that the gravitational separation
effect remains relatively constant in the lower stratosphere.
The results of this study strongly suggest that the gravita-
tional separation, combined with the age of air, can be used
to diagnose air transport processes in the stratosphere.

1 Introduction

The mean age of air, defined as the mean transit time of air
parcels in the stratosphere, provides important information
about various stratospheric transport processes. It is expected
that possible long-term changes in the Brewer—Dobson (BD)
circulation are detectable from changes in the mean age of
air evaluated from measurements of the stratospheric CO;
and SFg mole fractions. Balloon and satellite observations
(Engel et al., 2009, 2017; Stiller et al., 2012) found that the
age of air derived from CO;, and SFg in the stratosphere
over the northern midlatitudes did not show any significant
trend above 25 km over the last 30 years, although satellite
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observations have indicated that the SFg age might have in-
creased for the period 2002-2010. To further add fire to the
debate, results obtained from balloon and satellite observa-
tions do not agree with the recent model predictions that
the BD circulation is accelerated due to an enhancement of
mass flux from the tropical troposphere into the stratosphere
(Austin and Li, 2006; Li et al., 2008). More recently, Haenel
et al. (2015) reported a negative trend in the age of air in the
lowermost tropical stratosphere by revising the MIPAS SF¢
age data. Bonisch et al. (2011) suggested that the increased
upwelling in the tropics after 2000 enhanced the lower strato-
spheric transport from the tropics into the extra-tropics. From
an analysis of the ERA-Interim dataset, Diallo et al. (2012)
also showed a negative trend over the 1989-2010 period in
the lower stratosphere below 25 km. Linz et al. (2017) dis-
cussed the strength of the meridional overturning circulation
of the stratosphere by using satellite observation data of SF¢
and N> O and suggested that a mesospheric SF¢ loss is impor-
tant for age estimation using SF¢ mole fraction in the upper
layer.

A clock tracer, such as CO; or SFg, is lifted up from the
tropical upper troposphere into the stratosphere and is trans-
ported to midlatitudes; part of this then returns to the lower
latitudes via mixing process in the stratosphere, which re-
sults in increasing the clock tracer age in the lower latitudes.
Therefore, to discuss a change in the mean age estimated
using the clock tracer, it is important to separately evaluate
the respective effects of mean circulation and mixing pro-
cesses on the air age (Garny et al., 2014; Ploeger et al., 2015;
Linz et al., 2016). Recently, it was shown by high-precision
measurements of the isotopic ratios of N, Oz, and Ar and
the Ar/N; ratio that the gravitational separation of the air
is clearly observable in the northern midlatitude stratosphere
(Ishidoya et al., 2006, 2008a, b, 2013). Ishidoya et al. (2013)
also reported that the gravitational separation could be used
as a new indicator to detect long-term behavior of the BD
circulation.

Most stratospheric air originates in the tropical tropopause
layer (TTL) and is then slowly lifted up from lower to upper
levels. Therefore, observations of stratospheric air compo-
sitions, from which the age and gravitational separation of
air are deduced, are necessary in the equatorial region to un-
derstand the various transport processes in the stratosphere.
Collecting whole air with balloon-borne samplers is the most
reliable method so far to precisely observe the mole fractions
of atmospheric compositions from the tropopause to about
35 km. In previous studies, air sampling has been carried out
in the low-latitude stratosphere (Volk et al., 1996; Patra et al.,
1997; Schauffler et al., 1998; Andrews et al., 2001; Kaiser et
al., 2006; Laube et al., 2010; Brinckmann et al., 2012). How-
ever, balloon measurements in the low latitudes, especially
to high altitudes (~ 30km), have not been conducted as of-
ten as those in the middle and high latitudes, mainly due to
the limited availability of balloon launching facilities.
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To measure the CO, and SFg mole fractions, §'°N of Ny,
8180 of 0., and 8(Ar/N,) in the equatorial stratosphere,
we conducted whole air sampling with balloon-borne cryo-
genic samplers over Biak, Indonesia in February 2015 as
part of an observation campaign called “Coordinated Upper-
troposphere-to-stratosphere Balloon Experiment in Biak”
(CUBE/Biak; Hasebe et al., 2018) in cooperation with the
National Institute of Aeronautics and Space of the Republic
of Indonesia (LAPAN). In this paper, we present measured
vertical profiles of the CO, and SFg mole fractions, 815N of
N», 8180 of Oy, and 8(Ar/Ny) and discuss some of the impli-
cations of these measurements on the age and gravitational
separation of stratospheric air. We also simulated the age
and gravitational separation of air using a two-dimensional
model (SOCRATES; Huang et al., 1998; Park et al., 1999;
Khosravi et al., 2002). Based on the simulation results, we
discuss the effects of tropical upwelling and horizontal mix-
ing on the age and gravitational separation of air.

2 Experimental procedures

The collection of stratospheric air over Indonesia was per-
formed using a balloon-borne cryogenic sampler. A map of
the balloon launch site is shown in Fig. 1. The cryogenic air
sampler is equipped with a cooling device called a Joule—
Thomson (J-T) mini-cooler in which neon is liquefied to be
used as a refrigerant for collecting stratospheric air cryogeni-
cally (Morimoto et al., 2009). Eight sets of cryogenic air
samplers and four large plastic balloons were prepared for
the Biak campaign. Each balloon was loaded with two air
samplers to collect stratospheric air at two different altitudes.
The balloons were launched from the LAPAN observatory
at Biak (001°10'32” S 136°06'02” E) on 22, 24, 26, and 28
February 2015; the samplers were recovered from a coastal
area of Biak on the same day of each launch. Thus, we suc-
cessfully collected stratospheric air samples at eight altitudes
from 17.2 to 28.7 km, with one at 17.2 and another at 18.5 km
inside the tropical tropopause layer (TTL). In the present
study, air sampling was performed during balloon ascent. In
the past, we conducted a number of similar air samplings us-
ing a cryogenic sampler with liquid helium (Honda et al.,
1996) in which we collected samples during the balloon as-
cent and descent over Japan; they showed that the outgassing
from the balloon and payload had a negligibly small impact
on the air sample quality even if air sampling was made dur-
ing the balloon ascent (Morimoto et al., 2009; Nakazawa et
al., 2002). One sampler assigned to 21 km leaked after land-
ing due to a defect in electric circuit. Overall, the amount of
air collected ranged from 2.0 to 9.3 L at standard temperature
(0°C) and pressure (1013.25 hPa) depending on the sampling
altitude, which was enough to measure the mole fractions and
isotopic ratios of various gases. The collected air samples
were sent to Japan and then analyzed for 8N of N», §!30
of O, and §(Ar/N>) using a mass spectrometer and for CO;
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Figure 1. Map showing Biak, Indonesia and the LAPAN observatory on the island.

and SFg mole fractions using a nondispersive infrared gas an-
alyzer (NDIR) and a gas chromatograph (GC) equipped with
an electron capture detector (ECD), respectively.

In this study, 815N, 5180, and 8(Ar/Ny) are defined as:

815N— [n (15N14N) /n (MNMN)]sample
- [n (15N14N) /n (14N14N)]

- 1) x 10° (permeg), (la)

standard

8180 _ ( [n (180160) /n (160160)]sample

[n(180160) /n (1°0160)] - 1)>< 10° (permeg). (1b)

standard
and

[ (*Ar) /n (“N'N)]
[n (40Ar) /n (]4NI4N)]

5 (Ar/N2) :( sample 1) x 10° (permeg), (1c)

standard

where n means the amount of each substance, and “sample”
and “standard” denote the sample and standard gases, respec-
tively. The technical details of our mass spectrometry analy-
ses have been described in Ishidoya and Murayama (2014).
In this study, only the method of sample air flow into the
mass spectrometer was modified from the previous method
described in Ishidoya et al. (2013). With this modification,
only a miniscule amount of sample air split off from an inlet
system was transferred to the mass spectrometer through a
fused silica capillary. While the sample amount used for this
method was larger than before, the precision was improved
by 1 order of magnitude. In this study, we were able to de-
termine 81°N, 8180, and § (Ar/N>) more precisely than Ishi-
doya et al. (2013), with a respective reproducibility of about
42, 45, and £7 per meg (+10), which is precise enough
to detect small variations of interest in the stratosphere over
the equatorial region. The detailed technical aspects of our
CO; analysis have been given in Nakazawa et al. (1995) and
Aoki et al. (2003). The CO; mole fraction was measured
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using an NDIR with an analytical precision of better than
0.02 umol mol~! by employing our new CO, standard gases
prepared in 2010 with a one-step dilution gravimetric method
with an estimated uncertainty of 0.1 pmol mol~!.

Since our SFg analysis procedure has not been published
yet, a brief description is given here. The SF¢ mole frac-
tion of each sample was determined twice at Tohoku Uni-
versity (TU) and twice at the Miyagi University of Educa-
tion (MUE) against our SFg standard gas scale using their
respective GCs. The analytical procedures at TU and MUE
were basically the same, with a mixture of Ar (95 %) and
CHy (5 %) used as a carrier gas for both GCs, but while
TU employed Agilent 6890 with a packed column, MUE
used 7890N with a capillary column. The volume of a sam-
ple loop was 10 mL for the TU GC and 1 mL for the MUE
GC. Our SFg¢ working standard gases used for the sam-
ple analysis were calibrated against our primary standard
gases that were produced by using the seven-step dilution
gravimetric method. The relationships between the ECD sig-
nal and the mole fractions of the primary standard gases
were approximated with quadratic equations. We prepared
the primary standard gases (3, 5, 10, 30 pmol mol !, respec-
tively) twice in 2001 (2001 scale) and 2002 (2002 scale)
and found that the 2001 scale provides higher values by
0.10-0.15 pmolmol~! than the 2002 scale in a range of
observed atmospheric SF¢ mole fractions. The 2001 scale
was compared with those of other institutes in the 5th and
6th WMO/IAEA Round Robin Comparison Experiment pro-
grams (https://www.esrl.noaa.gov/gmd/ccgg/wmorr/), and
the results showed that the 2001 scale is higher by
0.15 pmol mol~! on average than the WMO X2006 scale. We
also made an intercomparison of the SF¢ standard gas among
TU, MUE, and the National Institute of Environmental Stud-
ies (NIES), Japan in August 2016. The results indicated that
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the 2001 scale is higher by 0.10-0.15 pmol mol~' than the
NIES gravimetric scale, implying a good agreement between
the 2002 scale and the NIES scale. Therefore, we decided to
employ the 2002 scale for our measurements of the SFg mole
fraction. As a result, our calibration scale agreed to within
our measurement precision with the WMO X2006 and NIES
scales over the range of mole fractions observed in this study.
The reproducibility of our SFe analysis was estimated to be
better than 0.09 pmol mol~! based on 1 standard deviation
(1o) obtained from three replicate analyses of one air sam-
ple. The CH4 mole fraction of the air sample was also deter-
mined against our gravimetrically prepared CHy standard gas
system using the GC with a flame ionization detector (Sug-
awara et al., 1997), since the measured value is necessary for
the estimation of CO» age, as described below.

Possible deterioration of an air sample during storage
should be closely examined and taken into account to accu-
rately estimate the age of air from the measured mole frac-
tion. From our experience of collecting air samples using
the cryogenic sampler in Antarctica and the eastern equa-
torial Pacific, we have found that the CO, mole fraction of
air collected in a stainless steel bottle changes during sam-
ple storage, presumably due to CO, absorption on the in-
ner wall of the bottle. Although all the stainless steel bot-
tles used in this study were repeatedly evacuated prior to use,
the CO, mole fraction still showed a slight decrease. There-
fore, we carried out a sample storage test for each bottle to
correct for the deterioration effect on CO, mole fraction.
The correction amount ranged from 0.0 to 0.7 umol mol~!
depending on the bottle. These deterioration effects have a
large influence on the age determination because the correc-
tion of 0.7 umol mol~! for CO, mole fraction is equivalent
to 0.3 years of age correction. Therefore, the maximum age
error was estimated by taking into account this deterioration
for each sampler. We did not make a similar storage test for
SFg prior to use; however, the SFg mole fraction of sample
air was reanalyzed 1 month after the first set of analyses to
check for possible changes in the mole fraction during the
storage period. Since changes in the SFg mole fraction were
found to be 0.01-0.07 pmol mol~!, the deterioration of SFg
during the storage period was neglected. The change in the
CH4 mole fraction was also found to be within our measure-
ment precision (Morimoto et al., 2009), and the impact of
error propagation to the age determination was negligible.

3 Results and discussion
3.1 Vertical profiles

Vertical profiles of the CO, and SF¢ mole fractions, § 5N
of Na, 880 of 0,, and 8(Ar/N») in the TTL and strato-
sphere over Biak are shown in Fig. 2. The exact values are
given in Tables 1 and 2. As shown in Fig. 2, the CO, and
SFe mole fractions are high in the TTL and decrease with in-
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creasing altitude. Considering that there are no sources and
sinks of CO, and SFg in the stratosphere, except for a small
amount of CO; production by CH4 oxidation, the observed
vertical profiles of the two variables are mainly formed by
atmospheric transport processes. In particular, tropical up-
welling in the atmosphere plays an important role in the mole
fraction decrease with altitude; i.e., temporal variations in the
mole fraction in the upper tropical troposphere are recorded
as a vertical distribution due to the upward air transport from
the TTL to the stratosphere. It is also seen from Fig. 2 that
the mole fractions do not change monotonically with alti-
tude but decrease gradually from the TTL to 24 km and then
rapidly to near constant values above 25 km. While the physi-
cal details of such complicated vertical CO; and SFg profiles
are unclear, they can be reasonably reproduced by height-
dependent upwelling and/or vertical and horizontal mixing.
The vertical propagation of the CO, seasonal cycle from the
troposphere will likely influence the vertical distribution of
the CO» mole fraction, especially in the tropical lower strato-
sphere, since the seasonal amplitude in the tropical upper tro-
posphere was observed to be larger than 3.3 umol mol~! (as
described later). In this connection, it is worth noting that the
stratospheric water vapor observed during the Biak campaign
period showed a clear tape recorder signal of similar behav-
ior (Hasebe et al., 2017). For a more quantitative study of
the transport processes in the TTL and tropical stratosphere,
we need to take a multiple prong approach of integrating
CO; and SFg data with other variables, such as water vapor
and Os, using assimilated meteorological data and trajectory
analyses. Similar CO; and SFg¢ profiles have been reported
by previous studies primarily in the northern midlatitudes
(Bischof et al., 1985; Schmidt and Khedim, 1991; Nakazawa
etal., 1995, 2002; Aoki et al., 2003; Engel et al., 2009). How-
ever, the vertical gradient of the stratospheric CO; profile is
much smaller in the tropics than in the midlatitudes (e.g.,
Nakazawa et al., 1995; Aoki et al., 2003); a typical difference
in the CO;, mole fraction between the lowermost and mid-
dle stratosphere (~ 30 km) over Japan is about 8 pmol mol !,
whereas in the tropical stratosphere the difference is almost
half of that observed in the midlatitudes. We also measured
vertical distributions of CO, and SFg from 15 to 35km
over Hokkaido, Japan (42°30' N 143°26’E) in August 2015
(Fig. 2) using our traditional cryogenic sampler with liquid
He (Nakazawa et al., 1995; Aoki et al., 2003). To compare
the mole fractions of mid-stratospheric CO; and SFg in the
tropics (Biak) with those observed in the northern midlati-
tudes (Hokkaido), average mole fractions were calculated at
higher altitudes (potential temperatures larger than 600 K).
The latitudinal differences in the CO; and SFg mole fractions
were found to be 5.6 0.9 and 1.0 4 0.2 pmol mol !, respec-
tively. Considering that the air sampling over Hokkaido was
carried out 6 months after Biak, these differences were ob-
tained after taking into account the effects of the CO; and
SFg increase and CO; production by CH4 oxidation using
the recent tropospheric increase rates of CO», SF¢, and CHy.
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Table 1. CO; and SFg mole fractions and ages observed over Biak, Indonesia in February 2015.

Date Altitude  CO, mole fractions SFg mole fractions CO; age  SFg age

(km) (umol mol™ 1 ) (pmol mol™ 1 ) (years) (years)
22 Feb 2015 17.2 398.2+0.2 838+0.09 04+£03 03+05
24 Feb 2015 18.5 397.9+0.1 831£0.09 05+£03 0.6%+0.5
24 Feb 2015 22.0 397.1+£0.2 8.07+£0.02 09+£03 13x04
26 Feb 2015 239 395.4+0.1 792+0.06 18+03 1.8+£05
28 Feb 2015 252 394.1+0.3 747+£0.04 24+03 33+£05
26 Feb 2015 274 394.1+0.6 749+£0.07 24+04 32+£05
28 Feb 2015 28.7 394.2+0.7 737+£0.04 24+04 3.6£05

Table 2. The values of 9N of N, 8180 of 03, §(Ar/N»), and <6> observed over Biak, Indonesia in February 2015. All values are expressed
as deviations from the measured values at 17.2 km.

Date Altitude SN of N, 81800f0,  S8(Ar/Ny) <85>
(km) (per meg) (per meg)  (per meg) (per meg)
22 Feb 2015 17.2 0.0 0.0 0 0
24 Feb 2015 18.5 —-04 —2.4 10 —-03+£1.0
24 Feb 2015 22.0 -1.9 —-1.0 1 —0.8+1.0
26 Feb 2015 23.9 -32 —-54 16 —1.6+2.5
28 Feb 2015 252 —3.8 —-9.1 —43 —4.0+£0.5
26 Feb 2015 27.4 —4.6 —14.0 —44 —5.1+£1.7
28 Feb 2015 28.7 —11.2 —184 —153 —11.1£1.8
(a) (b)
35 35
Biak
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Figure 2. (a) Vertical profiles of the CO, and SFg mole fractions observed over Biak, Indonesia on 22-28 February 2015 and Hokkaido,
Japan (042°30'00” N 143°26'00” E) on 6 August 2015. Vertical error bars of CO, represent vertical ranges of air sampling. (b) Same as
panel (a) but for 819N of N, 5180 of Oy, and 5(Ar/N;) observed over Biak and Sanriku, Japan (039°09'39” N 141°49'19” E) on 4 June
2007 (Ishidoya et al., 2013); 815N of N», 8180 of 0Oy, and §(Ar/N») observed over Sanriku are expressed as deviations from the measured
values at 14.5 km.
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If the transit time of an atmospheric tracer from the tropics to
midlatitudes can be simply obtained by dividing the latitudi-
nal difference of the mole fraction between the two regions
by its recent tropospheric increase rate, then the above ob-
served differences would yield 2.4 £ 0.4 years for CO, and
3.1+ 0.7 years for SF¢. These transit times correspond to ag-
ing of the air during the poleward transport from the equato-
rial region to midlatitudes through the middle stratosphere.
While the small difference in the transit time between CO»
and SFg was not significant here, the difference in the mean
age of air estimated from CO; and SF¢ will be discussed
later.

As shown in Fig. 2, 819N of N,, §!80 of O, and §(Ar/N»)
decrease gradually with increasing altitude. Differences be-
tween the values at the lowermost and uppermost height lev-
els (hereafter written as A§) are 11.2, 18.4, and 153.3 per
meg for 1N, 8180, and 8(Ar/N,), respectively. Considering
that the mass number differences of the related molecules are
1,2, and 12 for 81N, §'80, and §(Ar/N»), respectively, AS
seems to increase with increasing mass number difference.
From a theoretical investigation of the molecular diffusion in
polar firn air, the magnitude of the gravitational separation is
proportional to the mass number difference (Etheridge et al.,
1996), which can be expressed as

A8 = Am x ASy. (2)

Here, Am and Adg are the mass number difference and the
difference in § values for Am = 1, respectively. Vertical dis-
tributions of the stable isotopic ratios of the major atmo-
spheric components in the stratosphere were first reported
by Ishidoya et al. (2006, 2008a, b). They concluded that
the overall vertical structures of the isotopic ratios are ba-
sically caused by gravitational separation (Ishidoya et al.,
2013) based on mass-dependent relationships between the
related molecules. In this study, we also found by examin-
ing Aé in terms of the mass number differences of related
molecules that the relationship can be approximated by a pro-
portional relationship, as shown in Fig. 3. This suggests that
the upward decreases in 815N, 8180, and 6(Ar/Ny) are mass
dependent and that gravitational separation is observable in
the stratosphere, not only in the midlatitudes but also in the
tropics. It is not clear what caused the small deviations in A§
from the proportional relationship shown in Fig. 3. Thermal
diffusion is one of the plausible causes, but its effect on our
observational data taken by using our traditional cryogenic
sampler was negligibly small (Ishidoya et al., 2013).

After arranging all the observed §'°N, §'30, and 8(Ar/N»)
measurements so that the values of the respective variables
measured in the lowermost level become zero, we define an
average value of §'°N, §'30, and 8(Ar/N») as

() =%[615N+5180/2+8(Ar/N2)/12], 3

which is normalized for the mass number differences. The
average vertical gradient of <> above the tropopause was

Atmos. Chem. Phys., 18, 1819-1833, 2018
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Figure 3. The relationship between the mass number difference and
the A8 value. The A8 value denotes the difference in §1°N of No,
8180 of O,, or §(Ar/N») between 17.2 and 28.7 km. The solid line
represents a linear relationship between A and the mass number
difference.
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Figure 4. Stratospheric CO, mole fraction values observed over
Biak and tropical upper tropospheric data (5° N-5° S, 142-150° E;
10-12.5km) obtained by the CONTRAIL aircraft project. Also
shown is the best fit curve fitted to the CONTRAIL data. The gray
shading shows 1 standard deviation width calculated by using the
fitting procedure.

—3.341.2 per megkm™! in the midlatitude stratosphere
(Ishidoya et al., 2013). On the other hand, our result shows
that the average vertical gradient of <6> was only —1.4 &+
0.4 per megkm™! in the tropical stratosphere. The average
<§> value at the 14 hPa pressure level was about —35 per
meg over Japan (Fig. 1 in Ishidoya et al., 2013), but only
—11 per meg in the tropical stratosphere at the same pres-
sure level. This implies that the gravitational separation in
the stratosphere is much weaker in the tropics than in the
midlatitudes.
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3.2 Ageof air

To estimate the age of stratospheric air using a clock tracer
such as CO; or SFg, a long-term record of its mole fraction
observed in the upper troposphere is necessary as a reference.
Since the tropospheric reference record is critical for calcu-
lating the stratospheric air age from the clock tracer data,
it needs to be standardized. However, different data records
have been used as a reference in different studies. For ex-
ample, the data obtained at ground-based monitoring sites in
tropical or subtropical regions were widely used for the tro-
pospheric record after correcting for the mole fraction differ-
ences between the surface and the upper troposphere. There-
fore, the estimated air ages have been plagued with large un-
certainties due not only to the selection of the monitoring
site, but also to the correction for the mole fraction difference
between the site and the tropical upper troposphere. Uncer-
tainties in the transport time from the boundary layer to the
tropopause in the tropics have also been pointed out by Stiller
et al. (2012). Recently, however, 10-year or longer mole frac-
tion records of upper tropospheric CO, and SFg have become
available from the automatic air sampling equipment (ASE)
employed in the Comprehensive Observation Network for
TRace gases by AlrLiner (CONTRAIL) program (Machida
et al., 2008; Sawa et al., 2008; Matsueda et al., 2015). In
this study, we have exploited the opportunity and constructed
a set of tropical upper tropospheric CO; and SFg records
from the CONTRAIL data obtained between 5° S and 5° N,
between 142 and 150° E, and between 10 and 13 km over
Southeast Asia. The selected CO, and SFg data are shown in
Figs. 4 and 5, respectively, together with their best fit curves
obtained by using the Nakazawa et al. (1997) algorithm. Al-
though we do not have sufficient knowledge about the tempo-
ral variations in their mole fractions near the top of the TTL
to obtain a definitive age of the stratospheric air (Waugh and
Hall, 2002), we decided to use the upper tropospheric CON-
TRAIL data records as a reference. Therefore, the age of air
estimated in this study could be slightly overestimated. Be-
cause the uncertainties associated with the best fit curves will
cause an error in the age estimation, we estimated the confi-
dence intervals for the best fit curves as the root mean squares
of CONTRAIL data deviations from the curves, which were
0.65 umol mol~! and 0.14 pmol mol~! for CO; and SFg, re-
spectively. These values were comparable to or larger than
the uncertainties in the mole fraction analyses. How the prop-
agation of uncertainty impacts the age estimation will be dis-
cussed later.

The CONTRAIL CO, and SF¢ mole fractions are deter-
mined against the NIES scales, while the stratospheric data
obtained in this study are expressed in the TU scales. How-
ever, as pointed out above, the differences in the SFg mole
fraction scales between NIES and TU-MUE were found to
be negligibly small. Therefore, our SF¢ data can be directly
compared with the CONTRAIL SFg data. On the other hand,
since we found that the TU CO;, mole fraction scale gives
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Figure 5. Same as Fig. 4 but for SFg.

slightly higher values than the NIES scale, the TU CO;
data were shifted down by 0.20 umol mol~! based on the re-
sults of the 5th and 6th Round Robin intercomparison pro-
grams (https://www.esrl.noaa.gov/gmd/ccgg/wmorr/wmorr_
results.phprr=rr6&param=co2).

The age of stratospheric air at each altitude was estimated
by comparing the corresponding CO; or SFg mole fraction
with the related reference curve obtained from the CON-
TRAIL data. In the case of a linear time variation in the clock
tracer mole fraction, the mean age of air is determined by
the difference in time between the observed mole fraction of
a tracer in the stratosphere and the same value observed in
the upper troposphere reference record. This is called the lag
time (Waugh and Hall, 2002). As seen in Fig. 5, the SFg mole
fraction shows no clear seasonal cycle in the tropical upper
troposphere and its secular increase for the last 10 years can
be approximated by using a linear function. Therefore, the
SFe age was sometimes reported as the lag time. However,
the nonlinear increase in the SFg mole fraction should be
considered for a more precise mean age estimation. On the
other hand, the tropospheric CO, mole fraction shows large
seasonal cycle, as seen in Fig. 4. Such a seasonal cycle prop-
agates into the TTL and the lower stratosphere and then grad-
ually diminishes with increasing altitude due to air transport
processes. Therefore, we cannot determine the CO, age from
the lag time. The damping and phase delay of the seasonal
CO; cycle in the stratosphere should be calculated theoret-
ically using age spectra (Waugh and Hall, 2002). However,
actual age spectra are usually unknown. Therefore, we used
hypothetical age spectra to calculate the age of air. A simple
formulation of the age spectrum was originally introduced
by Hall and Plumb (1994) as a theoretical expression for a
1-D atmosphere. Their proposed function is mathematically
equivalent to the inverse Gaussian distribution (Waugh and
Hall, 2002). We assumed that the width of the age spectrum
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(d) is parameterized using the mean age (I'), i.e., d?>=0.7"
(Waugh and Hall, 2002; Engel et al., 2008). In this study,
the mole fraction of CO; or SF¢ in the stratosphere, x (I, ¢),
was calculated as a convolution of the tropospheric reference
curve, xo(¢), and the age spectrum, G (I, 1):

t

x(T, 1) = / x0 ()G (Tt —1")dr’, 4)

t—At

where At is the integration time interval. Then, the CO; or
SFe age was determined by comparing the observed mole
fraction with x(I", 7). As mentioned before, a small amount
of CO; is produced by the chemical destruction of CHy in
the stratosphere. To correct for this effect, each observed CO;
mole fraction was adjusted using the CH4 mole fraction mea-
sured from the same air sample prior to the age calculation.
The corrections were less than 0.1 and 0.36 umol mol~! for
the lowermost and uppermost altitudes, respectively.

Ishidoya et al. (2013) pointed out that the mole fractions
and isotopic ratios of all atmospheric constituents are influ-
enced by gravitational separation and that its effect on a spec-
ified constituent can be evaluated from the <§> value and
the mass number difference between the constituent and the
air. Since the molecular mass numbers of CO; and SF¢ are
larger than the mean molecular mass of air, it is expected
that their mole fractions are slightly separated gravitationally
in the stratosphere, resulting in lower mole fractions com-
pared to those in the absence of gravitational separation. In
this study, we calculated the gravitational separation effect
on the CO, and SF¢ mole fractions observed in the trop-
ical stratosphere and found that the respective effects are
at most —0.07 umolmol~! and —0.01 pmol mol~!, respec-
tively. Therefore, the correction for gravitational separation
is not necessary, at least up to ~30km.

The CO;, and SFg ages estimated in this study are shown
in Fig. 6 together with the <§> values. These data are also
tabulated in Tables 1 and 2. Considering the uncertainties as-
sociated with the CO, and SFg mole fraction measurements
and the tropical tropospheric records, overall uncertainties in
CO; and SF¢ ages were estimated by using the following pro-
cedure. First, normal pseudorandom numbers multiplied by
lo were added to the observed mole fraction data. The same
procedure was applied to the tropical tropospheric records.
Then, the age calculation procedure described above was re-
peated for 1000 different sets of random numbers, and the
standard deviations of ages were calculated. The overall un-
certainties in the estimated ages are also shown in Table 1.
As shown in Fig. 6, the CO; and SF¢ ages gradually in-
crease with increasing altitude from the TTL to 22km and
then rapidly up to 25km. The CO, and SF¢ ages show a
good agreement with each other from the TTL to approxi-
mately 24 km, but they are significantly different above ap-
proximately 25 km. The average values of the CO; and SFg
ages above 25 km showed a difference of about 1 year.
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Figure 6. Vertical profiles of the CO, and SFg ages and the
<6> value over Biak, Indonesia on 22-28 February 2015. The
<> value represents an average of 81N of Ny, (8180 of 072)/2,
and 8(Ar/Nj)/12 (cf. text). Vertical error bars of CO, age repre-
sent vertical ranges of air sampling.

Our results show that the CO, and SF¢ ages were 0.5—
0.6 years at the altitude of 18.5 km (~ 70 hPa), which roughly
corresponds to the top of the TTL. In addition to this, the
CO; and SFg ages increased slightly with increasing altitude
inside the upper layer of the TTL. These results suggest that
the CO; and SFg ages increased by 0.5-0.6 years from the
tropical upper troposphere (approximately 11-13 km) to the
top of the TTL. This indicates that a strict specification of the
tropospheric reference record around the TTL is essential for
the comparison between different observations. In this con-
nection, it should be noted that our age estimates could be
positively biased to some extent, since we used the CON-
TRAIL data as the tropospheric reference record.

Andrews et al. (2001) estimated the tropical lower strato-
spheric air age at 20 0.5 km to be approximately 1.0 year
using the ER-2 aircraft. Note that their ages were estimated
relative to the tropical tropopause. Even though it is not clear
how different our age estimates are from the values estimated
relative to the tropical tropopause, depending on the differ-
ent tropospheric reference records, our CO, and SF¢ ages at
22 km are nearly consistent with their results. The ages of air
observed at 25-30 km in balloon experiments were tabulated
by Waugh and Hall (2002). Andrews et al. (2001) and Ray
et al. (1999) estimated the CO, and SFg ages in the tropical
mid-stratosphere (25-30km) to be 3.5 and 4.0 years, respec-
tively, from their balloon observations conducted at Juazeiro
do Norte, Brazil (7°S) in 1997. Our results show that the
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CO; and SFg ages were 2.4 and 3.4 years on average at al-
titudes of 25-29km. If we compare our age data directly
with those observed over Brazil, the CO, and SF¢ ages in
this study are smaller by approximately 1.1 and 0.6 years, re-
spectively. This would be partly due to the different time and
observation location, although the balloon data observed in
the equatorial mid-stratosphere are still relatively sparse and
not representative in time and space.

The SF¢ age obtained in this study can be compared
with the result obtained from the MIPAS satellite observa-
tions (Haenel et al., 2015). Haenel et al. (2015) estimated
zonal mean SFg ages for each season by using the SFg mole
fraction data from MIPAS for the period 2002-2012. They
showed that the SFg age over the equatorial region in the
northern winter season was approximately 1.0 years at 17 km
and 5.0 years at 30 km, with the age increasing almost lin-
early with increasing altitude. Since the tropospheric refer-
ence record used for the MIPAS SFg age is ground-based
global mean surface data, their age estimates are systemati-
cally larger than our estimates over the entire altitude range
of the TTL to 30 km. By comparing our and the MIPAS SF¢
ages at 17 km, the difference in the two ages is found to be
approximately 0.8 years. Taking this difference into account,
the middle stratospheric SFg age obtained in this study is
slightly lower than the MIPAS SFg age.

In general, the age values obtained in this study are smaller
than those reported previously for the midlatitude middle
stratosphere (Engel et al., 2008; Ray et al., 2010; Ishidoya
et al., 2013). Ishidoya et al. (2013) reported that the av-
erage value of CO, age at heights above 20-28 km over
Japan was 5.2+ 0.4 years for the period 1995-2010. How-
ever, their CO, age was estimated using ground-based data
as the tropospheric reference record. Therefore, we reeval-
uated their CO, age using the CONTRAIL data and found
it to be 4.6 £+ 0.4 years. Our latest observation over Japan in
August 2015 showed the average middle stratospheric CO»
age to be 4.9+0.3 years (our unpublished data). The two
values are also close to the CO, ages reported by Engel et
al. (2008). From these results, we conclude that the middle
stratospheric CO, age difference between the tropics and the
midlatitudes is approximately 2.2-2.5 years, which is con-
sistent with the transit time roughly estimated from the CO;
mole fraction in Sect. 3.1. In summary, the CO, age increases
vertically by approximately 3.0 years from the TTL to the
middle stratosphere in the tropics and also horizontally in
the middle stratosphere by approximately 2.0 years from the
tropics to the midlatitudes.

3.3 Difference in the CO; and SFg¢ ages

The SF¢ age is obviously larger than the CO; age in the
middle stratosphere, whether in the tropics or midlatitudes.
As mentioned before, this study shows that the average CO»
and SFg ages above the height at which the potential tem-
perature was greater than 600 K over Biak are 2.4 +0.4 and
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3.4+ 0.5 years, respectively. On the other hand, our balloon
observation over Japan in 2015 indicated an average SFg age
of 6.8 == 0.8 years for the middle stratosphere (potential tem-
peratures larger than 600 K), which is 1.9 +0.9 years larger
than the CO, age of 4.9 +0.3 years (our unpublished data).
This result suggests that the difference in the middle strato-
spheric CO;, and SFg ages increases with latitude from the
tropics (1.0 years) to the midlatitudes (1.9 years).

The difference in the CO, and SFg ages has also been dis-
cussed in previous studies (Harnisch et al., 1998; Hall and
Waugh, 1998; Strunk et al., 2000, Andrews et al., 2001). Har-
nisch et al. (1998) reported that the CO, age is smaller by up
to 3 years than the SFg age in the middle stratosphere and
then discussed the origin of excess CO,. Strunk et al. (2000)
showed from their balloon observation in 1997 that the CO»
and SF¢ ages agree well with each other and concluded that
the discrepancy between the CO, and SF¢ ages reported by
Harnisch et al. (1998) was caused by air sample degrada-
tion, such as CO, production during storage in flasks. In this
study, the sample degradation in the cryogenic sampler and
the mole fraction scales of CO;, and SFg for stratospheric
and tropospheric data were carefully checked, as described
in Sect. 2. Therefore, we were forced to find other causes for
the difference between the CO; and SF¢ ages.

One possible cause is the propagation of the seasonal cy-
cle of tropospheric CO; into the stratosphere. The propaga-
tion effect of periodic tracer variations into the stratosphere
was also discussed in Andrews et al. (2001) and Waugh and
Hall (2002). Since the seasonal cycle of the CO; mole frac-
tion is significantly large in the tropical upper troposphere,
its signal propagates into the TTL and then into the lower
stratosphere via slow tropical upwelling. At the same time,
the atmospheric mixing process broadens the width of the
age spectra, resulting in damped seasonal amplitude with in-
creasing altitude. For an ideal clock tracer that has increased
or decreased monotonically in the troposphere, x(I', 7) will
be a single-valued function of I, which allows us to deter-
mine the mean age of air from the clock tracer mole fraction.
On the other hand, if the CO, seasonal cycle is still signif-
icantly large at the observation altitude, it is not necessar-
ily guaranteed that x(I', #) is a single-valued function of I'
depending on the season. In such a case, the CO; age will
be underestimated or overestimated depending on the time
of year, and it is difficult to estimate the CO, age precisely
from the mole fraction at that altitude. If that is the case, then
the difference between the CO; and SFg ages caused by the
CO; seasonal cycle might be significant in the season when
the CO, mole fraction takes seasonal maxima and minima
in the upper troposphere and the lower stratosphere. How-
ever, our results showed good agreement between the CO,
and SF¢ ages in the TTL and the lower stratosphere. This is
probably due to the fact that the seasonal CO; variation in
the equatorial upper troposphere takes an intermediate con-
centration value in February, a level between its maximum
and minimum (Sawa et al., 2008). Therefore, it is likely that
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the propagation of the CO, seasonal cycle would be a minor
contributor to the difference in the middle stratospheric CO;
and SFg ages.

We also examined the influence of mesospheric air be-
cause SFg is decomposed by UV absorption and electron
reactions in the mesosphere (e.g., Reddmann et al., 2001).
Andrews et al. (2001) reported that the CO, and SFg ages
observed by ER-2 are in agreement with each other for ages
less than 3.0 years, while the SF¢ age is 10-20 % larger than
the CO, age if older. They also suggested that the loss of
mesospheric SFg would lead to an excess in age at higher al-
titudes. The age-dependent difference between the CO, and
SFg ages obtained by Andrews et al. (2001) is nearly consis-
tent with that observed in this study. However, it is not yet
clear how much the mesospheric SFg loss affects the SFq age
observed in the tropical middle stratosphere.

The contribution of the mesospheric air subsidence to
the stratospheric SFg age was also discussed by Stiller et
al. (2012). They proposed that the “over-aging” of SFg in
the midlatitude and high-latitude stratosphere could be due
to the mixing of air with less SFg inside the polar vortex with
the midlatitude air, and they estimated the rate of change in
the Northern Hemispheric air age caused by the mixing to
be 0.04 years per year of age. They also suggested that this
effect is halved (0.02 years per year of age) if the mixing
of the polar vortex air occurs throughout the stratosphere.
Therefore, if the SF¢ age is estimated to be 5.0 years for a
certain altitude in the Northern Hemisphere, the “true” SF¢
age should be 4.8 years or 4.9 years. More recently, Ray et
al. (2017) also reported that the SFg age in the stratosphere
must account for a potential influence from the polar vortex
air. However, the difference between the CO; and SFg ages
obtained in this study is so large that the “polar vortex mix-
ing” effect is not a major factor. Linz et al. (2017) compared
the MIPAS SF¢ age with the N,O age calculated from the
N>O data from the Global OZone Chemistry And Related
trace gas Data records for the Stratosphere (GOZCARDS)
and showed that the MIPAS SF¢ age is larger than the N,O
age in the tropics. The CO; and SFg ages observed in this
study are consistent with the N> O age rather than the MIPAS
SF¢ age, although the observation period is different.

The vertical distribution of gravitational separation, shown
by <> in Fig. 6, could give us useful information about
a possible process that produces the observed difference in
the CO; and SFg ages in the middle stratosphere. As seen in
Fig. 6, the increases in the SFg age with increasing height in
the upper layer are accompanied by gravitational separation
enhancement. Similar phenomena were also observed in the
high latitudes from our previous balloon experiments (Ishi-
doya et al., 2017). Gravitational separation is completely in-
dependent of any chemical processes in the atmosphere, and
therefore it could be an indicator of atmospheric transport
processes (Ishidoya et al., 2013). Since gravitational separa-
tion will be highly enhanced in the upper stratosphere and
the mesosphere, there is a possibility that the impact of SF¢
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loss on the SFg age in the upper air or in the polar vortex can
be evaluated by using gravitational separation data.

3.4 Numerical simulations of gravitational separation

The gravitational separation effect of atmospheric con-
stituents is mainly governed by two factors: (1) mass-
independent transport and (2) mass-dependent molecular dif-
fusion; the former reduces the effect and the latter enhances
it. In general, since the mass-dependent molecular diffusion
flux of a specific constituent, i, (hereafter written as Fy,;) is
much smaller than the mass-independent flux, Fy,; is usu-
ally neglected except for the mass transport above the meso-
sphere. A theoretical expression for the vertical component
of the molecular diffusion flux (Fy; ;) is given by

Fi ——D 8n,~+m,~g e )8(lnT)
mi,z — 'mi 9z RTnl T

nip, (5

where n;, Dni, mj, and oT; are the number density, the
molecular diffusion coefficient, the molecular mass, and the
thermal diffusion factor of a specific constituent, i, respec-
tively, and g, R, and T denote the gravitational acceleration,
the gas constant, and temperature, respectively (Banks and
Kockarts, 1973). The relative difference in the number den-
sity (n) ratio of constituent i and j between the stratosphere
and the troposphere, §; ;, is defined as

LS
i Jser i dp

where subscripts str and trp denote the stratosphere and the
troposphere, respectively. In the theoretical expression given
by Eq. (5), the molecular dependence arises from m;, Dyp,;,
and aT;. As described in Sect. 3.1, A§ is nearly proportional
to the mass number differences of the related molecules (see
Fig. 3), suggesting that the molecular mass difference is a
main cause of molecular separation and a; does not play an
important role. Indeed, in a previous study (Ishidoya et al.,
2013), we confirmed that the molecular separations of atmo-
spheric major compositions due to thermal diffusion are not
proportional to the mass number differences. If m ; is larger
than m;, the number density ratio, n;/n;, decreases with in-
creasing altitude due to the mass-dependent flux, resulting in
the upward decrease in the § value (see Fig. 6). In our obser-
vations of the major atmospheric constituents, i and j cor-
respond to 4NN and NN, 100160 and 130!°0, or N,
and Ar, for which m; <m ;. Therefore, the gravitational sepa-
ration of two related molecules is enhanced as the § value is
lowered. In addition, the separation effect by molecular dif-
fusion is enhanced with increasing altitude due to the rapid
increase in the molecular diffusion coefficient, Dy,;. Ishidoya
et al. (2013) made a similar comment related to their results
observed in the northern midlatitude stratosphere. The most
striking result obtained in this study is that the magnitude of
gravitational separation is significantly different between the
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midlatitude and the equatorial regions. As described before,
the magnitude of gravitational separation in the equatorial
stratosphere is almost one-third of that observed in the north-
ern midlatitude at 14 hPa. The TTL and the stratosphere over
the tropics are characterized by a slow upward motion of air.
We suggest that this tropical upwelling has a relatively large
contribution to the mass-independent flux and significantly
weakens the gravitational separation effect.

To examine the relative contributions of the tropical up-
welling to the gravitational separation effect, we performed
numerical simulations using a two-dimensional model of
the middle atmosphere (SOCRATES) developed by the Na-
tional Center for Atmospheric Research (NCAR; Huang et
al., 1998; Park et al., 1999; Khosravi et al., 2002). Since de-
tails of our model calculation have already been described
in Ishidoya et al. (2013), a brief description is given here. In
the present simulations, we neglected the thermal diffusion
flux by setting at;, which appears in Eq. (5), to zero. Even
by doing this, the term involving the temperature gradient
still remains in Eq. (5). This term does not represent the ther-
mal diffusion flux, but is theoretically arisen from the flux
components caused by concentration and pressure gradients
(Banks and Kockarts, 1973). Then we calculated the **CO,
and ¥CO, mole fractions to derive the <8> value. Note
that the mass number difference between **CO, and ¥*CO,
molecules is 1. Therefore the model-calculated <6> value can
be directly compared with the observed <§> value. Because
our purpose is to simulate the gravitational separation in
4C0, and ¥ CO, molecules, it is not necessary to reproduce
8(¥C0O») variations in the actual atmosphere. Taking this
into account, their mole fractions in the lowermost layer of
the model were fixed at known values, assuming their mole
fraction ratio, n(*>C0,)/n(**C0O,), to be constant. Before
simulating the gravitational separation, we performed pre-
liminary calculations to evaluate the time constant that char-
acterizes how long it takes to attain a steady state. In the pre-
liminary calculation, the initial <6> value was set to zero in
the entire atmosphere (i.e., molecules are not gravitationally
separated), and then a 50-year calculation was performed for
440, and ¥ CO, mole fractions. From this calculation, the
time constant of the gravitational separation was estimated to
be about 5 to 8 years at altitudes of 20-30 km. Considering
this result, a 20-year spin-up calculation was carried out with
no *¥CO, and ¥ CO, increases in the lowermost layer, and
then a 30-year simulation was performed in which **CO,
and “CO, were monotonically increased at the model sur-
face without seasonal variations and keeping their mole frac-
tion ratio constant. The age of air was also calculated from
the model-simulated CO, mole fraction. The age of air was
determined as the difference between the time when the same
CO3 mole fraction value was found in the tropical upper tro-
posphere and at a certain altitude in the stratosphere. The sys-
tematic difference between the calculated and observed ages
was adjusted so that the age calculated for the TTL agrees
with the observed value.
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In our model simulations, we first calculated the <é> value
and the age of air under the SOCRATES baseline atmo-
spheric condition (Huang et al., 1998). However, the air age
and <> calculated from this standard run were found to be
significantly lower and higher, respectively, compared to the
observed values. Previous studies also pointed out that the
air age calculated by the SOCRATES standard run is under-
estimated, probably due to a faster residual mean circulation
(Park et al., 1999; Ishidoya et al., 2013). By examining the
SOCRATES baseline condition, we found that the mean as-
cending rate at levels of 18 to 24 km over the Equator to be
approximately 0.5mms~! (~16kmyr~!). This value was
obviously larger than the typical values of 0.2-0.3mms~!
(6-10kmyr~!) reported by previous studies (Mote et al.,
1996; Randel et al., 2001). Therefore, we calculated the
<&> value and the age of air again by arbitrarily suppressing
the residual mean meridional circulation to 60 % of the stan-
dard run (hereafter written as the “control run”), correspond-
ing to a mean ascending rate of 0.3mms™~! (~10kmyr~!)
over the Equator. The average meridional distributions of the
<&> value calculated with the control run for DJF and JJA are
shown in Fig. 7 together with the results for the age of air.
Ishidoya et al. (2013) reported that the average CO; age and
<> in the 30-35km height layer over Japan for JJA were
4.8+0.4 years and —50+£ 19 per meg, respectively. Note
that the CO, age in Ishidoya et al. (2013) was converted
to the CONTRAIL-based value in this study. As shown in
Fig. 7c and d, the calculated values of <6> and the age of
air at mid-stratosphere over northern midlatitudes in JJA are
nearly consistent with the results observed over Japan. How-
ever, the calculated age could not reproduce the rapid in-
crease in CO; age with increasing height from the tropopause
to about 24 km or the slower increase or almost constant CO,
age above 24 km observed over Japan. The model result also
shows that the vertical <> gradient is very small over the
Equator, rapidly increasing toward the pole. The vertical gra-
dient of the age of air shows a similar variation (Fig. 7b).
However, the latitudinal difference in the vertical age gradi-
ent is smaller than that of the <§> value. This phenomenon is
caused by a strong dependence of the gravitational separation
on the vertical air transport. In general, the gravitational sep-
aration is enhanced with increasing altitude due to the height
dependency of the molecular diffusion coefficient. However,
the upward mean flow from the lower part, where air compo-
sitions are not gravitationally separated, significantly weak-
ens the molecular separation effect at a certain altitude in the
stratosphere.

To examine the equatorial <§> dependency on the mean
meridional circulation, average vertical profiles over the
Equator for DJF simulated by assuming different mean as-
cending rates are shown in Fig. 8 together with the obser-
vational results over Indonesia. As seen in this figure, the
suppression of the mean meridional circulation improves
the discrepancy between the model-calculated and observed
<6> values over the equatorial region. However, the air age
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Figure 7. (a) Average meridional distributions of the <§> value for DJF calculated using the SOCRATES model with the control run (cf.
text). The <> values lower than —100 per meg are shown in gray. (b) Same as panel (a), but for the age of air. (¢, d) Same as panels (a) and

(b), but for JJA.

calculated with the control run is still underestimated, in par-
ticular above 24 km. To reduce the air age difference between
the observation and simulation, we further suppressed the
mean meridional circulation to 50 % of the standard run. It
is obvious from Fig. 8b that the age difference is reduced
as expected, but the calculated age is still smaller than the
observed value above 22km. On the other hand, the fur-
ther suppression of the mean meridional circulation yields an
anomalous overestimation of gravitational separation, imply-
ing that the vertical gradient of the <§> value is sensitive to
the ascending air motion. The overestimated effect of grav-
itational separation could arise from unrealistic mixing pro-
cesses in the model atmosphere, such as horizontal and/or
vertical eddy diffusion. To examine the contribution of hori-
zontal mixing to the model-simulated air age and <§> value,
these two variables were recalculated by intensifying the hor-
izontal eddy diffusivity, Ky, by a factor of 1.5. As shown
in Fig. 8, the result indicates that an upward increase in the
air age is further enhanced due to additional aging caused
by horizontal mixing. However, gravitational separation does
not show any appreciable change, especially in the lower
stratosphere, suggesting that gravitational separation is in-
sensitive to horizontal mixing. From these results, it is sug-
gested that the changes in the mean meridional circulation
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and the horizontal eddy diffusion have different impacts on
the gravitational separation and the age of air.

Our two-dimensional model results could not reproduce
the observed vertical profiles of the mean age of air and
gravitational separation by assuming a specific scenario, as
shown in Fig. 8. In order to extend our study on gravitational
separation, a three-dimensional model study is needed. It is
expected that a three-dimensional model incorporated with
the molecular diffusion process can be constrained by gravi-
tational separation data.

4 Conclusions

To investigate the age and gravitational separation of air in
the equatorial stratosphere, we observed CO» and SFg mole
fractions, 8180 of Oy, 81N of N», and § (Ar/N») at altitudes
of 17 to 29km over Biak, Indonesia in February 2015 us-
ing a set of cryogenic samplers. The CO; and SFg ages were
carefully estimated from their measured mole fractions by
comparing with the CONTRAIL tropical upper tropospheric
data, after applying necessary corrections to the mole frac-
tion scales used in different laboratories. The SFg and CO;
ages showed a general increase with height. The SF¢ age and
its vertical gradient obtained in this study are nearly con-
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Figure 8. (a) Average vertical profiles of <§> over the Equator for DJF calculated using the SOCRATES model as a standard run (black
solid line), suppressed residual mean circulation (RMC) runs (red line and black dotted line), and suppressed residual mean circulation and
enhanced horizontal eddy diffusion (Kyy) run (black dashed line). The <§> values observed over Biak are also plotted (closed diamonds).
(b) Same as in panel (a) but for the age of air. The observed CO; and SFg ages are shown as open circles and squares, respectively. Model
results are shifted so that the age values at 17 km are equal to CO, age observed at 17.2 km.

sistent with those obtained by MIPAS satellite observations.
The SF¢ age is in good agreement with the CO, age below
24 km but increases at heights above 25 km, probably due to
an over-aging of SFg resulting from the influence of upper
air with low SFg mole fractions. To better understand the dif-
ference between the SFg and CO, ages above 25 km, it is
necessary to investigate the effect of mesospheric SFg losses
on the stratospheric SFg age in detail. We also found a very
small but significant upward decrease in <§>. This implies
that gravitational separation occurs within the entire strato-
sphere and its magnitude is altitude dependent. By compar-
ing with the observational results at midlatitudes, it was con-
firmed that the tropical upwelling weakens gravitational sep-
aration in the TTL and in the lower stratosphere. Simulations
with the SOCRATES two-dimensional transport model re-
vealed that gravitational separation is highly sensitive to the
strength of tropical upwelling.

Uncertainties and issues raised in this study require further
observations of air compositions and model analyses for a
better understanding of gravitational separation and the age
of air in the stratosphere. The knowledge obtained would be
crucial for investigating stratospheric air transport processes.
To enhance our understanding of the dynamics and chemistry
in the TTL and the equatorial stratosphere in more detail,
more comprehensive studies that include a water vapor “tape
recorder”, other atmospheric constituents, and their isotopic
signatures are also necessary.

Data availability. The datasets, including measurements and
model simulations, can be accessed by contacting the correspond-
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