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In our project, Grant-in-Aid for Scientific Research (S), JSPS, we propose methods to evaluate changes in ocean heat
content, atmospheric circulation, and carbon/oxygen cycles based on wide-area observations of atmospheric
constituents; O2/N2, Ar/N2 and their δ18O, δ15N and δ40Ar, concentrations of CO2 and COS and its δ34S.



Image of the combined analyses using multi species

O2/N2 and Ar/N2 have information about global
CO2 cycle and air-sea heat flux, respectively, but
their variations are quite small. An effect of
stratospheric gravitational separation should
also be considered to discuss a secular trend of
Ar/N2.

COS and δ18O of O2 have information about
photosynthesis and respiration, however,
development of stable standard is needed for
COS, and δ18O change in the present
atmosphere has never been detected.

In this regard, all Japanese institutes capable of
measuring the above-mentioned components,
and National Metrology Institute participate in
this research project. Moreover, modelers
capable of carrying out advanced inversion
analyses and simulation of gravitational
separation also join us. Therefore, we are going
to promote this project.
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Each analysis value (black
dots) and corresponding
annual average (blue circles)
of δ(O2/N2) and δ(Ar/N2) of
three secondary standards
against the primary
standard air.
Anomalies of δ(O2/N2) and
δ(Ar/N2) of the three
secondary standards shown
in boLom panels.

No systemaMc temporal
variaMons are found over
the 11 years.

The standard deviaMons of
the annual average δ(O2/N2)
and δ(Ar/N2) anomalies
(±1.6 and ±2.3 per meg)
corresponds to ±0.20 and
±0.29 per meg yr-1,
respecMvely, for the 11-
year-long secular trends.
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The same as in the
previous figures but for
δ15N of N2 and δ18O of O2.

No systemaMc temporal
variaMons are found over
the 11 years.

The standard deviaMons of
the annual average δ15N
and δ18O anomalies (±0.5
and ±0.9 per meg)
corresponds to ±0.06 and
±0.11 per meg yr-1,
respecMvely, for the 11-
year-long secular trends.
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We have also expanded the observation area using a merchant or a research vessels.



Variations in d(APO) and d(Ar/N2) observed at Tsukuba (TKB), Hateruma (HAT), 
Ochiishi (COI), Minamitorishima (MNM), and Ryori (RYO), Japan
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Temporal variaMons of d(APO) and d(Ar/N2) at Tsukuba, Hateruma, and Ochiishi, Japan. Best-fit curves to the data
(solid lines) and interannual variaMons (dashed lines) are also shown. Rates of change of d(APO) and d(Ar/N2) are also
shown by red lines (cutoff period is 36 months to obtain the interannual variaMon). The data observed at
Minamitorishima and Ryori located at close laMtude to Hateruma and Ochiishi, respecMvely, are also shown. Since
Tsukuba is urban site, the APO data affected by local fossil fuel consumpMon were excluded from the analysis.



Variations in d(APO) and d(Ar/N2) observed at TKB, HAT, COI, MNM, RYO,
Takayama (TKY), Japan and Syowa (SYO), Antarctica
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Average seasonal cycles

Temporal variations at Takayama and Syowa are also shown
in this slide. The average seasonal d(Ar/N2) cycles (upper
right figure) show summer to autumn maxima in both
hemispheres, and the seasonal amplitudes are larger at
higher latitude.

We have recognized our d(Ar/N2) data are somewhat
noisier than those reported by Scripps O2 program. So, I am
now trying to improve our measurements using a new
mass spectrometer.



Annual change rate of d(APO) due to the solubility change (d(APO)therm) from that due to the net marine 
biological activities (d(APO)netbio) by a combined analysis of d(APO) and d(Ar/N2). 

Bottom figure shows change rates of
d(APO)
d(APO)therm =d(Ar/N2) x 0.9
d(APO)netbio + fossil fuel + air-sea CO2 exchange = d(APO) - d(APO)therm.

Right figure shows the rates and some climate indexes (discussed below).

* It is known that the seasonal and interannual variations in d(APO) are driven
mainly by the air-sea O2 and N2 fluxes, although the air-sea CO2 and fossil fuel
fluxes cause a secular d(APO) trend.
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Annual change rate of d(APO) due to the solubility change 
(d(APO)therm) from that due to the net marine biological activities 
(d(APO)netbio) by a combined analysis of d(APO) and d(Ar/N2). 

The annual change rate of the average d(APO)therm was found
to vary in phase with the Southern Oscillation Index (SOI) and
the change rate of the global Ocean Heat Content (OHC).

On the other hand, the corresponding annual change rate of
the average d(APO)netbio varied in opposite phase with SOI.
Similar features of d(APO)netbio were found from our aircraft
observations over MNM (Ishidoya et al., 2022).

These responses of d(APO)therm and d(APO)netbio, to El Niño /
La Niña events are qualitatively consistent with those
expected from the simulations based on a community earth
system model by Eddebbar et al. (2017).

The Earth tends to gain more energy during La Niña, mainly
associated with reduction in outgoing longwave radiation
(Loeb et al., 2012). Negative PDO also tends to strength La
Niña condition. These characteristics seem to be consistent
with the rapid increase of d(APO)therm since the late 2020.
SOI and surface temperature data are from JMA website. h9ps://www.data.jma.go.jp/cpd/data/elnino/index/da9ab.html
h9ps://www.data.jma.go.jp/cpdinfo/temp/mar_wld.html)
PDO and OHC data are from NOAA/NCEI website. h9ps://www.ncei.noaa.gov/access/monitoring/pdo/
h9ps://www.ncei.noaa.gov/access/global-ocean-heat-content/
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The fidelity of ocean model predictions of future O2 changes depends on their ability to represent basic
aspects of the oceanic O2 cycle and its natural variability. Both CESM and IPSL show good agreement with
the phase and sign of the APO response to ENSO estimated by the atmospheric inversion, whereas the
GFDL response showed significant inconsistencies. The magnitude of the APO flux variability, however, is
underestimated in all models globally and regionally by more than 50%. This underestimate is in agreement
with a previous comparison of the atmospheric inversion APO results to an earlier generation ocean model
[Rödenbeck et al., 2008]. A recent study by Long et al. [2016] also shows significantly lower interannual varia-
bility (>50%) in interior [O2] in a coupled simulation of CESM when compared to available time series from
ocean stations in the Subarctic and Subtropical North Pacific. These underestimations likely result from sys-
temic model deficiencies in representing physical and biogeochemical processes and their interactions. For
instance, inadequate representation of Equatorial Intermediate Currents in coarse resolution models [Dietze
and Loeptien, 2013] or weak vertical mixing in the Subpolar North Pacific (e.g., in CESM [Moore et al., 2013])
leads to weak ventilation of eastern tropical Pacific thermocline waters, driving significant low-O2 biases.
Deficiencies in representing organic matter remineralization profiles may also drive biases in the vertical

Figure 11. Schematic of anomalies in O2 fluxes and main driving processes in the tropical Pacific during (a) El Niño and
(b) La Niña conditions.
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The fidelity of ocean model predictions of future O2 changes depends on their ability to represent basic
aspects of the oceanic O2 cycle and its natural variability. Both CESM and IPSL show good agreement with
the phase and sign of the APO response to ENSO estimated by the atmospheric inversion, whereas the
GFDL response showed significant inconsistencies. The magnitude of the APO flux variability, however, is
underestimated in all models globally and regionally by more than 50%. This underestimate is in agreement
with a previous comparison of the atmospheric inversion APO results to an earlier generation ocean model
[Rödenbeck et al., 2008]. A recent study by Long et al. [2016] also shows significantly lower interannual varia-
bility (>50%) in interior [O2] in a coupled simulation of CESM when compared to available time series from
ocean stations in the Subarctic and Subtropical North Pacific. These underestimations likely result from sys-
temic model deficiencies in representing physical and biogeochemical processes and their interactions. For
instance, inadequate representation of Equatorial Intermediate Currents in coarse resolution models [Dietze
and Loeptien, 2013] or weak vertical mixing in the Subpolar North Pacific (e.g., in CESM [Moore et al., 2013])
leads to weak ventilation of eastern tropical Pacific thermocline waters, driving significant low-O2 biases.
Deficiencies in representing organic matter remineralization profiles may also drive biases in the vertical
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bility (>50%) in interior [O2] in a coupled simulation of CESM when compared to available time series from
ocean stations in the Subarctic and Subtropical North Pacific. These underestimations likely result from sys-
temic model deficiencies in representing physical and biogeochemical processes and their interactions. For
instance, inadequate representation of Equatorial Intermediate Currents in coarse resolution models [Dietze
and Loeptien, 2013] or weak vertical mixing in the Subpolar North Pacific (e.g., in CESM [Moore et al., 2013])
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The sites where balloon observations for gravitational separation in the stratosphere, 
evaluated based on d(Ar/N2), d15N, d18O and d40Ar, have been conducted 



Gravitational separation of the atmosphere
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Balloon-borne cryogenic air sampler 

BIAK 

TAIKI 

HAKUHO 

Balloon-borne whole air sampling�
JAXA$Balloon$launch$site$
Sanriku:$1985�2007$
Taiki:$2010��

Sanriku�

Taiki�

Measurements of gravitational separation�

Nakazawa et al. (1995), Honda at el. (1996), Sugawara et al. (1997), Aoki et al. (2003), Toyoda at el. (2004) , Morimoto et al. (2009) etc.



Vertical profiles of gravitational separation and age of air observed over Japan, 
equatorial region, Arctica and Antarctica (updated from Ishidoya et al., 2008, 2013, 2018; Sugawara et al., 2018)
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1830 S. Sugawara et al.: Age and gravitational separation of the stratospheric air

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. (c, 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 22 km. 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, Kyy , 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

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 CO2 and SF6 mole
fractions, �18O of O2, �15N of N2, and � (Ar/N2) at altitudes
of 17 to 29 km over Biak, Indonesia in February 2015 us-
ing a set of cryogenic samplers. The CO2 and SF6 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 SF6 and CO2
ages showed a general increase with height. The SF6 age and
its vertical gradient obtained in this study are nearly con-

Atmos. Chem. Phys., 18, 1819–1833, 2018 www.atmos-chem-phys.net/18/1819/2018/

d
Age of air

To interpret spatiotemporal
variations in gravitational separation
and mean age of air, we carried out
2-D and 3-D model simulation using
SOCRATES and NIES-TM,
respectively (e.g. Sugawara et al., 2018;
Belikov et al., 2019). For this purpose,
molecular-diffusion process from
the surface to the middle
atmosphere was incorporated.

Both models reproduced
general characteristics of
the observed latitudinal
variations seen in the
vertical profiles over
Japan, equatorial region,
Arctic and Antarctica.
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Long-term changes in gravitational separation and age of air observed in the 

middle stratosphere over Japan for the period 1988 – 2020
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We found year-to-year changes in the d were inversely correlated with that of the mean age. Based on
similar analysis by Ishidoya et al. (2013), secular enhancement of the Brewer-Dobson circulaWon (BDC) is
suggested from the relaWonships between the observed long-term changes in gravitaWonal separaWon
and those in mean age. It must be noted the “enhanced BDC run” by 2-D model (SOCRATES) simulaWon
considered changes in mean stream funcWon only. More realisWc simulaWon by using 3-D model will be
needed as a next step.
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Gravita,onal separa,on is determined by a balance between molecular- and eddy-diffusion fluxes (e.g. Ishidoya et al., 2013;
Sugawara et al., 2018). Therefore, if the atmospheric circula,on is weakened, then the atmosphere is more separated and the
surface d(Ar/N2) should increase slightly. If this effect is significant compared with the surface d(Ar/N2) increase by an ocean
heat uptake, then simultaneous observa,ons of the stratospheric and surface d(Ar/N2) must be important to evaluate ocean
heat content (OHC) changes.

*arrows denote relative 
temperature dependence of the 
solubility of Ar & N2

(not absolute values of their fluxes)

Ishidoya et al. (2021 ACP)

Long-term trend in the surface d(Ar/N2) could also be modified by gravitational separation



Solid: weakened BDC
Dashed: enhanced BDC

-100

-80

-60

-40

-20

δ 
 (p

er
 m

eg
)

6.56.05.55.04.54.03.5
CO2 age  (years)

Solid: Ctl. run
Dashed: Enh. BDC

 30｡N
 35｡N
 40｡N
 45｡N
 50｡N

Year
2020

2015

2010

2005

2000

1995

1990

2020201520102005200019951990

Year

-80

-60

-40

-20

0

 M
id

dl
e 

st
ra

to
sp

he
ric

 δ
  

(p
er

 m
eg

)

5.5

5.0

4.5

4.0

3.5

M
iddle stratospheric 

m
ean age of air  (years)

Secular enhancement of BDC, suggested from our observations and 2-D model simulations for 
gravitational separation and age of air, could cause slight secular decrease of the surface d(Ar/N2)
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Enhanced BDC

It is considered that gravitational separation throughout the
atmosphere is weakened by secular enhancement of BDC. This
results in secular increase and decrease of the stratospheric and
the surface d(Ar/N2), respectively, based on our 2-D model
simulation. However, it must be noted again the 2-D model
simulation considered changes in mean stream function only, so
that horizontal mixing processes are ignored. More realistic
simulation by using 3-D model is needed.
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Secular trend in the surface d(Ar/N2) its application to the estimation of the global OHC increase

d(Ar/N2) at TKB, global OHC, global surface temperature, and
SOI are shown in the figure. Rates of change of the d(Ar/N2)
and OHC are also shown (red line). Both the rates show quite
similar interannual variaMons. However, the raMo of
“interannual variaMon / secular trend” for d(Ar/N2) is much
larger than that for the OHC.

The linear secular trend of d(Ar/N2) is also shown in the figure
(blue line). Considering the uncertainMes around the
regression and the long-term stability of the standard air, the
trend is 0.5±0.3 per meg/yr. The correcMon for gravitaMonal
separaMon changes expected from enhanced BDC, and that
for technical issue associated with mass spectrometry we
have re-evaluated recently are roughly in similar extent and in
opposite direcMon, so that we adopt the trend of 0.5 per
meg/yr as it is in this analysis.

The OHC increases based on d(Ar/N2) trend (blue line),
assuming a conversion factor of 3.5×10-23 per meg per joule
by assuming a one-box ocean with a temperature of 3.5°C,
was roughly in consistent with that based on the ocean
temperature measurements. The consistency suggests that
the d(Ar/N2) is an important tracer for detecMng
spaMotemporally integrated changes in OHC and BDC.

TKB



Concluding remarks

Simultaneous observational results of d(APO) and d(Ar/N2) at several sites since 2012 were
presented. Variations in the annual change rates of d(APO)therm and d(APO)netbio were correlated
with SOI and the change rates of the global OHC.

Long-term variations in gravitational separation in the lower-to-middle stratosphere for the
period 1989-2020 were observed firstly. The vertical gradients of gravitational separation was
found to vary roughly in opposite phase with the middle stratospheric mean age of air. If we
follow the 2-D model simulation, then secular enhancement of the BDC is suggested.

The average OHC increase rates, estimated considering the secular trends in d(Ar/N2) and
gravitational separation, was consistent with that reported by ocean temperature measurements.
However, there are many issues left unsolved, and more studies are needed to understand detail
mechanisms of the spatiotemporal variations in d(Ar/N2) and gravitational separation.
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