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Collec.on	
  of	
  middle	
  tropospheric	
  air	
  samples	
  over	
  the	
  	
  
western	
  North	
  Pacific	
  

・Flight	
  :	
  once	
  per	
  month	
  from	
  Atsugi	
  Base	
  (35.45°N,	
  139.45°E),	
  Kanagawa,	
  Japan,	
  to	
  
Minamitorishima	
  (MNM;	
  24.28°N,	
  153.98°E).	
  

・24	
   air	
   samples	
   are	
   pressurized	
   into	
   1.7	
   L	
   .tanium	
   flasks	
   whose	
   inner	
   walls	
   are	
  
silica-­‐coated	
  to	
  an	
  absolute	
  pressure	
  of	
  0.4	
  MPa.	
  

・A	
  set	
  of	
  17−20	
  samples	
  are	
  collected	
  during	
  the	
  level	
  flight	
  (about	
  6	
  km	
  a.s.l.)	
  and	
  
others	
  are	
  obtained	
  during	
  the	
  descent	
  por.on	
  at	
  MNM.	
  	


Cargo	
  aircra?	
  C-­‐130H	




Collec.on	
  of	
  middle	
  tropospheric	
  air	
  samples	
  over	
  the	
  	
  
western	
  North	
  Pacific	
  

Cargo	
  aircra?	
  C-­‐130H	


・CO2,	
   CH4,	
   N2O	
   and	
   CO	
   concentra.ons	
   were	
   analyzed	
   at	
   Japan	
   Meteorological	
  
Agency	
  (JMA)	
  （Tsuboi	
  et	
  al.	
  2013	
  AMT;	
  Niwa	
  et	
  al.,	
  2014	
  JMSJ)	
  

・δ(O2/N2),	
  δ(Ar/N2),	
   stable	
   isotopic	
   ra.os	
   of	
  N2,	
  O2	
   and	
  Ar	
  （δ15N,	
  δ18O	
   and	
  δ40Ar）	
  
were	
  analyzed	
  at	
  Na.onal	
  Ins.tute	
  of	
  Advanced	
  Industrial	
  Science	
  and	
  Technology	
  
(AIST)	
  (Ishidoya	
  &	
  Murayama,	
  2014	
  Tellus	
  B;	
  Ishidoya	
  et	
  al.	
  2014	
  SOLA）	
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   concentra.ons	
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  et	
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  JMSJ)	
  

・δ(O2/N2),	
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   and	
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  （δ15N,	
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were	
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Topics:	
  
	
  
・Correc.on	
  of	
  the	
  thermally	
  frac.ona.on	
  superimposed	
  on	
  δ(O2/N2)	
  	
  
	
  
・La.tudinal	
  difference	
  seen	
  in	
  seasonal	
  APO	
  cycles	
  
	
  
・Al.tudinal	
  gradient	
  of	
  annual	
  average	
  APO	
  over	
  MNM	
  
	
  
・La.tudinal	
  gradient	
  of	
  annual	
  average	
  APO	
  

Updated	
  from	
  Ishidoya	
  et	
  al.	
  (2014)	
  



Measurement	
  system	
  of	
  O2/N2	
  and	
  Ar/N2	
  ra.os,	
  CO2	
  concentra.on	
  and	
  
stable	
  isotopic	
  ra.os	
  of	
  N2,	
  O2	
  and	
  Ar	
  (the	
  slides	
  presented	
  in	
  GGMT)	
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Temporal	
  changes	
  in	
  measured	
  values	
  of	
  the	
  working	
  standard	
  air	
  
against	
  the	
  primary	
  standard	
  air.	
 Updated	
  from	
  Ishidoya	
  and	
  Murayama	
  (2014)	




Preliminary	
  observa.onal	
  results	
  of	
  O2/N2,	
  CO2	
  and	
  Ar/N2	
  ra.os	
  at	
  
Tsukuba,	
  Japan	
  (the	
  slides	
  presented	
  in	
  GGMT)	
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APO	
  and	
  δ(Ar/N2)	


δ(Ar/N2)	
   varied	
   basically	
   in	
   phase	
   with	
   APO,	
  
and	
   both	
   of	
   them	
   showed	
   clear	
   seasonal	
  
cycles.	
  APO	
  decreases	
  secularly.	
  δ(Ar/N2)	
  may	
  
increase	
  slightly?	
  (not	
  clear)	
  
	
  APO:	
  1	
  minutes	
  mean,	
   δ(Ar/N2):	
  20	
  hours	
  mean	
  	


The	
  APO/δ(Ar/N2)	
  ra.o	
  was	
  3.9	
  for	
  
their	
   seasonal	
   amplitudes.	
   The	
  
seasonal	
   APO	
   cycle	
   driven	
   by	
  
solubility	
  change	
  accounts	
  for	
  21%	
  
of	
   the	
   observed	
   seasonal	
   APO	
  
cycle.	


Updated	
  from	
  Ishidoya	
  and	
  Murayama	
  (2014)	
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δ15N,	
   δ18O	
   and	
   δ40O	
   (and	
   δ(Ar/N2))	
   should	
  
be	
   almost	
   constant	
   in	
   the	
   troposphere,	
  
however,	
   unrealis.c	
   large	
   varia.ons	
   of	
  
them	
  were	
  observed.	
  	
  
The	
  significant	
  varia.ons	
  are	
  amributable	
  to	
  
some	
  kind	
  of	
  ar.ficial	
  frac.ona.ons	
  caused	
  
by	
   the	
   flask	
   air	
   sampling	
   onboard	
   the	
  
C-­‐130H	
  aircra?.	
  	
  

Rela.onships	
  of	
  the	
  measured	
  δ(Ar/N2),	
  δ18O	
  and	
  δ40Ar	
  with	
  δ15N	
  
obtained	
  from	
  the	
  air	
  samples	
  collected	
  on	
  the	
  aircra?	
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   in	
   the	
   troposphere,	
  
however,	
   unrealis.c	
   large	
   varia.ons	
   of	
  
them	
  were	
  observed.	
  	
  
The	
  significant	
  varia.ons	
  are	
  amributable	
  to	
  
some	
  kind	
  of	
  ar.ficial	
  frac.ona.ons	
  caused	
  
by	
   the	
   flask	
   air	
   sampling	
   onboard	
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Rela.onships	
  of	
  the	
  measured	
  δ(Ar/N2),	
  δ18O	
  and	
  δ40Ar	
  with	
  δ15N	
  
obtained	
  from	
  the	
  air	
  samples	
  collected	
  on	
  the	
  aircra?	
  

Linear	
   regression	
   analyses	
   give	
   slopes	
   of	
  
16.4,	
  1.56	
  and	
  2.72	
  per	
  meg	
  per	
  meg-­‐1	
  for	
  the	
  
δ(Ar/N2)/δ15N,	
   δ18O/δ15N	
   and	
   δ40Ar/δ15N	
  
ra.os,	
   respec.vely.	
   These	
   ra.os	
   are	
   very	
  
close	
   to	
   those	
   expected	
   from	
   thermal	
  
diffusion	
   frac.ona.ons,	
   however,	
   clearly	
  
different	
   from	
   those	
   expected	
   from	
   the	
  
theore.cal	
   mass-­‐dependent	
   frac.ona.on	
  
due	
  to	
  a	
  pressure	
  gradient.	
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Rela.onships	
  of	
  the	
  measured	
  δ(Ar/N2),	
  δ18O	
  and	
  δ40Ar	
  with	
  δ15N	
  
obtained	
  from	
  the	
  air	
  samples	
  collected	
  on	
  the	
  aircra?	
  

Although	
   the	
   mechanism	
   how	
   the	
   thermal	
  
diffusion	
   frac.ona.on	
   occurs	
   during	
   the	
   air	
  
sampling	
  is	
  not	
  clear,	
  it	
  may	
  be	
  related	
  to	
  the	
  
fact	
   that	
   the	
  ambient	
   air,	
   supplied	
   from	
   the	
  
jet	
   engine	
   of	
   the	
   C-­‐130H	
   to	
   pressurize	
   the	
  
cabin,	
  is	
  split	
  into	
  several	
  branches.	
  Since	
  the	
  
air	
  samples	
  are	
  collected	
  through	
  one	
  of	
  the	
  
branches,	
   the	
   frac.ona.on	
   of	
   air	
  molecules	
  
could	
   be	
   amributed	
   to	
   a	
   temperature	
  
gradient	
  at	
  the	
  branches.	
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δ O2 N2( )cor. = δ O2 N2( )meas. -αO2 ⋅αAr
−1 ⋅ Δδ Ar N2( )meas.

	
  Correc.on	
  of	
  the	
  thermally-­‐diffusive	
  frac.ona.on	
  superimposed	
  on	
  
the	
  measured	
  δ(O2/N2)	
  using	
  	
  the	
  simultaneously-­‐measured	
  	
  δ(Ar/N2)	
  	
  

An	
  example	
  of	
  the	
  correc.on:	
  
The	
  flight	
  on	
  December,	
  2012	
  

○：uncorrected	
  δ(O2/N2)	
  
●:	
  corrected	
  δ(O2/N2)	


The	
  coefficients	
  αO2	
  =	
  4.57	
  and	
  αAr	
  =	
  16.2	
  are	
  the	
  δ(O2/N2)/δ15N	
  and	
  δ(Ar/N2)/δ15N	
  ra.os	
  
respec.vely,	
  determined	
  from	
  our	
  experiment	
  on	
  the	
  thermal	
  diffusion	
  frac.ona.on.	
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Increasing	
   δ(O2/N2)cor.	
   with	
   decreasing	
   CO2	
   is	
  
observed	
   at	
   higher	
   la.tudes	
   north	
   of	
   33°N.	
   In	
  
this	
   region,	
   APO	
   shows	
   no	
   significant	
   changes,	
  
sugges.ng	
  an	
  intrusion	
  of	
  air	
  masses	
  influenced	
  
by	
   the	
   terrestrial	
   biospheric	
   ac.vi.es	
   and/or	
  
fossil	
  fuel	
  combus.ons.	
  This	
  conjecture	
  is	
  based	
  
on	
   the	
   backward	
   trajectory	
   analysis	
   using	
   the	
  
NOAA-­‐HYSPRIT	
   showing	
   air	
   parcels	
   rising	
   from	
  
the	
   equatorial	
   surface	
   region	
   into	
   the	
   middle	
  
troposphere	
   north	
   of	
   33°N.	
   These	
   results	
  
indicate	
   that	
   the	
   δ(O2/N2)cor.	
   data	
   are	
   able	
   to	
  
capture	
  synop.c-­‐scale	
  varia.ons.	
  	


An	
  example	
  of	
  the	
  spa.al	
  varia.ons	
  in	
  the	
  corrected	
  δ(O2/N2)	
  (	
  June	
  2012)	
  
30
20
10

0
-10

δ(
O

2/N
2)

co
r.  

(p
er

 m
eg

)

343230282624
Latitude  (°N)

397
396
395
394
393

CO
2  conc.  (ppm

)120
110
100

90
80A

PO
  (

pe
r m

eg
)

(a)

June, 2012



410

405

400

395

390

385

380

CO
2  conc.  (ppm

)

2015201420132012
Year

-80

-40

0

40

δ(
O

2/N
2)

  (
pe

r m
eg

)

120

80

40

0

A
PO

  (
pe

r m
eg

)

Latitude (°N)
 33.5
 31.5
 29.5
 27.5
 25.5

δ(O2/N2)cor.,	
  CO2	
  concentra.on	
  and	
  APO	
  observed	
  at	
  height	
  interval	
  
between	
  5.1−6.9	
  km	
  at	
  each	
  la.tude	
  over	
  the	
  western	
  North	
  Pacific	
  

δ(O2/N2)cor.	
   and	
   APO	
   show	
  
clear	
   secular	
   decreases,	
   while	
  
CO2	
   concentra.ons	
   show	
  
secular	
  increases.	
  	
  
	
  
δ ( O 2 / N 2 ) c o r . 	
   ( C O 2	
  
concentra.on)	
   shows	
   clear	
  
seasonal	
   cycles	
   at	
   all	
   la.tudes	
  
with	
   summer.me	
   maxima	
   and	
  
minima	
   (minima	
   and	
   maxima),	
  
respec.vely.	
  	
  
	
  
APO	
   also	
   shows	
   clear	
   seasonal	
  
cycles,	
   however,	
   its	
   seasonal	
  
a m p l i t u d e 	
   d e c r e a s e s	
  
significantly	
   toward	
   the	
   lower	
  
la.tudes.	
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Average seasonal cycles

δ(O2/N2)cor.,	
  CO2	
  concentra.on	
  and	
  APO	
  observed	
  at	
  height	
  interval	
  
between	
  5.1−6.9	
  km	
  at	
  each	
  la.tude	
  over	
  the	
  western	
  North	
  Pacific	
  

The	
   amplitude	
   of	
   the	
  mid-­‐tropospheric	
  
seasonal	
  APO	
  cycle	
  at	
  33.5°N	
  was	
  found	
  
to	
  be	
  twice	
  as	
  large	
  as	
  that	
  observed	
  at	
  
25.5°N,	
   whereas	
   the	
   corresponding	
  
la.tudinal	
   difference	
   in	
   the	
   seasonal	
  
CO2	
  amplitude	
  was	
  less	
  than	
  10%	


Best-­‐fimed	
  curves	
  only	




Comparison	
  between	
  the	
  observed	
  and	
  simulated	
  APO	
  	
  
over	
  the	
  western	
  North	
  Pacific	
  

The	
  atmospheric	
  transport	
  models	
  
	
  
STAG	
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  transport	
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  and	
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  Keeling,	
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scale contribution of each basin to the O2/N2 variations is most
sensitive to the north-south distribution of O2 surface fluxes and, to
a lesser extent, to zonal distribution because the atmosphere
smoothes out east-west trends.

Simulations based on the O2 anomaly climatology of Najjar
and Keeling [1997] are shown for comparison purposes in
Plate 4c. Results are shown using the Najjar and Keeling
[1997] climatology both with and without SST rescaling. The
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The	
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  of	
   seasonal	
   cycles	
  of	
  
the	
   simulated	
   APO	
   underes.mate	
  
the	
   observed	
   amplitudes.	
   The	
  
underes.ma.on	
   is	
   more	
   significant	
  
in	
   the	
   simulated	
   APO	
   by	
   STAG	
   than	
  
that	
  by	
  NICAM-­‐TM.	
  	
  
=>similar	
   underes.ma.on	
   is	
   also	
  
found	
   in	
   the	
   middle	
   to	
   upper	
  
troposphere	
   over	
   Sendai-­‐Fukuoka,	
  
Japan	
  (Ishidoya	
  et	
  al.,	
  2012).	
  
	
  
Both	
  the	
  simulated	
  APO	
  by	
  STAG	
  and	
  
NICAM-­‐TM	
   show	
   the	
   significant	
  
decrease	
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   the	
   seasonal	
   amplitudes	
  
toward	
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  lower	
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=>consistent	
   with	
   the	
   observed	
  
characteris.c.	
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These	
  results	
  suggest	
  that	
  the	
  mid-­‐tropospheric	
  seasonal	
  APO	
  cycle	
  in	
  
the	
  northern	
   low	
   la.tudes	
   is	
   reduced	
  by	
  a	
   superposi.on	
  of	
   the	
  an.-­‐
phase	
  seasonal	
  APO	
  cycles	
  in	
  the	
  northern	
  and	
  southern	
  hemispheres.	
  	
  
Therefore,	
   it	
   is	
   expected	
   the	
   seasonal	
   APO	
   cycles	
   observed	
   in	
   the	
  
troposphere	
  over	
   the	
  subtropical	
   region	
  will	
  be	
  used	
   to	
  evaluate	
   the	
  
interhemispheric	
  air	
  mixing.	
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Average	
  seasonal	
  APO	
  cycles	


δ(O2/N2)cor.,	
  CO2	
  concentra.on	
  and	
  APO	
  observed	
  in	
  the	
  troposphere	
  
over	
  Minamitorishima	
  (MNM),	
  Japan.	
  

The	
  amplitudes	
  of	
   seasonal	
  δ(O2/N2)cor.,	
   CO2	
   concentra.on	
  and	
  APO	
   cycles	
  
found	
  to	
  decrease	
  with	
  increasing	
  height	
  over	
  MNM	
  	
  (24.28°N).	
  



The	
  observed	
  and	
  simulated	
  APO	
  in	
  the	
  troposphere	
  over	
  MNM	
  
Average	
  seasonal	
  APO	
  cycles	


The	
   observed	
   al.tudinal	
   decrease	
   of	
   the	
   seasonal	
   amplitudes	
   is	
   rela.vely	
   well	
  
reproduced	
  by	
   the	
  simulated	
  APO	
  by	
  NICAM-­‐TM.	
  Both	
   the	
  annual	
  average	
  ver.cal	
  
gradients	
   in	
   the	
   observed	
   and	
   simulated	
  APO	
   are	
   very	
   small	
   	
   (within	
   2	
   per	
  meg),	
  
which	
  may	
  suggest	
  that	
  there	
  is	
  no	
  annual	
  average	
  significant	
  source	
  and	
  sink	
  of	
  O2	
  
in	
  the	
  ocean	
  around	
  MNM.	
  

Annual	
  average	
  ver.cal	
  gradients	
  of	
  
δ(O2/N2)cor.,	
  CO2	
  concentra.on	
  and	
  APO	
  	




La.tudinal	
  gradients	
  in	
  annual	
  average	
  APO	
  from	
  25.5	
  to	
  33.5	
  °N	
  

The	
  annual	
  average	
  APO	
  was	
  higher	
  at	
  25.5°N	
  than	
  that	
  at	
  33°N	
  by	
  about	
  4	
  per	
  meg,	
  
and	
   the	
   APO	
   simulated	
   without	
   considering	
   annual	
   average	
   air-­‐sea	
   O2	
   flux	
  
underes.mates	
  the	
  la.tudinal	
  gradient.	
  This	
  is	
  consistent	
  with	
  an	
  existence	
  of	
  sea-­‐
to-­‐air	
  annual	
  average	
  O2	
  flux	
  in	
  the	
  equatorial	
  region	
  (e.g.	
  Tohjima	
  et	
  al.,	
  2012).	
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APO exercise [Blaine, 2005]. Garcia and Keeling [2001]
pointed out that the phase of their estimated air-sea sea-
sonal O2 flux is expected to be advanced by a few weeks
because their calculation did not include the mixed layer
equilibration process for O2.
[33] Additional model simulations indicated that the time

shift in the seasonal oceanic O2 flux causes a proportional
time shift in the APO seasonal cycle, and that the seasonal
variations in the PBL height do not significantly affect the
phasing of APO. (Text S2 provides the details of the addi-
tional model simulations.) These results might indicate that
the timing of the seasonal maximum of the oceanic O2 fluxes
of Garcia and Keeling [2001] should not necessarily be
changed in the western North Pacific where our model-
to-observation comparison was made.

5.4. Comparison of Annual Mean APO Distribution
Between Observation and Model
[34] Distributions of the annual mean APO along the lat-

itudinal and longitudinal transects are plotted as red symbols
in Figures 10a and 10b, respectively. The observed annual
mean APO again confirms the equatorial bulge [Tohjima
et al., 2005b; Battle et al., 2006] with gentle and steep
poleward decreases in the Southern and Northern Hemi-
spheres, respectively. The latitudinal profile shows a deep
trough at 36!N and then an abrupt increase to the north of
40!N. The longitudinal profile shows an eastward increase
between 120!E and 160!E and a decrease between 160!E
and 100!W with a slight elevation around 135!W. There-
fore, we now have an identifiable area with an elevated

annual mean APO in the northwestern North Pacific, in
addition to the equatorial region.
[35] Simulated annual mean APO values using the ocean

CO2 emissions of Takahashi et al. [2002] (green) and
Takahashi et al. [2009] (blue), and other fluxes as listed in
Table 1 are also plotted along the latitudinal and longitudinal
transects in Figures 10a and 10b, respectively. In the figures,
the simulated APO distributions are shifted so that the values
for the equatorial bin match the observation.
[36] It is obvious that the observed latitudinal profile in the

Southern Hemisphere is better reproduced by the simulation
using the Takahashi et al. [2009] flux data than the
Takahashi et al. [2002] flux data. The difference between
the equator and 34!S for the simulation based on Takahashi
et al. [2009] and Takahashi et al. [2002] is about 4 per meg
and about 8 per meg, respectively, with the former value
agreeing with the observation. Additionally, the observed
APO increase to the north of 40!N is also reproduced by the
simulation. The simulated longitudinal profiles, showing
higher APO values than the observation, trace fairly well the
observed eastward increase and decrease. The most obvious
disagreement in the latitudinal profiles occurs between 20!N
and 40!N, where the observation shows more decrease than
the model.
[37] To examine the contribution of each APO component

to the net simulated APO distribution, the four components
(APOAM, APOSA, APOFF, and APOOC) of the bin center
simulated APO along the latitudinal and longitudinal trans-
ects are depicted in Figure 11. As described in section 5.2.,
the equatorial APOAM bulge is compensated by the equato-
rial trough of APOSA; the contributions of the oceanic O2

Figure 10. Averaged distribution of the annual mean APO for the 7-year period from 2002 to 2008 along
the (a) latitudinal and (b) longitudinal transects shown in Figure 1. Colors represent: red = flask observa-
tion, and green and blue = bin center simulated APO with the oceanic CO2 fluxes of Takahashi et al.
[2002] and Takahashi et al. [2009], respectively. Light blue broken lines represent the bin center simulated
APO with doubled annual mean air-to-sea O2 flux in a rectangular region (30–50!N, 120–180!E) (see
text). (Full observation-model comparison including the flask sampling simulated APO is shown in
Figure S4.)
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Concluding	
  Remarks	

・ We	
  have	
  analyzed	
  the	
  air	
  samples	
  collected	
  in	
  the	
  middle	
  troposphere	
  over	
  the	
  
western	
  North	
  Pacific	
  since	
  May	
  2012.	
  The	
  significant	
  ar.ficial	
  frac.ona.on	
  due	
  to	
  
thermal	
  diffusion	
  superimposed	
  on	
  the	
  observed	
  δ(O2/N2)	
  were	
  corrected	
  by	
  using	
  
the	
  simultaneously-­‐observed	
  δ(Ar/N2).	
  	
  

	
  
・The	
  corrected	
  δ(O2/N2)	
  and	
  the	
  APO	
  showed	
  prominent	
  seasonal	
  cycles	
  
superimposed	
  on	
  clear	
  secular	
  downward	
  trends.	
  The	
  amplitude	
  of	
  the	
  mid-­‐
tropospheric	
  seasonal	
  APO	
  cycle	
  at	
  33.5°N	
  was	
  found	
  to	
  be	
  twice	
  as	
  large	
  as	
  that	
  
observed	
  at	
  25.5°N.	
  	
  

	
  
・By	
  comparisons	
  between	
  the	
  observed	
  and	
  simulated	
  seasonal	
  APO	
  cycles,	
  it	
  was	
  
suggested	
  that	
  the	
  mid-­‐tropospheric	
  seasonal	
  APO	
  cycle	
  in	
  the	
  northern	
  low	
  
la.tudes	
  is	
  reduced	
  by	
  the	
  an.-­‐phase	
  seasonal	
  APO	
  cycles	
  in	
  the	
  northern	
  and	
  
southern	
  hemispheres.	
  	
  

	
  
・The	
  difference	
  between	
  the	
  annual	
  average	
  APO	
  at	
  the	
  surface	
  and	
  that	
  in	
  the	
  mid-­‐
troposphere	
  are	
  found	
  to	
  be	
  within	
  2	
  per	
  meg	
  over	
  Minamitorishima,	
  Japan.	
  

	
  
・The	
  annual	
  average	
  APO	
  was	
  higher	
  at	
  25.5°N	
  than	
  that	
  at	
  33°N	
  by	
  about	
  4	
  per	
  meg,	
  
which	
  may	
  reflect	
  an	
  annual	
  average	
  sea-­‐to-­‐air	
  O2	
  flux	
  in	
  the	
  equatorial	
  region.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =>This	
  method	
  will	
  enable	
  us	
  to	
  analyze	
  
δ(O2/N2)	
  of	
  air	
  samples	
  obtained	
  from	
  various	
  kinds	
  of	
  aircra?s.	
  


