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Abstract. Gravitational separation of gas species in the stratosphere is caused mainly by molecular diffusion
and is a powerful tool to diagnose stratospheric transport processes. Previous studies have shown that isotopic
and elemental ratios of major atmospheric components decrease with increasing altitude in proportion to the
differences of their mass numbers. However, there have been no reports of the vertical changes of Kr, Xe,
and Ne in the stratosphere. Here we report the results of the first study of the vertical changes of Kr, Xe, and
Ne in the stratosphere based on high-precision analyses. Our goal was to reveal the vertical distributions of
noble gases and to clarify the mechanisms governing their separations. Noble gases were measured for the
stratospheric air collected by balloon-borne cryogenic air samplers over Japan. We found that the isotopic and
elemental ratios of all noble gases decreased and increased with increasing altitude for heavy and light noble
gases, respectively. Vertical distributions normalized for the mass number differences indicated that the larger
the mass number, the smaller the separation of both the isotopic and elemental ratios. The implication was
that kinetic fractionation occurred in the stratosphere because of the differences of molecular diffusivities. We
performed model simulations and were able to reproduce the kinetic fractionations for heavier noble gases.
Results of model simulations suggested that the kinetic fractionations of noble gases were usable as a new tool
to diagnose stratospheric transport processes. In the modern atmosphere, it is difficult to detect the long-term
change of the stratospheric circulation from noble gases, except for Ar/N> ratio, in the troposphere. However,
it was suggested that changes in the stratospheric circulation during glacial and interglacial cycles may have
affected the noble gas elemental ratios in ice core samples.

Earth’s atmosphere contains noble gases, which are ex-
tremely stable substances. Argon accounts for approximately
0.9% of the atmosphere by mole fraction and is one of
the major constituents of the atmosphere. The other noble
gases — He, Ne, Kr, and Xe — exist in the atmosphere, but
their mole fractions are very small. Since noble gases are
extremely stable in the atmosphere, their mole fractions can

be considered to be almost constant temporally and uniform
spatially. “Ar is released from Earth’s crust into the atmo-
sphere through radioactive decay of “°K, but the amount re-
leased is extremely small compared to the amount present in
the atmosphere (Bender et al., 2008). It can therefore also be
considered to have a constant mole fraction in the modern
atmosphere. Recent progress in ultra-high-precision analysis
has enabled the detection of extremely small variations of the
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isotopic and elemental ratios of noble gases (Severinghaus
et al., 2003; Severinghaus and Battle, 2006; Kawamura et al.,
2013; Bereiter et al., 2018a; Oyabu et al., 2025). The possi-
ble separation of the noble gases and the major constituents
in the atmosphere is generally related to molecular diffusion,
which is predominant only in the upper atmosphere above the
turbopause and in the air within the firn layer on the surface
of polar ice sheets. In both cases, the region is characterized
by competition between molecular and eddy diffusion.

In the firn layer, air transport through tortuous open pores
is governed mainly by molecular diffusion. The separation
of the constituents of the air therefore occurs in proportion
to the differences of their mass numbers if the isotopic or el-
emental ratios in the atmosphere are constant and there are
no disturbances caused by eddy diffusion and/or thermal in-
homogeneity within the firn. This process is generally called
gravitational separation. Under such conditions, the isotopic
ratios of 2N, /28N, and 340, /3205 in the firn air increase
almost linearly with increasing depth, and the magnitude of
separation of 30, /3202 is about twice that of 29N2/28N2
(e.g., Schwander, 1989; Sowers et al., 1989). At the bottom
of the firn layer, air in the open pores is gradually trapped
into bubbles in the ice. The component of the air in the ice-
core bubbles is altered by this gravitational separation. There
are also slight changes because of thermal and eddy diffu-
sion and fractionations that depend on the mass and diameter
of the molecule during the bubble formation (Severinghaus
and Battle, 2006; Battle et al., 2011). Measurements of vari-
ous gases in firn air thus provide information that facilitates
understanding the process of fractionation during bubble for-
mation and, consequently, the interpretation of the gas com-
ponent in ice cores.

The processes of advection and eddy diffusion are much
more important than molecular diffusion in the troposphere
and stratosphere, and it has generally been assumed that
molecular diffusion could be ignored at altitudes below about
100 km. The motivation for this study was the discovery in
our previous work of the gravitational separation of major
atmospheric components in the stratosphere (Ishidoya et al.,
2013). Before this discovery, it was commonly assumed that
the major atmospheric components and noble gases were
uniformly distributed in the troposphere and stratosphere
and that their molecular diffusion was an insignificant phe-
nomenon. Their fractionation was assumed to be difficult to
detect because of molecular diffusion below the turbopause,
except under the special conditions within the lowermost
boundary layer (Adachi et al., 2006). Bieri et al. (1970) mea-
sured mole fractions of Ne, Ar, and Kr in the upper strato-
sphere and lower mesosphere by using a rocket-borne cryo-
genic air sampler and concluded that their mole fractions
were identical to those in surface air, that the atmosphere
was very well mixed up to the lower mesosphere, and that
gravitational separation was too small to be detected. Ehhalt
et al. (1975) also measured mole fractions of Ar, Kr, and Xe
in the upper stratosphere and showed that their mole frac-
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tions were not significantly different in stratospheric and sur-
face air. However, high-precision analytical techniques have
recently made it possible to detect even slight separations
of major atmospheric components in the stratosphere. The
gravitational separation of major atmospheric components in
the stratosphere was first reported by Ishidoya et al. (2006).
They showed that the variations with altitude of the iso-
topic and elemental ratios of the major atmospheric compo-
nents were caused by differences of molecular mass (Ishi-
doya et al., 2008a, b, 2013). This explanation was consis-
tent with the mass-dependent relationships among the re-
lated molecules such as the ratios of 28N, /29N2, 320, / 340,,
and “°Ar/?8N,. These mass-dependent fractionations in the
stratosphere were similar to those observed in firn air, even
though the effects of advection and eddy diffusion far ex-
ceed those of molecular diffusion in the stratosphere. Under-
standing of gravitational separation in the stratosphere has
been enhanced by various observations (Ishidoya et al., 2013;
2018; Sugawara et al., 2018) and studies using numerical
models (Belikov et al., 2019; Birner et al., 2020). However,
the mechanisms and roles of molecular diffusion processes
in the stratosphere are not fully understood, mainly because
of a lack of relevant data for constituents other than O,, N>,
and Ar in the stratosphere.

The discovery of gravitational separation in the strato-
sphere led us to hypothesize that similar separations would
occur in the isotopic and elemental ratios of noble gases in
the stratosphere. Actually, measurements of the properties of
noble gases in firn air have been conducted and have pro-
vided useful information about firn air and bubbles in ice
cores (Severinghaus and Battle, 2006; Battle et al., 2011;
Kawamura et al., 2013; Buizert et al., 2023; Oyabu et al.,
2025). However, with the exception of Ar, there have been no
observations of noble gases in the stratosphere. In this study,
we report the vertical distribution of noble gases in the strato-
sphere for the first time, and we discuss the properties asso-
ciated with molecular diffusion of noble gases in the strato-
sphere by incorporating the results of numerical models. The
main objective of this study was to clarify the mechanisms
governing the variation of the properties of noble gases and
to understand the processes associated with molecular diffu-
sion in the stratosphere. Understanding the variations of the
properties of noble gases in the stratosphere was expected
to be greatly facilitated by knowledge derived from studies
of firn air. This paper focuses on the similarities and differ-
ences between the fractionations in firn air and the strato-
sphere and discuss disequilibrium fractionation and its role
in stratospheric processes.

2 Experimental procedure

2.1 Sampling stratospheric air

We have continued to collect samples of stratospheric air
over Japan since 1985 using balloon-borne cryogenic sam-
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plers (e.g., Nakazawa et al., 1995). In this study, we ana-
lyzed air samples obtained from balloon observations during
June 2007 and July 2020. Air samplers were launched from
the Sanriku Balloon Center (39°10'N, 141°50"E) in Iwate
Prefecture in 2007 and the Taiki Aerospace Research Field
(42°30' N, 143°26' E) in Hokkaido Prefecture in 2020. Each
cryogenic air sampler was equipped with a liquid helium de-
war, stainless steel bottles, motor-driven valves, and a con-
trol unit (Honda et al., 1996). Liquid helium was used as
a refrigerant to enable us to collect stratospheric air cryo-
genically. We were thus able to collect a large amount of
air (20-30L at standard temperature and pressure) in each
bottle. Air samples were collected at 10 different altitudes
between 14.5 and 32.8 km during 2007 and at 11 altitudes
between 14.8 and 35.4 km during 2020. Approximately two-
thirds of the sample air in each bottle was immediately used
for measurements of the mole fractions and isotopic ratios
of various gases, and one-third was transferred into another
stainless-steel container with a volume of 300 mL for long-
term archiving and possible use in future studies. We used
archived samples of air collected in 2007 for the noble gas
measurements. The air samples collected in 2020 were di-
rectly aliquoted from each bottle into two 550 mL Pyrex glass
flasks at atmospheric pressure and used for analysis of noble
gases. Because analyses were performed twice for each air
sample collected in 2020, the average value was calculated
and used for data analysis.

2.2 Noble gas measurements

Table 1 summarizes the isotopic and elemental ra-
tios measured in this study. Isotopic and elemental
ratios of noble gases - S(*Ar/30Ar), 8(*°Ar/38Ar),
8(38AI'/36AI‘), 8(86KI'/82KI'), 8(86KI'/83KI'), 8(86Kr/84Kr),
5(]32Xe/129Xe), 5(136Xe/129Xe), 8(136Xe/132Xe),
S(*Kr/*Ar), 8(13?Xe/*Ar), and §(**Ne/*Ar) — were
measured at the National Institute of Polar Research (NIPR;
Tachikawa, Japan). For example, the isotopic ratio of “CAr
and 3%Ar was defined as

40 36
A Al
$(0Ar/0Ar = LG AN ALy (1a)
[n(*°Ar)/n(30Ar)]s
where “n”, “sp”, and “rf”” denote the abundance of the respec-

tive component, the sample, and the reference gas, respec-
tively. The isotopic ratios for Ar, Kr, and Xe were defined in
a similar manner. The elemental ratio of 3*Kr to “°Ar was
defined as

[n(*Kn)/n(PAnly,

84 40 _
PR A = K (O AD I

(1b)

Because the other elemental ratios were defined similarly,
their notations are omitted here. These & values are usually
expressed in per meg (1 per meg is 0.001 %o). For air samples
collected in 2007, we measured 5(*°Ar/3Ar), §(*°Ar/38Ar),
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8(38AI'/36AI'), 8(86Kr/82Kr), 8(86KI'/83KI'), 8(86KI'/84KI'),
8(3*Kr/*0Ar), and 8(132Xe/*?Ar). For air samples collected
in 2020, we also measured 8(132Xe/129Xe), 8(136Xe/129Xe),
8(136Xe/ 132xe), and 8(22Ne/40Ar). Because the analytical
method for the noble gases has been described elsewhere
(Severinghaus et al., 2003; Severinghaus and Battle, 2006;
Kawamura et al., 2013; Bereiter et al., 2018a; Oyabu et al.,
2025), only a brief description is presented here.

The archived air was stored in a stainless-steel container
pressurized to approximately 20 bar and equipped with a bel-
lows seal valve (Swagelok SS-8BG). An additional bellows
seal valve was attached to the existing valve, and an 80 mL
glass flask was connected. After evacuation, an aliquot of the
sample was first isolated within the pipette volume between
the bellows seal valves and then expanded into the evacu-
ated 80 mL glass flask. For the samples collected in 2020,
a 550 mL glass flask was connected to the 80 mL glass flask.
After evacuation, the air sample was expanded into the 80 mL
flask. For the ground-surface values, atmospheric air was
sampled outside the NIPR building (hereafter, “Tachikawa
air”) in 1500 mL glass flasks using an established method
(Oyabu et al., 2020). The 1500 mL flask was connected to the
evacuated 80 mL flask, and the air sample was expanded. For
the measurements of samples collected in 2020, Tachikawa
air was collected in the same 550 mL glass flasks used for
stratospheric samples. The same analytical procedures were
applied to both the stratospheric and Tachikawa air samples
to eliminate potential fractionation caused by sample split-
ting. No statistically significant differences were observed
between the results obtained using the 1500 and 550 mL
flasks.

The air sample split into the 80 mL flask was exposed to
Zr/Al SAES getters at 900 °C for 30—40 min to remove all the
N>, O», and other reactive gases, followed by an additional
10 min at 300 °C to remove Hj gas. The gettered air was then
transferred into a sample tube inserted into a He cycle cooler
at temperatures below 10 K for 15 min. After that transfer, the
residual pressure in the vacuum line was measured. For the
stratospheric air samples, the residual pressures were found
to be 2.5-20 times those of Tachikawa air. Most of the resid-
ual gas consisted of He, which was considered to be a con-
taminant introduced during the balloon observation.

The isotopic and elemental ratios of Ar, Kr, Xe, and
Ne were measured using a dual-inlet isotope ratio mass
spectrometer (IRMS) (Thermo Fisher Scientific, MAT253).
The §(1¥Xe/'?Xe), §(13Xe/?Xe), and §(130Xe/!32Xe)
ratios were also measured with the MAT253 using a sepa-
rate aliquot of the air sample. For the IRMS measurements,
the integration time and idle time were 8 and 12s for the
Ar isotopes and 26 and 14s for the Kr and Xe isotopes.
We ran 4 blocks of 16 changeover cycles (sample-standard
changeover) for Ar isotopes (64 cycles total), 4 blocks of 25
changeover cycles for Kr isotopes (100 cycles), and 9 blocks
of 25 changeover cycles for Xe isotopes (225 cycles). The
cycles were divided into four or nine blocks to enable adjust-
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Table 1. Summaries of the isotopic and elemental ratios measured in this study.

Isotopic and Reproducibility Difference n(X/Y) r(X/Y) v(X/Y) Std. dev. myxy mxy©
elemental ratio of measurements of mass  (per meg)? (per meg (per meg of r and ¢ (kg kmol~1)d
(per meg) numbers (per meg)_l)b (per meg)_l)C (per meg
(Amy y) (per meg)~!)
(kgkmol™1)

§(*9N,/28N,) 2 1 —54+12 1.00 0.00 - 2849  1.0000
5(340,/320,) 3 2 —5249 0.95 —0.05 0.03 3297 1.0115
5(*0Ar/28N,) 8 12 —63+18 1.20 0.20 0.05 3294 09716
8(*9Ar/3%Ar) by NIPR 4 4 —394+9 0.72 —0.28 0.04 37.89  0.9473
5(*0Ar/3%Ar) by AIST 13 —48+6 0.86 —0.14 0.05

5(*9Ar/38An) 7 2 —38+9 0.70 —0.30 0.03 3897  0.9341
5C38Ar/30Arn 8 2 —40+11 0.74 —0.26 0.04 36.97  0.9591
5(3Kr/32Kr) 15 4 —23+1 0.42 —0.58 0.04 83.95 0.4831
8(80Kr/83Kr) 16 3 —23+4 0.45 —0.55 0.04 84.47 0.4816
5(3Kr/34Kr) 10 2 —24+5 0.51 —0.49 0.06 84.99  0.4801
5(132Xe/129Xe) 68 3 —16+4 0.24 —0.76 0.04 130.48  0.3196
§(136Xe/129Xe) 150 7 —14+5 0.29 —0.71 0.04 13241 03173
5(130Xe/132Xe) 90 4 —18+£5 0.38 —0.62 0.06 133.97  0.3155
sG4Kr/*Ar) 57 44 —27+4 0.50 —0.50 0.05 5419  0.6869
§(132Xe/40Ar) 163 92 —21+5 0.39 —0.61 0.03 6140 0.5809
5(*2Ne/*0An) 163 —18  —80+£56 1.19 0.19 0.28 2839  1.4845

2 The isotopic and elemental ratios normalized by the mass number difference and averaged at altitudes above 30 km. b The ratio of 8,(X/Y) relative to 6(29N2 /28N2) calculated from the observed data.

© The excess value defined as r(X/Y) — 1. d Harmonic mean of the mass numbers for molecules X and Y. ¢ The molecular diffusivity factor.

ment of the bellows pressure. Without this adjustment, the
pressure difference between the left and right bellows could
increase over time and require a larger correction for the
pressure imbalance. For the 8(*Kr/*Ar), §(132Xe/*0Ar),
and 8(**Ne/*0Ar) measurements, we used a peak-jumping
method in which the spectrometer magnet setting was se-
quentially switched between Kr and Ar, Xe and Ar, or Ne
and Ar. Each changeover cycle consisted of a standard and
sample measurement at the first magnet setting, followed by
the same sequence at the second setting. The integration time
was 8s for each measurement. We performed 6 cycles for
each isotope ratio, calculated a §-value for each cycle, and
reported the average of these six §-values as the final value.

The reproducibility of the laboratory measurements was
assessed using the pooled standard deviation (SD) of repli-
cates (measurements made two or more times) for each
sample. Table 1 summarizes the pooled SDs of the iso-
topic and elemental ratios. Isotopic and elemental ratios
reported in this study were measured against reference
gases and normalized against the ground surface values at
Tachikawa, Tokyo. Isotopic and elemental ratios of the N,
0, and Ar — §(*Ny/28Na), 8(3*0,/320y), 8(*°Ar/30Ar),
and 8(40Ar/28N2) — were also measured at the National
Institute of Advanced Industrial Science and Technology
(AIST; Tsukuba, Japan) using IRMS. The technical details
of our mass spectrometry analyses for major atmospheric
components have been described by Ishidoya and Murayama
(2014). The values of 8(*N»/2Ny), §(3*0,/320,), and
8(*9Ar/?8N,) are defined as
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[n(**N2)/n(**No)ls
8Ny /BNy) = 1, 2
O ) = G N0 BN e v
[n(*02)/n(**02)1s
5C*0,/3%20,) = P, 2b
0202 = 5505 n (2001 20
and
40 28 _ [n(4OAr)/n(28N2)]sp B
SO N = 0 A /n N (2¢)

Here, “rf” is the reference gas which is dried natural air filled
in a high-pressure cylinder (cylinder no. CRC00045) (Ishi-
doya and Murayama, 2014). Table 1 also shows the repro-
ducibility of the §(*?N, /?8N>), 8(3*0,/320,), §(*°Ar/3¢Ar),
and 8(*°Ar/*N») measurements at AIST. The AIST data ob-
tained by balloon observation in 2007 have been published
by Ishidoya et al. (2013).

The Ar isotopic ratios, 8(40Ar/ 36Ar), of the air samples
obtained by balloon observation and by sampling of firn air at
H128, Dronning Maud Land, East Antarctica were measured
independently at NIPR and AIST (Ishidoya et al., 2013; Oy-
abu et al., 2025) and compared with each other as shown in
Fig. 1. The values of §(**Ar/3 Ar) were negative and positive
in the stratosphere and firn air, respectively, mainly because
of the effects of gravitational separations. Because molecu-
lar diffusion is dominant in firn air, the magnitude of frac-
tionation was larger in firn air than in the stratosphere. The
8(*0Ar/3°Ar) values measured by AIST and NIPR were in
good agreement in 2020, but there was a systematic differ-
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Figure 1. Comparisons of 6(40Ar/36Ar) values measured at the
National Institute of Advanced Industrial Science and Technology
(AIST) and National Institute of Polar Research (NIPR) for the
stratospheric air samples (closed and open squares). The results
measured for H128 firn air (Oyabu et al., 2025) are also shown by
open circles. The linear function y = x is shown by the dotted line.

ence between the two measurements in 2007. The mean ab-
solute difference of the values in 2007 was 50 & 24 per meg.
Because the cause of this difference is currently unknown,
we used both values in the data analysis.

Some data were significant outliers, probably because of
fractionations during sample distribution and/or during the
time the samples were stored in bottles. We therefore fit the
data to a linear function of altitude, and we iteratively ex-
cluded outliers if the absolute values of their residuals ex-
ceeded 20. As aresult, 29 data were excluded from a total of
296 data.

2.3 Mean age of air

Previous studies have shown that the gravitational separation
of the major atmospheric components strengthens with in-
creasing altitude (8 values decrease with increasing altitude),
and the mean age of stratospheric air increases simultane-
ously. Therefore, it is known that the vertical distributions
of 8(**N»/?8N») and mean age of air show anti-correlations
(Ishidoya et al., 2013; Sugawara et al., 2018). These corre-
lations have also been reproduced by 3-dimensional model
studies (Belikov et al., 2019; Birner et al., 2020). Further-
more, an anti-correlation in the interannual variations of the
gravitational separation and the mean age of air has been ob-
served in the northern mid-latitude mid-stratosphere (Ishi-
doya et al., 2013). This means that gravitational separation
becomes stronger when the relevant stratospheric air be-
comes older. The mean age of air has been estimated based
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on observation data of inert trace gases in the stratosphere.
If an inert tracer shows a linear trend in troposphere, the
time lag between tropospheric and stratospheric mole frac-
tions is the mean age of air. The mole fractions of CO,
and SFg have been widely used for this purpose, because
both species are almost inert in the stratosphere and show
monotonous increase trends in troposphere. Therefore, we
measured the mole fractions of CO; and SFg in our strato-
spheric air samples and calculated the mean age of air as de-
scribed below. Because this method of estimation has already
been described in previous studies (Umezawa et al., 2025;
Sugawara et al., 2025), only a brief description is presented
here. The CO; mole fraction was measured with a nondis-
persive infrared gas analyzer at Tohoku University with an
analytical precision of less than 0.02umolmol~!. Details
about the CO, measurements have previously been reported
(Nakazawa et al., 1995; Aoki et al., 2003; Sugawara et al.,
2018). The SFg mole fraction was measured at Miyagi Uni-
versity of Education (Sendai, Japan) with a gas chromato-
graph equipped with an electron capture detector with an an-
alytical precision of less than 0.1 pmolmol~!. Details of the
SF¢ measurements have been described by Sugawara et al.
(2018). The mean age was estimated using the convolution
method and the mole fractions of CO, and SF¢ (e.g., Ray
et al., 2014; Fritsch et al., 2020). The convolution method
is a method for determining the mean age by calculating the
convolution of the age spectrum and a tropospheric reference
curve and comparing it with the observed value. Temporal
variations of the CO;, or SFg mole fractions in the strato-
sphere, x(I", t), were calculated by convolution of the tropo-
spheric reference curve, x((¢), and the hypothetical age spec-
trum, G(T, 1):

t
x(T, 1) = /xo(t’)G(F,t—t’)dt/, 3)

t—Tg

where Tg and G(T', ) are the integration time interval and the
age spectrum, respectively. The age spectrum is defined as
the statistical probability of individual transit times of differ-
ent air parcels arrived at a certain place in stratosphere after
air parcels intruded into the stratosphere through the tropical
upper troposphere. The age spectrum naturally changes over
time, but it was ignored here. Because the actual age spec-
trum is usually unknown, we assumed that it could be ap-
proximated by an inverse Gaussian distribution (Waugh and
Hall, 2002) as follows:

r3 \"? T[-re-rny
6= (gramm) | “am @

where A denotes the width of the age spectrum. This func-
tion is known to be the Green’s function of one-dimensional
advective diffusion differential equation (Hall and Plumb,
1994). This function will be calculated by assuming the spec-
tral width (A) and mean age (I"). The mean age is determined
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by successively calculating the convolutions of Eq. (3) while
varying the value of I' and comparing x(I", #) with the ob-
served mole fractions. However, A is still unknown. A rep-
resents the effect of mixing process in atmospheric transport,
and it is expected that the larger the mean age, the greater the
effect of mixing and the A will be. Therefore, A is assumed
to be given by the relationship A%/T" = constant (years).
This value, called the ratio of moments, is suggested by Hall
and Plumb (1994) from the results of a stratospheric AGCM.
A ratio of moments of 0.7 years has been widely used in
previous studies (e.g. Engel et al., 2009). However, recent
progress in studies of age spectra and the ratio of moments
has shown that the ratio of moments is currently not well
constrained by either models or observations (Garny et al.,
2024b). Fritsch et al. (2020) have reported that the mean age
calculated from a virtual tracer with a linear trend using a
numerical model is in good agreement with observed values
when the ratio of moments value of 1.25 is assumed. We as-
sumed the ratio of moments to be 1.25 years, a value reported
by Fritsch et al. (2020). The CO, mole fraction was cor-
rected for CH4 oxidation and gravitational separation prior
to the age calculation (Sugawara et al., 2025). The correc-
tion of the CO; mole fraction for gravitational separation is
non-negligible and can be estimated by C x (m —mir) X (5G),
where C is CO; mole fraction, m and my;; are the respec-
tive mass numbers of the molecule and air, (§g) is the av-
erage gravitational separation (Ishidoya et al., 2006; Sug-
awara et al., 2025). The maximum depression of the CO,
mole fraction due to the gravitational separation amounts
to about 0.4 umolmol ™! at the altitudes over 30 km, assum-
ing C =400 umolmol ! and (8g) = —60per meg. The tro-
pospheric reference records of CO; and SFg mole fractions
were prepared by using data from the automatic air sampling
equipment used in the Comprehensive Observation Network
for Trace gases by Airliner program (Machida et al., 2008;
Sawa et al., 2008; Matsueda et al., 2015). Measurements of
CO; mole fraction at altitudes 29 and 31km in 2020 are
not available due to water contamination into sample air.
The overall uncertainties of the mean ages derived from the
CO, and SF¢ mole fractions were estimated to be 0.7 and
0.8 years, respectively (Umezawa et al., 2025).

3 Results and discussion

3.1 \Vertical profiles of noble gases

Figure 2 shows the vertical profiles of the isotopic and el-
emental ratios of the noble gases, the 8(*N,/?8N,) and
8(3402 /3202), and the CO;- and SF¢-ages observed in the
stratosphere over Japan on 4 June 2007 and 25 July 2020.
Balloon observation data are summarized in Tables S1 and
S2 in the Supplement. It should be noted that the iso-
topic and elemental ratios of noble gases measured at the
NIPR were expressed as the values relative to the ground
surface air at Tachikawa, as described in Sect. 2.2. How-
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ever, the 8(¥N»/28Ny), 5§(3*0,/320,), §(*°Ar/?8N,), and
8(*0Ar/3°Ar) measured at AIST were expressed relative to
the values observed in the lowest layer of the balloon obser-
vations. Although there are very few observations of the iso-
topic and elemental ratios of atmospheric major components
in the upper troposphere, aircraft observations have reported
that there is no significant vertical gradient of §(>?N,/2Ny)
and §(3*0, /3202) from the surface to near the tropopause
(Ishidoya et al., 2008a). On the other hand, Bent (2014)
observed 8(*CAr/28N,) in air samples obtained by the HI-
APER Pole-to-Pole Observations (HIPPO) project and re-
ported a large vertical gradient in troposphere. However,
such vertical gradient could not be explained by a 1-D at-
mospheric diffusion model, and it was unclear whether it
is either natural or artificial. As will be discussed later, our
results of 2-D model also show very small differences be-
tween the surface and the upper troposphere. Because the
air samples at the lowest layer were collected below the
tropopause in our balloon observations, the differences of
the isotopic and elemental ratios between the ground sur-
face and tropopause should be negligibly small. It is clearly
apparent in this figure that the isotopic and elemental ra-
tios decreased with increasing altitude. The exception was
the §(**Ne /40Ar) ratio, which increased with increasing alti-
tude because the difference of the masses of >’Ne and 0 Ar
was negative (—18kgkmol~!) for this elemental ratio. Previ-
ous studies have reported that 5PNy /28Ny), 8(340,/320,),
§(*Ar/3¢Ar), and §(*°Ar/?8N,) decrease with increasing
altitude because of gravitational separation (e.g., Ishidoya
et al.,, 2013). Similar vertical profiles have also been ob-
served for other isotopic and elemental ratios of noble gases
in the stratosphere. Gravitational separation in the strato-
sphere, as revealed by observations of isotopic and elemen-
tal ratios of major atmospheric components, indicated that
the larger the difference of mass numbers, the greater the
separation (Ishidoya et al., 2013). The isotopic ratios of Ar,
Kr, and Xe as well as the elemental ratios of §(3*Kr/*?Ar)
and 8(132Xe/*°Ar) observed in this study showed simi-
lar dependencies on mass number differences in the verti-
cal profiles. For example, the mass number differences of
the Kr isotopic ratios — 8(3*Kr/8%Kr), §(3*Kr/33Kr), and
8(30Kr/34Kr) — were 4, 3, and 2 kgkmol !, respectively, and
the observed decreases with altitude were roughly propor-
tional to these values. Because the uncertainties in the analy-
sis of Xe isotopic ratios — §(132Xe/1?Xe), §(13°Xe/*Xe),
and §('3%Xe/!32Xe) — were much larger compared to their
vertical changes (Fig. 2c), their vertical gradients were not
very significant. However, the larger the mass number dif-
ference, the larger the decreasing with altitude, and a mass-
dependent relationship similar to that observed for Ar and Kr
isotopic ratios was barely observed. The mass number dif-
ferences of the elemental ratios §(22Ne /40Ar), 8 (40Ar/ 28N5),
8(84Kr/40Ar), and 8(132Xe/40Ar) were larger than those
of the isotopic ratios, and the magnitudes of fractionation
in the mid-stratosphere were therefore significantly large.
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O,; and (f) age of air. Results of model simulations are shown by the various dotted and solid lines.
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Among the elemental ratios, §('3*Xe/?Ar) had the largest
mass number difference (92kgkmol™!), and the fractiona-
tion was about —2000 per meg at altitudes above 30 km. In
contrast, the absolute value of the mass number difference for
8(**Ne/*0Ar) was only 18 kgkmol~!, which is much smaller
than that of §(3*Kr/*°Ar) or §(132Xe/*? Ar), but the fraction-
ation was quite large, although the sign of the slope was pos-
itive.

As seen in Figs. 2 and 3, there are irregular fluctuations
of the isotopic and elemental ratios in the vertical distribu-
tions and some of them occur synchronously within the same
gas species. Ar isotopic ratios, S(*Ar/30Ar), 8(*°Ar/38Ar)
and 838 Ar/30Ar) observed in 2007 showed irregularly low
values at altitude of 21 km. Kr isotopic ratios observed also
showed similar variations at altitude of 26 km in 2007. Xe
isotopic ratios below 21 km also showed similar variations,
although their statistical significance is low. Unfortunately,
the cause of these irregular variations is not clear at present.
Because the irregular variations are not common to all gas
species, it is likely that there were factors that had different
effects on the gas species. The causes are not necessarily nat-
ural, and the possibility of small fractionations during sample
air pretreatments cannot be ruled out. This issue, along with
irregular variations in the isotopic and elemental ratios of the
atmospheric major components, remains to be solved in the
future.

These results led us to an investigation of the effects
of mass number differences. A previous study of the ma-
jor atmospheric components has shown that the values nor-
malized by mass number differences (i.e., SN, /28N2),
5C%0,/320,)/2, 8(*°Ar/*%Ar)/4, and 8(*°Ar/?8Ny)/12)
show almost the same degree of fractionation (Ishidoya et al.,
2013). The implication is that the separations of these com-
ponents are almost directly proportional to their mass num-
ber differences. In order to investigate the mass dependencies
for noble gases, we defined the value normalized by the mass
number difference, §,(X/Y), as follows:

8(X/Y)

Su(X/Y) = Amay (5

Hereafter, X and Y represent molecules associated with
the observed ratio. The mass number difference between
molecules X and Y is Amy, y. Figure 3 shows the ver-
tical profiles of 6,(X/Y). It is apparent from Fig. 3 that
the separations of Sn(29N2/28N2) (= 8(29N2/28N2)) and
8,(C*0,/3%0,) are large, followed by the isotopic ratios
of Ar, Kr, and Xe in decreasing order. The average val-
ues of §,(X/Y) at altitudes above 30km are summa-
rized in Table 1. The average values of 8,,(29N2/28N2),
8,(C*0,/3%20,), 8,(*°Ar/?8Ny), and 8,,(*° Ar/3° Ar) measured
by AIST were —544+12, —52+9, —63+ 18, and —48+6
per meg, respectively, which are close to the values of grav-
itational separation reported by Ishidoya et al. (2013). How-
ever, the average values of Sn(*0Ar/30Ar), §,(*°Ar/38Ar),
and 8,(38Ar/3°Ar) measured by the NIPR were —39+
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9, —38+9, and —40 =+ 11 per meg, respectively, and those
of 8,,(86Kr/82Kr), Sn(SGKr/83Kr), and 6n(86Kr/84Kr) were
—234+1, —23+4, and —24 £ 5 per meg, respectively. It is ap-
parent from these results that the fractionations normalized
by mass number differences are almost the same for each
gas species and that the magnitudes are smaller for Kr than
for Ar. Furthermore, the average values of 8,,(132Xe/ 129%e),
8, (13%Xe/129Xe), and 8, (130Xe /132 Xe) were —16+4, —14+
5, and —18 £ Sper meg, respectively. Their fractionations
were even smaller than those of Kr. The average values
of the elemental ratios 8,(3*Kr/*°Ar), §,(132Xe/**Ar), and
8n(22Ne/4OAr) were —2744, —21+£5, and —80£56 per meg,
respectively. The average values of §,(3*Kr/*°Ar) and
8,(132Xe /40 Ar) were intermediate between those of the iso-
topes of Kr and Ar and the isotopes of Xe and Ar, respec-
tively. These results indicated that mass-independent frac-
tionations occurred in noble gases and that the deviations
from the values for 8,1(29N2 / 28N,) increased with increasing
molecular mass.

One of the noteworthy results was that there were differ-
ences between the vertical profiles observed during 2007 and
2020. In particular, the differences were significant for the
isotopic ratios of Oy, Np, and Ar as well as for the elemen-
tal ratios of 8(*CAr/2N»), s(3*Kr/*0Ar), and 8(132Xe/*Ar).
In all cases, the fractionations in the mid-stratosphere were
greater in 2020 than in 2007. However, no clear difference
was apparent in the Kr isotopic ratios. There was also a dif-
ference of the CO; age between 2007 and 2020; the age in
2020 was larger. A previous study of gravitational separa-
tions has shown that there is a positive correlation between
the CO, age and the strength of gravitational separations
in the mid-stratosphere over Japan (Ishidoya et al., 2013).
The implication is that gravitational separations may have
been stronger in 2020 than in 2007. However, there was no
clear difference of SFg ages between 2007 and 2020. It has
been pointed out that a chemical sink for SF¢ in the meso-
sphere can lead to an overestimation of SF¢ age in the mid-
stratosphere (e.g., Stiller et al., 2012; Ray et al., 2017; Sug-
awara et al., 2018; Leedham Elvidge et al., 2018; Garny et al.,
2024a). Because the SFg age estimated in this study was not
corrected for the effect of mesospheric loss, it may have been
overestimated. Such an overestimation might explain the dif-
ference between the CO, age and SFg age in 2007. Future
observations may lead to a better understanding of the year-
to-year variations of noble gases and the mean age of air.

3.2 Kinetic fractionations

Studies of fractionations of noble gases have been conducted
for firn air on the surface of polar ice sheets and for bubble air
in ice core (Severinghaus et al., 2003; Severinghaus and Bat-
tle, 2006; Kawamura et al., 2013; Birner et al., 2018; Buiz-
ert et al., 2023). Because molecular diffusion is dominant in
firn air, unlike the free atmosphere, the deeper the air in the
firn, the more fractionations occur due to gravitational sep-
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aration. Firn air that has reached equilibrium through grav-
itational separation exhibits mass-dependent fractionation.
However, thermal disturbances near the surface cause ther-
mal diffusion, and fluctuations of pressure and wind speed at
the ground surface cause eddy diffusion. The result is frac-
tionations that are not governed simply by gravitational sepa-
ration. In particular, Kawamura et al. (2013) were the first to
report that the kinetic fractionations of Kr and Xe isotopic ra-
tios occur by convective mixing in a firn layer because of the
competition between eddy and molecular diffusion and the
large differences between the molecular diffusivities of Kr
and Xe versus those of N, or Ar. That study was further ex-
panded to consider use of excess-3°Kr as a quantitative mea-
sure of the degree of gravitational disequilibrium in the firn
layer (Buizert and Severinghaus, 2016; Birner et al., 2018;
Buizert et al., 2023). This approach in studies of firn air is
expected to be of great help in interpreting the fractionations
of noble gases in the stratosphere discovered in the present
study.

Advective flow and eddy diffusion are predominant in the
atmosphere, unlike firn air, and therefore stratospheric air is
essentially in a state of gravitational disequilibrium with re-
spect to molecular diffusions. The implications of this fact
can be applied to the gravitational separation of the ma-
jor components of the atmosphere, which is quite different
from the fractionations determined by the gravitational equi-
librium in firn air. Fractionation in gravitational equilibrium
(6gg) is given by Eq. (6):

A
SGE = exp (— mgz) ~1, ©)

RT

where Am, g, R, and T denote the mass number difference,
gravitational acceleration, the gas constant, and temperature
(K), respectively. The variable z is the altitude (m) above the
ground, but it can also be the depth in a firn if it is negative.
Because the lowermost z value is about —100m for firn air,
Amgz/RT is less than 1073, Equation (6) can therefore be
approximated by Eq. (7):

dGE ~ — . @)

It is clear from Eq. (7) that gravitational equilibrium is de-
pendent on mass in firn air. For example, the value of dgg
is about —4.7 per megm~! at Am =1 and T = 250K. This
value is typical of gravitational separations in a firn and is
equivalent to 0.47 %o enrichment at z = —100m relative to
the surface of a firn. In the stratosphere, typical gravitational
separation at an altitude of about 35 km in the mid-latitudes,
which is approximately 20 km higher than the height of the
tropopause, is about —60 per meg (Ishidoya et al., 2013; Sug-
awara et al., 2018). The vertical gradient for this fractiona-
tion is about —0.003 per megm~!. The magnitude of grav-
itational separation in the stratosphere is therefore roughly
1/1900—1/1700 of the degree of gravitational equilibrium at
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temperatures of 210-230 K. The implication is that the major
difference between firn air and the stratosphere is the degree
of gravitational disequilibrium. In this almost overwhelm-
ing state of disequilibrium, N>, O, and Ar are undergoing
mass-dependent fractionations in the stratosphere, probably
because the diffusivities of these molecules are roughly the
same. However, the diffusivities of Ne, Kr, and Xe are signif-
icantly different from those of the major components of the
atmosphere, and kinetic fractionation is therefore thought to
be prominent in the stratosphere.

In previous studies of the isotopic and elemental ratios of
the major components of the atmosphere, (5g) has been de-
fined to be an average gravitational separation normalized by
the difference of mass numbers and has been evaluated as
follows:

W | =

(86) = 5 [0 (PNo/N2) +5, (110270, )

5 (40Ar/28N2)] :

In Eq. (8), § values are always taken to be zero in the tro-
posphere and are expressed as deviations from zero. Equa-
tion (8) is based on the observation that the decreases of the
three isotopic and elemental ratios with altitude are domi-
nated by mass-dependent processes. It has also been con-
firmed by numerical models that gravitational separations
form a mass-dependent vertical profile for these three ratios
(Ishidoya et al., 2013). The gravitational separation can be
expressed generally using (6g) as follows:

®)

(X, Y)=Amxy x (dg) - &)

However, §(X/Y) values for the heavy noble gases are
clearly smaller than the mass-dependent value of §g(X/Y),
as described above. We considered the similarity of fraction-
ation to the gravitational disequilibrium in firn air and intro-
duced a quantity that represented the magnitude of the kinetic
fractionations in the stratosphere. The values of r(X/Y) and
Y(X/Y) corresponding to the isotopic or elemental ratio of
8(X/Y) were defined as follows:

8u(X/Y
rX/Y) = < /) (10)

n (ON2/28Ny)
YX/Y)=r(X/Y)—1. (1n

The value of r(X/Y) is the ratio of §,(X/Y) relative to
8, (?*N, /?8N,). If the variation of §(X/Y) were due to only
gravitational separation, then r(X/Y) and /(X /Y) would be
expected to equal 1 and zero, respectively. Figure 4 shows
the relationship between §,(X/Y) and 8,1(29N2 /28N2). The
values of r(X/Y) were determined by fitting a linear func-
tion to the relationship between the two values. Values of
Y (X/Y) are quantities that generalize the concept of excess-
86Ky (86ergl5) used in the ice core analysis by Buizert
et al. (2023) to all other isotopic and elemental ratios. For
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Figure 4. Plots of §,(X/Y) versus 6,,(29N2 /28N2). Black lines are linear least-squares fits to the data. Results of model simulations are
shown by black lines. The mass-dependent relationships (y = x) are shown by red lines.
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the heavy noble gases, the process of air mixing due to
eddy diffusion produces gravitational disequilibrium, and
the values of ¥(X/Y) are always negative. Table 1 sum-
marizes the values of r(X/Y) and {(X/Y). The values of
r(X/Y) were roughly close to 1.0 for the 6(3402/3202),
8(*0Ar/?8N3), and Ar isotopic ratios, but they were clearly
smaller than 1.0 for the heavy noble gases. For example, if we
compare 8(*°Ar/3®Ar), §(3Kr/3?Kr), and §(!3Xe/!3%Xe),
which all have mass number differences of 4kgkmol_1,
the heavier the noble gas, the lower r(X/Y). As shown
in Table 1, the r(X/Y) values decreased significantly in
the order Ar, Kr, and Xe; the lowest values were 0.24—
0.38 per meg (per meg)~! for the Xe isotopic ratios. These
facts suggested that the kinetic fractionations are not all the
same and depend on the element.

If the anomalously low r(X/Y) and /(X /Y) values of the
heavy noble gases were due to kinetic fractionations, differ-
ences of molecular diffusivities would likely be important.
We therefore compared the diffusivities of all molecules in-
volved in this study and investigated the relationships be-
tween the observed fractionations and diffusivities. Accord-
ing to Reid et al. (1987), the diffusivity of molecule X in air
is given by Eq. (12):

175

Dy e = 1.43x 107 (m?s7 1), (12)

P PX.air

where T and p denote temperature (K) and pressure (hPa),
respectively. The variable ¢y i, is independent of tempera-
ture and pressure and is given by Eq. (13):

¢X,air = \/mX,air(W‘i‘ \/3 Oair)z (13)

where ox and o,j; are the diffusion volumes of a molecule
X and of air, respectively. The diffusion volume parameter
was originally introduced by Fuller et al. (1966, 1969) for a
semi-empirical method to estimate diffusivity. We used val-
ues of atomic diffusion volume parameters listed in Table 11-
1 of Reid et al. (1987). The variable m x i, is the harmonic
mean of mass numbers for molecule X and air and is given
by Eq. (14):

1 1 \°!
"”X,air=2 —+ . (14)

mx Mair

Table 2 summarizes these values along with the ratios of dif-
fusivities relative to 23N5. In Table 2, the value of D X ,air 1S AN
example at 1000 hPa and 273 K, but the ratio Dx air/ Dasy;, air
is independent of temperature and pressure. The lightest and
heaviest molecules, 22Ne and 136Xe, have the largest and
smallest diffusivity ratios of 1.495 and 0.634, respectively.
The diffusivity therefore varies greatly as a function of the
mass of the molecule, and that dependence is an impor-
tant cause of kinetic fractionation. Although molecular dif-
fusivities are dependent on molecular masses, the relation-
ship between them is not approximated by a simple func-
tion. Furthermore, the value of §(X/Y) is influenced by the
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individual molecular diffusivities of X and Y in air. To un-
derstand the relationship between kinetic fractionations and
molecular diffusivities, the diffusivities of both X and Y must
therefore be considered. As shown in Table 1, the values of
¥ (3*Kr/*Ar) and ¢ (132Xe/*0Ar) are intermediate between
the values of i for Ar and Kr and for Ar and Xe, respectively.
We therefore transformed Eq. (13) and introduced ¢x y cor-
responding to 6(X/Y) as follows:

dx.y = /mxy(Jox + 3/5)2 (15)

where my y is the harmonic mean of the mass numbers for
molecules X and Y. The diffusivity factor, px vy, is then de-
fined as the ratio of ¢y, 2y, to ¢x v as follows:

9N, 28N,
éx.y

This diffusivity factor equals the ratio Dx y/Dwy, 2N,
which is independent of temperature and pressure. Table 1
shows the values of myx y and py y. Figure 5a shows the
correlation between . x y and the observed r(X/Y). It is ap-
parent from this figure that »(X/Y) is roughly proportional
to ux.y. The implication is that the kinetic fractionations of
noble gases in the stratosphere can be explained by the dif-
ferences of their molecular diffusivities.

Figure 6 is a schematic representation that explains the
vertical distribution of the gravitational separations and ki-
netic fractionations in firn air and the stratosphere. As men-
tioned above, the results from firn air have been extremely
useful in interpreting the kinetic fractionation of the strato-
sphere, and the differences between firn air and the strato-
sphere have also been clarified by this study. In firn air, the
environment is basically close to gravitational equilibrium,
and the magnitude of kinetic fractionation is relatively small.
As shown in Fig. 6, the value of 8(*N, /28N2) at the bottom
of the firn layer varies as a function of the thickness of the
diffusive zone, but the typical value is ~ 0.4 %o (e.g., Landais
et al.,, 2006). In contrast, because the zone in which ki-
netic fractionation occurs is a narrow layer between the well-
mixed and diffusive zones, the difference between §,(X/Y)
and 8(*’N,/?8Ny) is roughly —20 and —30per meg for the
Kr and Xe isotopic ratios, respectively, at the bottom of a
firn (Kawamura et al., 2013). If we calculate the excess value
from these values, then (for example) ¥ (3°Kr/82Kr) is ap-
proximately —50 per meg %o~ '. Buizert et al. (2023) have re-
ported a ¥ (3Kr/8?Kr) value for the last 25 kyr from an anal-
ysis of an ice core from the West Antarctic Ice Sheet Divide
and have used it as a proxy for dispersive mixing due to baro-
metric pumping in firn air. They have reported v (3°Kr/32Kr)
values that range from 0 to —60 per meg %.~"'. However, the
fractionations in the stratosphere observed in this study were
—60 and —25 per meg for 8, (>N, /28N,) and 8, (3°Kr/32Kr),
respectively, at an altitude of ~ 35km (Fig. 3). The differ-
ence, 35 per meg, is roughly close to the value at the bot-
tom of the firn, but it is comparable to the fractionation of

mxy = (16)
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Table 2. Summaries of the molecular mass and diffusivities.

b

Molecule myx ox Mair, X Dy air DX,air/D%Nz,aire
(kgkmol_l)Zl (kgkmol_l)C (m2s—1)d

Air 28.966 19.7 - - -
22Ne 22 598 25.01 2,571 x 107 1.495
28N, 28 185 28.47 1.720 x 1072 1.000
2N, 29 185 28.98 1.704 x 107 0.991
320, 32 163 30.41 1.734 x 107 1.009
340, 34 163 31.28 1.710 x 1072 0.994
36Ar 36 162 32.10 1.691 x 107 0.983
38Ar 38 162 32.87 1.671 x 107 0.972
40Ar 40 162 33.60 1.653 x 107 0.961
82Ky 82 245 42.81 1.275 x 107 0.742
83Kr 83 245 42.94 1273 x 107 0.741
84K 84 245 43.08 1.272 x 107 0.739
86Ky 86 245 4334 1.268 x 107 0.737
129xe 129 327 47.31 1.096 x 107 0.637
132xe 132 327 47.51 1.093 x 107 0.636
136xe 136 327 47.76 1.090 x 107 0.634

2 Mass number of molecule. ® Diffusion volume parameter (Reid et al., 1987). © Harmonic mean of mass numbers
between the respective molecule and air. 9 Diffusivity of molecule X in air given by Eq. (12). These values are

examples at 1000 hPa and 273 K. © The ratio of molecular diffusivities relative to Dyg Ny.air’ Note that these values are

independent of temperature and pressure.
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Figure 5. (a) Plots of the value of r(X/Y) versus the molecular diffusivity factor, x y. Dotted line shows the linear function (y = x).
(b) Same as (a), but for the results at mid-stratosphere over 40° N simulated by using a two-dimensional model.

8, (**N2/28N,) in the stratosphere. Therefore, v (3°Kr/32Kr)
is about 0.6 per meg (per meg) ™! (= 600 per meg %0~ "). The
implication is that the excess value is roughly tenfold those in
firn air. The explanation is that, unlike firn air, the atmosphere
is in a state of significant disequilibrium throughout all of its
layers, and gravitational separation and kinetic fractionation
have comparable effects on the fractionation of heavy noble
gases.

As shown in Fig. 5a, the relationship between r(X/Y) and
M x.y in some cases is nonlinear. The elemental ratios and the

https://doi.org/10.5194/acp-26-1537-2026

isotopic ratios of Ar tend to have smaller 7(X/Y) values than
those predicted from a linear relationship between r(X/Y)
and px,y. The reason for the nonlinearity is unclear at this
time, but one of the possible reasons is an effect of thermal
diffusion. The effects of thermal diffusion in the stratosphere
have not been studied and are not well understood for noble
gases. It is presently considered difficult to clearly quantify
the contribution of fractionation due to thermal diffusion in
the stratosphere.

Atmos. Chem. Phys., 26, 1537—-1563, 2026
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Figure 6. Schematic representation of vertical profiles of §(X/Y) and the effects of kinetic fractionations in a firn and the stratosphere.
8(29N2/28N2), 8(86Kr/82Kr)/4, and its excess value, 1//(86Kr/82Kr), are shown as an example of the heavy nobles gases. Note that the
scales of the vertical and horizontal axes differ between the firn and atmosphere.

3.3 Two-dimensional model

We hypothesized that the vertical profiles of noble gases re-
vealed in this study reflected the effects of not only gravi-
tational separation but also kinetic fractionation due to dif-
ferences of molecular diffusivities, as described above. To
verify this hypothesis, we performed numerical simulations
using a two-dimensional model of the middle atmosphere
(SOCRATES) developed by the National Center for Atmo-
spheric Research (Huang et al., 1998; Park et al., 1999; Khos-
ravi et al., 2002). This model has previously been used to re-
produce the gravitational separation of the atmospheric ma-
jor components (Ishidoya et al., 2013; Sugawara et al., 2018).
Only a brief description of the method is therefore given here.
To reproduce fractionations of stratospheric noble gases, the
flux associated with molecular diffusion must be calculated.
The vertical component of the flux due to molecular diffusion
for molecular species X is given by

Atmos. Chem. Phys., 26, 1537-1563, 2026

3I’lx mxg a(lnT)
Fx ,=—Dxr1 —— 1
X,z X,alr{ 3z + RT ny + (1 +oatx) 9z

x} . an

where ny, my, and arx are the number density, molecu-
lar mass, and thermal diffusion factor of species X, respec-
tively, and g, R, and T denote the acceleration of gravity,
the gas constant, and temperature, respectively (Banks and
Kockarts, 1973). As described before, the process of thermal
diffusion in the stratosphere is presently unclear and was ig-
nored in this study. Because noble gases were not included
in the original SOCRATES model, we updated it to perform
calculations for all molecules shown in Table 2. The mole
fraction was calculated for each molecule, and then the iso-
topic and elemental ratios §(X/Y) were calculated offline.
Equation (12) was used to calculate the molecular diffusivity,
Dy air- All 8(X/Y) at the ground surface were set to zero as
a boundary condition. However, this boundary condition was
not used when we considered tropospheric enrichment (see
Sect. 3.4). In addition to the noble gases, we added a virtual
clock tracer to the model. The tracer increases in proportion
to elapsed time at the ground surface and was used to cal-
culate the mean age of air. A previous study has shown that

https://doi.org/10.5194/acp-26-1537-2026
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Figure 7. Average meridional distributions in June and July for (a) 8(*?N,/28N,), (b) 8(*Ar/30Ar), (¢) 8(3Kr/32Kr), and
(d) 6(132Xe/129Xe), simulated using the updated SOCRATES model. Values lower than the lowest color contours are shown in gray.

the intensity of Brewer—Dobson circulation in SOCRATES
is too large to reproduce the mean age of stratospheric air
(Sugawara et al., 2018). We therefore arbitrarily reduced the
mass stream function of the residual mean meridional cir-
culation (hereafter, RMC) to calculate a realistic mean age.
This change also improved the reproduction of gravitational
separation. We used a 40 year spin-up calculation to achieve
steady state fractionations and then ran the simulation for an-
other 20 years (“control run”). The simulation time step was
5 d. The monthly average values in the last 5 years were com-
pared with observations. Although the observations were car-
ried out in different months (i.e., June 2007 and July 2020),
the differences of the monthly averages simulated for June
and July were small. We therefore simply averaged the § val-
ues simulated for those months.

The average meridional distributions simulated by
SOCRATES are shown in Fig. 7 for 8(*’Ny/?N,),
8(*0Ar/30Ar), §(3°Kr/3?Kr), and §(13?Xe/'*Xe) and in
Fig. 8 for §(3*Kr/*0Ar), 5(132Xe/*0Ar), and §(**Ne/*0Ar)
together with the results for the mean age of air (Fig. 8d).
The simulated vertical profiles at 40° N were shown in Figs. 2

https://doi.org/10.5194/acp-26-1537-2026

and 3. Figure 4 shows the relationships between the 6, (X/Y)
values and 8,(*N, / 28N,) simulated at 40°N. Tt is apparent
from these figures that the simulated fractionations closely
reproduced the observed results in 2007, but the simulations
slightly underestimated the observed results in 2020. The
most important point was that the model simulations basi-
cally reproduced smaller and larger §,(X/Y) values of the
heavy (Kr and Xe) and light (Ne) noble gases, respectively,
compared with the §, (*N, /28N2) (Fig. 4). Both the mass-
dependent gravitational separations and the kinetic fraction-
ations were therefore reproduced by the model. Figure 5b
shows the relationship between r(X/Y) and the diffusiv-
ity factor py y reproduced by the model. It is apparent in
this figure that the values of (X /Y) simulated for the iso-
topic and elemental ratios of major atmospheric components,
§(*Kr/*Ar) and §('32Xe/*0Ar), were related almost lin-
early to wx y. However, the fact that the values of r(X/Y)
simulated for the isotopic ratios of Kr and Xe were closer to
1.0 than the observed results meant that the kinetic fraction-
ations were underestimated for the isotopic ratios of heavy
molecules. The reason for these underestimations of kinetic

Atmos. Chem. Phys., 26, 1537-1563, 2026
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Figure 8. Same as Fig. 7, but for (a) 8(84Kr/40Ar), (b) 8(132Xe/40Ar), (c) 8(22Ne/4OAr), and (d) mean age of air.

fractionation is presently unclear. Only the mean circulation
was arbitrarily reduced in these simulations, and the eddy
diffusion coefficient was not changed. Such adjustments may
have been unrealistic and contributed to the underestimation
of kinetic fractionation. The effects of eddy diffusions on ki-
netic fractionations are discussed in Sect. 3.5.

To investigate the kinetic fractionation, the relative contri-
butions of molecular and eddy diffusion are important. In an
environment dominated by molecular diffusion alone, gravi-
tational separation according to the mass number difference
of molecules occurs, whereas in an environment dominated
by eddy diffusion alone, separation according to molecular
species is not expected to occur. The Péclet number (Pe) is
a dimensionless number defined as the ratio of the transport
rates of advection and diffusion. It is known that kinetic frac-
tionations occur in firn air under conditions where molec-
ular and eddy diffusivities are in competition (Kawamura
et al., 2013) and the Pe is approximately 1. Such conditions
in Earth’s atmosphere appear only in the upper atmosphere
at altitudes greater than 100 km. It is therefore likely that
large kinetic fractionations occur in the upper atmosphere

Atmos. Chem. Phys., 26, 1537—-1563, 2026

at altitudes above 100km. However, the predominance of
advection and eddy diffusion in the troposphere and strato-
sphere means that the Pe must be much larger than 1. As
is apparent from Eq. (17), the flux associated with molecu-
lar diffusion in the atmosphere is usually considered only in
the vertical direction. However, three-dimensional advection
and eddy diffusion are essential in atmospheric transport pro-
cesses. It is therefore difficult to define Pe in the free atmo-
sphere. Given that fractionations occur mainly in the vertical
direction and that the similarity with the Pe in firn air (Buiz-
ert et al., 2023) was considered, we approximated the Pe of
molecular species X in the atmosphere as follows:
_|wlH+ Ky,
= Dy
where w, H, and K, denote the vertical component of the
RMC, atmospheric scale height (= RT /m,;;g), and vertical
eddy diffusion coefficient, respectively. We decomposed Pex
into its advection and eddy diffusion components (Pey ,, =
|w|H/Dyx and Pex x = K;;/Dx) and simulated them for
28N,, as shown in Fig. 9. Because atmospheric pressure de-
creases exponentially with increasing altitude and molecular

Pey (18)

)

https://doi.org/10.5194/acp-26-1537-2026
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Figure 9. Annual mean distributions of two components of the Péclet number (Pe), (a) Pe28N2,w and (b) Pengz’ x simulated for 28N2 using

the updated SOCRATES model.

diffusivity is inversely proportional to atmospheric pressure,
both components of the Pe values are 0(10%)—0(10%) in the
mid-stratosphere. They decrease with increasing altitude and
are O(10~1)—0(10°) at altitudes of ~ 100km. The high Pe
numbers in the mid-stratosphere compared to firn air seem
to contradict the fact that kinetic fractionations are observ-
able in the stratosphere. This apparent contradiction may be
related to the difference in the vertical ranges of both ob-
servations: the range is about 0(101—102)m in the firn but
about O(10*)m in the stratosphere. Small kinetic fractiona-
tions may therefore be observed at high altitudes up to about
35 km. These results imply that observing kinetic fractiona-
tion in the lower stratosphere may be difficult because the Pe
is large, and the vertical range is narrow.

Although the Pe is usually defined as a positive value, the
actual vertical component of the RMC is upwelling (w > 0)
inside the low-latitude “tropical pipe” (e.g., Neu and Plumb,
1999) and downwelling (w < 0) at higher latitudes. The rela-
tionship between Pey ,, and kinetic fractionation is therefore
expected to differ between the tropics and higher latitudes.
In this relationship, the magnitude of gravitational separa-
tion in the stratosphere is much smaller above the equatorial
region than in the mid-latitudes (Sugawara et al., 2018). Un-
fortunately, there are no observations of noble gases above
the equator, but our model calculations shown in Figs. 7 and
8 predict that the (X /Y) values of heavy noble gases are
slightly lower in the equatorial mid-stratosphere than in the
mid-latitude mid-stratosphere. The implication is that kinetic
fractionations vary with latitude in the stratosphere.

Although our model results tended to underestimate the
kinetic fractionations of heavy noble gases, the observed re-
sults that their fractionations were smaller than those ex-
pected from mass-dependent gravitational separation were

https://doi.org/10.5194/acp-26-1537-2026

reproduced well in our simulation, in which large differences
of molecular diffusivities were essential for the kinetic frac-
tionation of noble gases in the stratosphere. In the following
sections, we use the model to further extend our investiga-
tions to possible tropospheric enrichments driven by strato-
spheric fractionations (Sect. 3.4) and to the sensitivity of the
fractionation of noble gases to stratospheric transport pro-
cesses (Sect. 3.5).

3.4 Tropospheric enrichments and possible variations of
tropospheric noble gases

The isotopic and elemental ratios of noble gases in the tropo-
sphere were set to zero in this study because we expected that
their variations in the troposphere would be negligibly small.
However, if we assume that the total amount of noble gases
in the atmosphere is conserved, the fact that the §(X/Y) of
noble gases decreases monotonically with altitude (increases
for 2’Ne) due to fractionation in the stratosphere suggests
that the noble gases are enriched (diluted for 22Ne) at the
ground surface. In addition, a change over a long period of
time of atmospheric transport processes such as the Brewer—
Dobson circulation in the stratosphere would change the frac-
tionations of noble gases, not only in the stratosphere but also
in the troposphere. This idea has been used to interpret long-
term variations of §(**Ar/28N,) in the troposphere. That in-
terpretation has shown that changes of the Brewer—Dobson
circulation can affect the long-term trend of §(*9Ar/?8N,)
near the ground surface (Ishidoya et al., 2021). In this study,
the same approach was applied to the isotopic and elemen-
tal ratios of all observed noble gases, and model simulations
were performed for several scenarios. We expressed the total
amount of molecular species X in the atmosphere as N(X).

Atmos. Chem. Phys., 26, 1537-1563, 2026
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By replacing the reference values in Egs. (1) and (2) with the
ratio of N values, we newly defined (X /Y) as follows:

[n(X)/n(¥)]sp 1
[N(X)/N(Y)]

If Amy y >0, this value will be positive near the ground
surface and negative at altitudes above the lower strato-
sphere. It is difficult to obtain the value of q(X/Y) from
atmospheric observations, but it can be calculated using nu-
merical models. For example, Fig. 10 shows the values of
8a(13?Xe/*Ar) calculated by SOCRATES. It is apparent
from this figure that the enrichment near the surface is 132—
138 per meg and that an isosurface where 8q(!32Xe/*CAr)
equals zero exists near the lower stratosphere. It is also
apparent that the altitude of the zero isosurface is higher
near the equator and lower at high latitudes. This latitudi-
nal dependence is due to Brewer—Dobson circulation. Be-
cause tropospheric air is well mixed, there is little depen-
dence of 8q('3%Xe/*0Ar) on altitude within the troposphere,
but it decreases rapidly above the tropopause. The fact that
the latitudinal difference at the ground surface is less than
8 per meg implies that it is difficult to detect latitudinal
differences with the current observational precision. Fig-
ure 11 shows the vertical profiles of 5q(X/Y) for various
ratios at 40°N. Table 3 shows the annual mean values of
3q(X/Y) at the ground surface in the control run. The val-
ues of 8q(*N» /28N2) and 89(40Ar/28N2) at the ground sur-
face were 2.4 and 28 per meg, respectively. The value nor-
malized by the mass number difference for 8q(**Ar/?Ny)
was therefore 28/12 = 2.3 per meg. The enrichment was
therefore almost directly proportional to the mass differ-

da(X/Y)= (19)
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ence. In contrast, the normalized value of 89(132Xe/40Ar)
at the ground surface was 1.44 per meg, which was clearly
smaller than the 8o (*°N, /28N2) of 2.4 per meg. This dif-
ference was due to the effect of kinetic fractionation in
the upper air, and the corresponding ¥ ('32Xe/*°Ar) value
was —0.40 per meg (per meg) ! These results suggested that
kinetic fractionation in the stratosphere influenced tropo-
spheric fractionation, although its magnitude was much
smaller in the troposphere than in the stratosphere.

We carried out additional simulations to investigate the
possibility that the value of 5q(X/Y) at the ground sur-
face changed with the change of stratospheric circulation.
If the Brewer—Dobson circulation strengthened with time,
the stratosphere—troposphere exchange would also be en-
hanced, and that enhancement would act to homogenize
8q(X/Y) and simultaneously reduce the mean age of strato-
spheric air. Conversely, if the stratospheric circulation weak-
ened, the vertical differences of §o(X/Y) and the mean
age would increase. We therefore performed model simu-
lations in which we changed the RMC in SOCRATES us-
ing a method similar to the method applied by Ishidoya
et al. (2021). Although many studies have been conducted
on the mean age of stratospheric air and possible changes
of transport processes, whether the mean age in the mid-
stratosphere is increasing or decreasing is unclear at present
(e.g., Engel et al., 2009; Garny et al., 2024b). For exam-
ple, Diallo et al. (2012) have reported that the mean age
was increasing at a rate of about 0.3 yrdecade™! in the
mid-stratosphere during the period 1989-2010 based on the
ERA-Interim reanalysis data. However, Engel et al. (2017)
have reported that there was no significant trend of the age
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Table 3. Values of §g, at 40° N on the ground surface simulated using the updated SOCRATES model.

Isotopic and Annual average of

Seasonal amplitude

Increase rate

elemental ratio 3¢ (per meg)? (per meg)®  (per megdecade™ b
5(¥N, /28N5) 24 0.3 0.12
§(340,/320,) 4.6 0.5 0.24
S(*9Ar/28N,) 27.7 3.1 1.41
S(*9Ar/30Ar) 8.8 1.0 0.45
5(*9Ar/38Ar) 4.4 0.5 0.22
5(38Ar/30Ar) 45 0.5 0.23
5(3Kr/82Kr) 6.5 0.7 0.33
5(3Kr/33Kr) 49 0.5 0.25
5(3%Kr/34Kr) 33 0.3 0.16
5(132Xe/129Xe) 43 0.4 0.21
5(130Xe/129Xe) 10.0 1.0 0.50
5(136Xe/132Xe) 5.7 0.6 0.28
S34Kr/*0Ar) 72.2 7.8 3.66
8(132Xe/*Ar) 132.3 14.0 6.66
5(*2Ne/*Ar) —50.0 5.6 —2.56

2 Annual average and seasonal peak-to-peak amplitude of 8¢, simulated for the control run. b Rate of secular
increase of 8¢ simulated for the weakened- residual mean circulation (RMC) scenario.
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Figure 11. (a) Vertical distributions of the annual average dg at 40° N, calculated using the updated SOCRATES model. (b) Same as (a),

but the horizontal axis is expanded close to zero.

of air observed by high-altitude balloons during the pe-
riod 1975-2016; the age increased very slightly at a rate of
+0.15 £ 0.18 yrdecade ™!, which was supported by more re-
cent result of CO;z-age observation (Sugawara et al., 2025).
Based on these results, the RMC in the model was gradu-
ally weakened during the 20 year period so that the mean
age of air increased by 0.15yrdecade™' at an altitude of

https://doi.org/10.5194/acp-26-1537-2026

35km over the northern mid-latitudes (“weakened-RMC”
scenario) to evaluate the sensitivities of the noble gases to
this change. The results are shown in Fig. 12a for the mean
age and in Fig. 12b—f for 8o(*N2/?8N>), 8q(*0Ar/?8N,),
8o (®*Kr/40Ar), 8q(132Xe/*Ar), and 8¢ (?*Ne/**Ar) simu-
lated in the mid-latitudes at the ground surface and an alti-
tude of 35 km. The values of §g increased monotonically at
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Figure 12. Temporal variations of (a) mean age of air, and (b-f) 5o (X/Y) values at 40° N simulated by using the updated SOCRATES
two-dimensional model for the weakened-RMC scenario (see text). Thick solid lines and dotted lines in (b—f) show the values at the ground
surface and at an altitude of 35 km, respectively. Linear lines denote secular trends obtained by applying linear regression analyses.

the surface (decreased in the case of 8¢ (*2Ne / 40 Ar)) accom-
panied by seasonal cycles. In contrast to the ground surface,
8q values decreased (increased in the case of 89(22N e/ 4OAr))
in the stratosphere. There was hence an increase of the dif-
ference between the stratosphere and ground surface. Ta-
ble 3 summarizes the rate of change calculated by fitting
a linear function to each §q(X/Y). The long-term rates of
change simulated at the ground surface were small for the
3a(X/Y) of the isotopes of Kr and Xe and for 8a(**Ne/*0Ar)
compared to the precisions of the observations. Such small
changes would be difficult to detect at present. If the changes
were monitored over a long period of time and the measure-
ments were adequately precise, detectability of trends would
be highest in the order 8q(**Ar/?8N,) > 5q(**Ar/°Ar) >
80(3*0,/3205) > 8o(¥*Kr/*Ar). In fact, Ishidoya et al.
(2021) have estimated the effect of a change of stratospheric
circulation on 89(40Ar/ 28N,) at the ground surface, and they
have suggested that it has a significant influence on estimates
of ocean heat content based on long-term §(**Ar/?3Nj) ob-
servations. If the precision of measurements is improved
and/or high-frequency observations are made for other no-
ble gases, it is likely that long-term trends will be detectable
at the ground surface in future studies.

Atmos. Chem. Phys., 26, 1537-1563, 2026

We have also conducted simulations of enhanced-RMC
scenario so that the mean age of air decreased by
0.15 yrdecade™! at an altitude of 35km over the northern
mid-latitudes. The resulting trends in §g at the ground sur-
face and mid-stratosphere were the opposite of those of the
weakened-RMC scenario, but their magnitudes were almost
the same. Similar results have been also shown in trends sim-
ulated for §(Ar/N») by Ishidoya et al. (2021).

Recent studies have shown that the shallow and deep
branches of the BDC show different trends, and it is impor-
tant to distinguish between them. Indeed, reanalysis data and
3-D model results have reported that the mean ages of air in
the shallow and deep branches change differently (e.g. Garny
et al., 2024b). However, it is difficult to fully discuss the dif-
ferences between the shallow and deep branches of the BDC
using a 2-D model, this study simply examined the sensitiv-
ities of noble gas fractionations at the ground surface to the
change in entire stratosphere as a first approach. We believe
that the differences of changes between the shallow and deep
branches of the BDC will be a future challenge, such as mod-
eling noble gases using a 3-D model.

Recently, Ishidoya et al. (2025) have reported long-
term trends of tropospheric §(**0,/320,) associated with
the Dole—Morita effect. They continuously measured atmo-
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spheric 8(3*0,/320,) at Tsukuba, Japan, near the ground
surface during 2013-2022 and found that the peak-to-
peak amplitude of the average seasonal cycle was about 2
per meg and that there was an increasing trend of +2.2 £+
1.4 per megdecade™!. The results of our simulations showed
that the seasonal cycle driven by fractionations in the upper
atmosphere contributed 0.5 per meg to the peak-to-peak am-
plitude. However, because the maximum of the simulated
seasonal cycle was in late summer, the phase of the sea-
sonal cycle was antiphase to that observed by Ishidoya et
al. (2025). The observed seasonal cycle of 8340, /320,),
which is driven by biological processes, may therefore be
slightly weakened by upper atmospheric fractionation. Fur-
thermore, our results simulated with the weakened-RMC
scenario showed that the trend of 89(3402/3202) at the
ground surface could be +0.24 per megdecade™!. This rate
of change is approximately 1/10 of the result observed by
Ishidoya et al. (2025), but it may not be negligible if detailed
consideration is given to the long-term changes of the Dole—
Morita effect.

3.5 Sensitivity of kinetic fractionations to model
dynamics

Because spatiotemporal variations of the age of stratospheric
air are governed only by stratospheric transport processes, a
study of those variations is an effective way to diagnose the
dynamics of the stratosphere (e.g., Waugh and Hall, 2002;
Garny et al., 2024b). Many studies have therefore been con-
ducted to compare the results of observations of the age of
the stratosphere with the results of numerical models. Cli-
mate models have predicted a long-term decrease of the age
of air in the northern mid-latitudinal mid-stratosphere. How-
ever, long-term balloon observations have not revealed such
a decreasing trend. The latest developments in studies of
the age of air have been detailed by Garny et al. (2024b).
At present, observations of the age of air are inconclusive,
and climate models have also not been able to adequately
reproduce the age of air. One major problem has been that
many current climate models tend to underestimate the age
of air. In model calculations, the mean age of air can be
decomposed into a residual circulation transit time (RCTT)
and a term characterized as “aging by mixing”. The latter
phenomenon is due to eddy mixing and recirculation, which
Garny et al. (2014) have argued is particularly important in
the mid-latitude stratosphere. They have also suggested that
the strength of mixing is tightly coupled to the strength of
the RMC. However, it is impossible to distinguish RCTT
and “aging by mixing” based on observations of age trac-
ers alone. Gravitational separations and kinetic fractionations
increase with altitude and are similar to age of air in that
respect, but they are thought to be physical quantities that
are particularly sensitive to vertical advection and mixing.
This sensitivity reflects the fact that molecular diffusivities
increase rapidly with increasing altitude as atmospheric pres-
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sure decreases. It is therefore likely that the sensitivity of the
fractionation of noble gases differs from the sensitivity of
the mean age of air to the changes of stratospheric transport
processes and could provide new constraints for numerical
models in addition to the age of air.

In Sect. 3.4, we described the simulated results of no-
ble gases in response to the scenario of a weakened RMC
(hereafter scenario A). In addition to this simulation, we per-
formed a sensitivity test in which not only the RMC but also
the vertical and horizontal eddy diffusion coefficients, K,
and Kyy, were gradually weakened by 0.5 %yr~! for the
entire atmosphere (“weakened-RMC&K” scenario, hereafter
scenario B). We also performed calculations in which only
K, was arbitrarily increased by a factor of 1.3 (“enhanced-
K, scenario”, hereafter scenario C) because the Pe is di-
rectly dependent on K. It is therefore expected that the ki-
netic fractionations of noble gases will be significantly influ-
enced by a change of K_,. Figure 13 shows the deviations
of the mean age of air, §,(X/Y), as well as ¥ (X/Y) at an
altitude of 35 km in the northern mid-latitudes simulated for
each scenario. Here, deviations were equated to differences
from the values in the control run. The mean age of air at
an altitude of 35 km increased because of weakening of the
RMC and eddy diffusion. The rates of increase were 0.15
and 0.20 yrdecade™! for scenario A and B, respectively. It
has been reported that an increase or decrease of the RCTT
leads to an increase or decrease of “aging by mixing,” and
as a result, there is almost a linear relationship between the
RCTT and the age of air (Garny et al., 2014). The fact that
the increase in the age was greater in scenario B than in sce-
nario A was generally consistent with the results of Garny
et al. (2014). In contrast, the isotopic and elemental ratios
were inversely correlated with the mean age of air. The frac-
tionations increased with increasing mean age in scenarios A
and B, and vice versa in scenario C. Such anticorrelations be-
tween the mean age of air and gravitational separations have
already been reported in observations and model studies of
the isotopic and elemental ratios of the major components
of the atmosphere (Ishidoya et al., 2013; Sugawara et al.,
2018; Belikov et al., 2019; Birner et al., 2020). In addition,
we found that there was a tendency for the changes to be
greater for light molecules and smaller for heavy molecules.
It is noteworthy that the value of ¥ (X/Y) responded differ-
ently in the A and B scenarios. For example, ¥ (13*Xe/40Ar)
decreased in Scenario A and increased in Scenario B. Fur-
thermore, the heavier the molecule, the greater the change of
Y(X/Y). This result implied that the kinetic fractionations
of noble gases responded differently to changes of the RMC
and eddy diffusion. Furthermore, the results for scenario C,
where K, was increased, indicated that the value of ¢/ (X/Y)
decreased significantly. The implication was that the kinetic
fractionation was particularly sensitive to vertical eddy diffu-
sion. Although the deviations of ¥/ (X /Y) shown here were so
small that they could not be detected with the current obser-
vational precision, the value of (X /Y) may be a useful tool
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in numerical models for constraining stratospheric transport
processes, especially in the case of vertical eddy diffusion.

In this regard, there is a discrepancy between the observed
and modeled ¥ (X/Y) values. For example, the observed
v (13%2Xe/*0Ar) was —0.61 £ 0.03 per meg (per meg)~!, as
shown in Table 1, whereas the simulated ¥ (!32Xe/*0Ar)
was approximately —0.38 per meg (per meg)~!. Regard-
less of the scenarios, there was almost no change
in the overestimation of ¥ (X/Y) values. Model re-
sults showed that ¥ (132Xe/*°Ar) dropped to around
—0.6per meg (per meg)~! at an altitude of approximately
100 km where the molecular and eddy diffusions were com-
petitive, but it was significantly overestimated in the strato-
sphere. This overestimation of ¥(X/Y) for noble gases in
the model could be traced to the overestimation of r(X/Y)
and was evident in the isotopic and elemental ratios of Ar,
Kr, and Xe, as seen in Fig. 5b. The cause of this overestima-
tion is currently unclear. One of the possible causes would
be an effect of thermal diffusion on the observed data, as de-
scribed before, an effect that was neglected in our model.
However, we could not find clear evidence of fractionations
due to thermal diffusion in the stratosphere. Another possi-
ble cause could have been an unrealistic eddy diffusion coef-
ficient in the model. Although an enhancement of K, could
lead to depressions of (X /Y), as described above, the age
of air would simultaneously decrease. The result would be
another contradiction. These results implied that our sensitiv-
ity test using arbitrary changes of transport processes could
not fully reproduce realistic ¥ (X/Y) values. To resolve this
problem, it will be necessary to carry out simulations with
other models. In particular, simulations of the gravitational
separations and kinetic fractionations, in addition to the mean
age of air, using modern climate models will help to validate
model dynamics. Model simulations that take thermal diffu-
sion into account will also be needed in a future study.

3.6 Implications for ocean heat content and noble gas
thermometry of mean ocean temperature

Noble gases are extremely stable in the atmosphere, but they
can be exchanged between the atmosphere and ocean be-
cause their solubilities in seawater change with seawater tem-
perature variations. Because the temperature dependence of
solubility is unique to each noble gas, the air—sea flux of no-
ble gases due to changes in seawater temperature changes the
elemental ratios of noble gases in the atmosphere (e.g. Keel-
ing et al., 2004). Using this principle, the global mean ocean
temperature (MOT) over the past several hundred thousand
years has been reconstructed from §(Kr/N»), §(Xe/N>) and
3(Xe/Kr) of bubble air trapped in ice cores (e.g., Bereiter
et al., 2018b; Shackleton et al., 2020; Haeberli et al., 2021).
Ishidoya et al. (2021) reported the long-term variations of
8(Ar/Ny) observed at ground stations in 2012-2020 and dis-
cussed the contributions of secular changes in global ocean
heat content (OHC) and BDC. They concluded that the effect
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of the BDC change on §(Ar/N>) at the ground surface cannot
be ignored.

We extended the discussion of §(Ar/N>) by Ishidoya
et al. (2021) to §(Kr/Ar), §(Xe/Ar), and 6(Ne/Ar), and
roughly estimated the decadal-scale effects of increased
OHC on the elemental ratios of noble gases, comparing
them with the effects associated with BDC variations dis-
cussed in Sect. 3.4. The rate of change of N, and no-
ble gases in response to an increase in OHC depends on
seawater temperature, and the relative rates of change of
Ny, Ar, Kr, Xe, and Ne per 100ZJ (Zeta = 1021) of OHC
are reported in Table 1 of Keeling et al. (2004). Assum-
ing a seawater temperature of 10°C, the rates of change
for 6(Ar/Ny), §(Kr/Ar), §(Xe/Ar), and §(Ne/Ar) are 2.56,
6.12,19.42, and —3.91 per meg (100ZJ)~!, respectively. The
OHC value varies significantly depending on the depth
of the ocean that is considered. Because we mainly fo-
cus on fluctuations over a relatively short timescale in
this section, we used the annual OHC data reported by
NOAA/NCEI up to a depth of 700m (https://www.ncei.
noaa.gov/access/global-ocean-heat-content/index.html, last
access: 18 September 2025). Using this OHC data, the av-
erage rate of change in OHC over the 10 year period from
2010-2020 was calculated as 8.4ZJyr—!. Therefore, the
temporal change rates of §(Ar/Nj), §(Kr/Ar), §(Xe/Ar),
and §(Ne/Ar) associated with the increase in OHC dur-
ing this period were estimated to be 2.2, 5.1, 16.3, and
—3.3per megdecade™!, respectively. The rates of change in
8 caused by the change in BDC described in Sect. 3.4 (in-
crease rate in Table 3) were comparable to the rates of change
caused by increases in OHC. The relative magnitudes of the
change rates due to the BDC change to those due to the OHC
increase are 66, 71, 41, and 78 % for §(Ar/N3y), 6(Kr/Ar),
3(Xe/Ar), and §(Ne/Ar), respectively. This result suggests
that OHC and BDC variations are essential for decadal-scale
variations in the elemental ratios of noble gases.

It is interesting to determine how the BDC fluctuations can
affect noble gases over the timescale of glacial-interglacial
cycles. Fu et al. (2020) simulated BDC during the Last
Glacial Maximum (LGM) using the Whole Atmosphere
Community Climate Model (WACCM) and showed that the
tropical upwelling during the LGM was weaker than that
during the modern climate and that the mean age of air in-
creased everywhere in the stratosphere during the LGM. We
conducted an additional 2-D model simulation for a steady-
state condition with a slow BDC in a simplified manner.
The RMC in the model was weakened so that the mean age
of air increased by 0.3 years (approximately 9 %) at an al-
titude of 35km over the northern mid-latitudes when the
model reached steady state after spin-up calculation during
the 40 year period. As a result of this simulation, the changes
in the annual average §(Ar/Nj), §(Kr/Ar), §(Xe/Ar), and
8(Ne/Ar) at the ground surface in southern high latitudes
were 2.7, 7.0, 12.8, and —4.9 per meg, respectively, com-
pared with those before changing the RMC. If the BDC
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changes significantly with glacial-interglacial cycles, this
may be recorded in the noble gas elemental ratios in ice core
samples, which may need to be considered when the past
MOT is reconstructed from noble gases.

4 Conclusions

Through continued high-quality sampling of stratospheric air
and advances in gas analysis technology, this study revealed
for the first time the existence of small fractionations of no-
ble gases in the stratosphere. The existence of gravitational
separation of major components of the stratosphere has been
reported in our previous studies. It is nowadays recognized
that stratospheric gravitational separation is a tool that can
be used to diagnose stratospheric transport processes (Garny
et al., 2024b). In addition to documenting gravitational sepa-
rations, this study quantified the kinetic fractionations of no-
ble gases and revealed ways to apply them to the validation
of transport processes in numerical models. This study sug-
gested that fractionations of noble gases due to molecular
diffusion may respond in a unique way to long-term changes
of the RMC and eddy mixing and will differ from the re-
sponse of the age of air. It is therefore likely that the molecu-
lar diffusion of noble gases will be incorporated into numer-
ical models such as chemical transport models and climate
models in future studies, and observational results will be
used to provide constraints on the validity of the transport
processes in the models. Some models have already included
molecular diffusion, and it would not be too difficult to in-
corporate it into other models. An advantage in the case of
simulations of gravitational separations and kinetic fraction-
ations is that the theory of molecular diffusion is well under-
stood, and there is little ambiguity. Needless to say, the age
of air is the most powerful tool for diagnosing stratospheric
transport processes. However, unlike the “clock-tracers” used
in numerical models, there are no truly ideal “clock-tracers”
in observations. Even the mole fractions of CO, and SF,
which are often used as age tracers, are associated with
several uncertainties, including nonlinear tropospheric vari-
ations and mesospheric losses. Gravitational separations and
kinetic fractionations have the great advantage that they are
truly governed by only transport processes.

At present, observations of noble gases in the atmosphere
have been quite limited. In the future, observations of noble
gases will be needed not only in the stratosphere but also in
the troposphere. The results of analyses of firn air and bubble
air in ice cores have been extremely useful for understand-
ing the fractionations associated with molecular diffusion in
the atmosphere. Although there is a difference between firn
air and the atmosphere where molecular diffusion and eddy
diffusion, respectively, are dominant, many concepts such as
the age of air, age distributions (equivalent to “age spectra”
in atmospheric studies), gravitational separations, and kinetic
fractionations (gravitational disequilibrium) are applicable to
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both studies. Research on these will continue to progress in
a complementary manner. From this perspective, it has been
speculated that thermal diffusion, another important equilib-
rium fractionation in firn air, probably also occurs in the at-
mosphere. However, the depths at which gravitational sepa-
rations, kinetic fractionations, and thermal diffusion in firn
air prevail differ to some extent. In contrast, all of these ef-
fects may be mixed throughout the atmosphere, and the frac-
tionation processes are more complex in the atmosphere than
in firn air. This study could not clearly show the influence
of thermal diffusion, but because the sensitivities of thermal
diffusion vary as a function of the gas species, this issue will
likely be resolved by accumulating more observational data.

In this study, we improved the two-dimensional model to
simultaneously calculate the mole fractions of many noble
gases, and we were able to basically reproduce gravitational
separations and kinetic fractionations in the stratosphere.
However, simulations by numerical models are currently in-
sufficient. A major problem is that we could not adequately
reproduce the kinetic fractionations of noble gases. The fact
that the two-dimensional model used in this study underesti-
mated the strength of the kinetic fractionation suggested that
observations of noble gases may provide constraints on the
uncertainties of the transport processes in numerical mod-
els. At present, it is difficult to detect variations of noble
gases elemental ratios in the troposphere caused by variations
in stratospheric circulation, except for §(**Ar/?8N,). How-
ever, when considering longer timescales such as glacial—
interglacial cycles, variations in stratospheric circulation may
have a significant impact on ice core data. It may also be nec-
essary to incorporate thermal diffusion in future studies. Fu-
ture research that uses more realistic three-dimensional mod-
els to attempt to reproduce not only the age of air, but also
gravitational separations and kinetic fractionations of noble
gases will be required.
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