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ABSTRACT

In order to ascertain yearly variability, the pCO, in the air and surface sea water was
measured during the winter season in and over the western North Pacific from 1981 to 1985,
and 6'3C measurements were taken from 1982. The seasonality was also studied in the area
off Japan’s coast. The distribution of pCO, in the surface sea water was found to vary with
geographical location; it is low in the mid-latitudes and high in the equatorial region. During
the El Nifio Event in 1982/1983, the horizontal distribution of pCO, was greatly disturbed,
with a relatively low temperature and a high pCO, level in the equatorial region in the western
North Pacific.

Surface sea water in the temperate zone shows a seasonal variation in pCO,, which is low in
winter and high in summer.

It was found that pCQ, in the air over the ocean decreases with distance from the Japanese
islands, and south of 15°N it is nearly constant. Between 1982 and 1985, the 6'3C of CO, in
the air south of 15°N decreased at 0.022 + 0.006%, yr~* and the pCO, increased at 1.11 + 0.04
ppm yr~'. The secular variation of pCO, and é'3C in the surface sea water with the CO,

increase in the air, was not ascertainable from observations from 1981 to 1985.

1. Introduction

Man has been disturbing the global carbon
budget mainly by releasing large quantities of
CO, from fossil fuel combustion into the
atmosphere. The impact of this activity is seen
without a doubt in a steadily rising concentration
of atmospheric CO,. The retention of CO, in the
atmosphere is estimated to be 56.7%; of the total
release, based on an examination of Mauna Loa
and South Pole data (Keeling, 1983). At present,
no comparable data exists to assess the disturb-
ance of the carbon budget on the land or in the
ocean. It is generally accepted that the ocean acts
as one of the principal controllers of the rising
concentration of the atmospheric CO, of recent
years, along with land biomass. However,
because of difficulties in understanding the CO,
exchange process, estimations based only on the
measurement of pCO, in the atmosphere into the
amount of carbon transfer to and from the ocean

and land biomass remain ambiguous in their
results,

Measurement of the concentration (pCQO,) as
well as the carbon isotope ratio (6 '3C) of CO, in
the air and in the surface sea water is one of the
possible approaches to clarifying the changing
global carbon budget, because the isotopic com-
positions of the global carbon reservoirs (atmos-
phere, ocean and land biomass) differ from each
other. Since 1958, the determination of pCQO, in
the air and in surface sea water has been
attempted by many laboratories (Takahashi,
1961; Keeling, 1968; Akiyama, 1968; Gordon
et al.,, 1973; Miyake and Sugimura, 1969; Miyake
et al., 1974; Roos and Gravenhorst, 1984). The
general pattern of pCO, distribution in the
surface sea water indicates that the water is
supersaturated with respect to the pCO, in the air
in the equatorial region, and undersaturated in
the subtropics apart from in upwelling areas.
However, little is known of the short- and long-
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term variabilities of the ocean CO, (Weiss et al.,
1982 Takahashi et al., 1983), in contrast with the
variation in the atmospheric CO, concentration.

Because the §'3C of CO, produced by fossil
fuel combustion is much lower (about 179%,) than
that of the atmospheric CO, (—8%,), a long-term
decrease in the carbon isotope ratio takes place
with the increase in the concentration in the air.
However, the change in 6'3C corresponding to
the rising concentration of atmospheric CO, is
very different from the simple mixing of fossil
fuel CO, with atmospheric CO, (Keeling et al.,
1979 Mook et al., 1983; Keeling et al., 1984),

Air/sea exchange of CO, leads to a different
relationship between concentration and carbon
isotope ratio of atmospheric CO, than that
achieved by the simple mixing of two different
carbon isotopic species. We recently pointed out
the importance of the kinetic isotope fraction-
ation process as a possible cause of isotopic
disequilibrium between air and sea water (Inoue
and Sugimura, 1985a).

Precise and repeated measurements in the
same area are now necessitated for the establish-
ment of the long-term trend of pCO, and 6!3C of
CO, in the air and surface sea water. Here we
report the results of a study of the pCO, and
d1°C of atmospheric CO, and of surface sea
water in the western North Pacific undertaken
during a period from 1981 to 1985 for the purpose
of detecting the long-term trend. Seasonal vari-
ation of pCO, in the surface sea water is also
given for the area south of Japan.

2. Samples and analytical method

Measurements of the pCO, in the air and in
the surface sea water were carried out from 1981
on board the R.V. Ryofu-maru belonging to the
Japan Meteorological Agency, and on board the
R.V. Hakuho-maru belonging to the Ocean
Research Institute, University of Tokyo. In 1982
and 83, CO, was extracted from air and sea water
samples on board in order to measure the carbon
isotope ratio. In 1985, air and water samples were
collected on board and the extraction of CO, was
performed in the laboratory at Tsukuba. The ship
tracks of the R.V. Ryofu-maru and Hakuho-maru
are shown in Figs. 1, 2. The pCO, in the air and
surface sea water was measured throughout the
cruise and samples for carbon isotopic measure-
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ment were collected intermittently. The area
studied for the seasonal variation of pCO, in the
surface sea water is shown by a broken line in
Fig. 2.

2.1. Measurement of the pCO-

A schematic drawing of the instrument used
for the determination of pCO, in the surface sea
water and in the air is shown in Fig. 3. The
system is essentially the same as that used in
previous works (Miyake and Sugimura, 1969,
Miyake et al., 1974; Inoue and Sugimura, 1985b),
although a slight modification was made for the
R.V. Hakuho-maru cruise (KH8503).

Sea water was pumped up continuously from
the bottom of the ship (about 5 m below the
surface) and introduced into an equilibrator. A
constant volume of air (2 1) was circulated
counter-currentwise in a closed circuit consisting
of a small diaphragm pump, an electric de-
humidifier, chemical desiccant (Mg(ClO,),) and
a non-dispersive infra-red gas analyzer (NDIR,
Beckman Model 315A).

Correction was made for the observed pCO, in
the surface water using eq. (1), due to a tempera-
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Fig. 2. Cruise tracks of the R.V. Ryofu-maru and R.V.
Hakuho-maru (KH). Seasonality of the pCO, in the
surface sea water was studied in the area enclosed by
the broken line. pCO, was measured on January 19,
1985 (Ry8501), February 22, 1983 (KH8304) and June
29, 1985 (KH8503).

ture rise in the inner piping (Gordon and Jones,
1973):

opCO,
oT

=4.4x 10-(pCO,) — 4.6 x 10-5(pCO,)2, (1)

where T is the water temperature.

Air samples were obtained from an air inlet
installed on the bow or windward of the ship with
a rate of 5-10 I min~'. 0.5 1 min~! of the air was
passed through the NDIR’s sample cell after
removal of water vapor through the electrical and
chemical desiccant system.

Four different concentrations (450, 380, 330,
250 ppm of CO, in N,) of working standard
gases were used to calibrate the instrument. Each
working standard gas was passed through the
sample cell for five minutes every hour in order to
convert output voltage to concentration. The
working standard gases were calibrated against
the primary standard (CO, in air) prepared by
the gravimetric method. The standard was stan-
dardized against the WMO standard (1981 mole
fraction, supplied from the Scripps Institution of
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Fig. 3. Schematic diagram of air and surface sea water CO, measurement system.
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Oceanography). A duplicate analysis of the same
air revealed that the standard deviation of the
analytical results is within +0.3 ppm in the
laboratory on land and a little larger (0.4 to 0.5
ppm) during shipboard analysis.

2.2. Measurement of the 6'3C of CO,

Sea water: total dissolved inorganic carbon
(3. CO,) was extracted from a sea water sample
in a portable vacuum line as described in a
previous paper (Inoue and Sugimura, 1985a). In
1982 and 83, sample CO, was extracted and
collected on board in a sample tube with a
groundglass stopcock lubricated with Apiezon
grease. The small amount of water vapor
contained in the sample gas was completely
removed in the laboratory at Tsukuba by the
cryogenic distillation method (at 173 K).

In 1985, samples of surface sea water were
collected together with some of deep sea water.
The samples were sterilized by the addition of
sodium azide (NaN;) in a 100 ml polyethylene
bottle (50 ug ml~') and stored in a deep freeze
until the CQO, was extracted in the Tsukuba
laboratory. The results of our experiment into the
813C of the ¥ CO, in deep sea water, however,
will be given elsewhere.

Air: During the 82 and 83 cruises, sample air
was collected in a plastic bag and the pCO, was
continuously monitored on board. Within a few
hours after sampling, CO, was extracted from the
air and transferred into a sample tube using a
portable shipboard vacuum line (Inoue and
Sugimura, 1985a).

In 1985, air samples were collected in the same
manner in 5 | elongated flasks (Pyrex glass, 130
mm dia) with teflon O-ring stopcocks at both
ends. The flasks were evacuated and refilled with
pure nitrogen (99.999%) before use. At the sam-
pling, the inside of the flask was flushed with
filtered air (Millipore 0.45 um), while the
concentration of CO, was continuously moni-
tored on the NDIR, and finally the air sample
was sealed in the flask at positive pressure,
attained by first closing the outlet and then the
inlet after confirmation of increased inside press-
ure to an optimum condition (1.2 to 1.4 kg cm~2).

Measurement of the '*C/'2C ratio of CO, in
one sample was carried out within a few months
after the collection, and it was confirmed that
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there was no change in the isotopic ratio during
storage.

In the Tsukuba laboratory, the concentration
of CO; in the air sample flasks was analyzed on
NDIR (Beckman Model 864) and the CO, in the
sample air was then extracted using a vacuum
manifold line. The flask was installed in the
vacuum line, and the air in the flask was
circulated through a large spherical liquid nitro-
gen trap filled with Dixon Packing (1.5 mm) by a
Toepler pump (Misuzu Co. Ltd.), at a flow rate of
1 1 min~! at STP in a closed circuit. After total
extraction, the CO, in the trap was transferred
into a sample tube for the purpose of mass
spectrometry.

It has been confirmed that there is no
difference in the value of carbon isotopic ratio
due to the different techniques used at sea and on
land (Inoue and Sugimura, 1985b, c).

The isotopic composition of carbon in the CO,
was measured on a triple ion collector mass
spectrometer (Finnigan MAT 250). The result is
expressed as the per-mil deviation from the PDB
standard:

(1 3C/1 2C)sample

3 C=-——
o8C |:(13C/12C)PDB

—1]x103; 2

NBS-20, NBS-19, NBS-i8, NBS-17 and NBS-16
obtained from the US National Bureau of Stan-
dards are in use together with four laboratory
isotopic standards. To detect the long-term trend
of §'3C in a natural system, sufficient stability of
the mass spectrometer is required (Mook et al.,
1983). For this purpose, stability of our instru-
ment is maintained within an accuracy of
+0.05%, with respect to NBS-20 for 5 years.
Corrections due to N,O which is trapped with
CO, and interferes with the isotope measurement
(Mook and Van der Hoek, 1983) does not apply
to this report. On our mass spectrometer, the
beam intensity of mass 44 ion of N,O* is about
71%, to that of CO; at an equal inlet pressure
(Inoue and Sugimura, 1985c). Considering the
background concentration of N,O (Weiss, 1981),
we propose the addition of +0.23%, to our §'3C
value in this report (Craig and Keeling, 1963).

2.3. Data selection of the pCO, and 6'3C

2.3.1. pCO, of armospheric CO,. Data with
short-term fluctuations with periodicities from
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seconds to several minutes was excluded from the
continuous record of the atmospheric CO,
concentration as artifact such as exhaust from the
ship. For the calculation of background CO,
concentration in the air over the open western
North Pacific south of 30°N, data was selected so
as to be within +1 sigma (standard deviation) of
the mean value at each latitudinal zone. This
criterion does not apply to the data in the air
north of 30°N, due to a prevailing northwest
wind from the Japanese islands where the
concentration of atmospheric CO, is greatly
affected by the land biota and human activities.
The impact of data selection on the shipboard
record depends strongly not only on the stability
of electric power and temperature of the cell, but
also on the weather during a cruise. Our selection
scheme removed 179 of the total data gleaned in
1981, 189, for 1982, 209/ for 1983, 279, for 1984
and 17% for 1985. The difference in the mean
values between selected and total data set in the
south of 30°N is in a range between 0 ppm and
0.8 ppm.

2.3.2. pCO, in the surface sea water. Data
selection must be carried out with care, because
pCO, in the surface sea water exhibits great
variability. After examination of the data with
respect to oceanographic parameters, some data
was excluded as unrepresentative. Such examples
were caused by fluctuations of output voltage
during rough weather, undesirable contamination
from room air, air circulation pump malfunction,
careless use of an adhesive agent which interferes
with the measurement, and so on. Our selection
scheme removed 199, of the total data gleaned in
1981, 39 for 1982, 12% for 1983, 10% for 1984
and 39 for 1985.

2.3.3. 8'3C of atmospheric CO, and of the
Y CO, in sea water. Extractions of CO, for the
purpose of 6'3C measurements were taken from
12 air samples and 11 sea water samples in 1982,
13 and 13 in 1983, and 13 and 17 in 1985. Of the
79 samples, the results of 72 are given in this
report. The results of 7 samples have been ex-
cluded, because 3 were lost during sample tube
handling, 2 in imposed variation in preparation
of samples for mass spectrometry and 2 during
improper sterilization. Because the concentration
of CO, in the air sample collected in a glass flask
on board is in the range of +0.6 ppm of the
record at the same sampling station, it has been

decided that no loss or gain of CO, occurred in
the sample air during storage.

3. Results and discussion

Although variations in the pCO, in the air
have been analyzed in terms of various perio-
dicities (Spittlehouse and Ripley, 1977; Halter
and Harris, 1983), those in the surface sea water
remain undetermined. Recently, Keeling pointed
out an approximately parallel increase of the
pCO, in surface sea water in the Sargasso Sea
with that in the atmospheric CO, record at
Mauna Loa Observatory (Keeling, 1985 personal
communication; Takahashi et al., 1983). Because
of the long-term variation in the pCO, in the
surface sea water is relatively small and generally
modified or overridden by changes in biological
fixation and/or seasonal temperature, the short-
term variation should be characterized in order to
ascertain the long-term trend of pCO,.

Distribution in pCO, and 6 '3C of atmospheric
CO, gives an information concerning the origin
of CO, added to and/or extracted from the air.
And long-term variation in the relationship
between pCO, and 4 13C of atmospheric CO, can
be used to distinguish between air/sea and
air/biosphere CO, exchange. Therefore this
paper records activities concerning the time and
spatial variation in pCO, and §'3C of CO,
observed in and over the western North Pacific
during the period from 1981 to 1985.

3.1. Distribution of pCO, in surface sea water

The meridional distributions of the pCO, in
the surface sea water are shown in Figs. 4, 5 for
the area from 35°N to 1°S, along 137°E and from
1°S 137°E to 25°N 128°E. Average values of
pCO, in the surface sea water at each latitude are
summarized in Tables 1, 2. The general pattern of
distribution is almost the same as that mentioned
in previous papers (Keeling, 1968; Akiyama,
1968 ; Miyake and Sugimura, 1969; Miyake et al.,
1974), but the pCO, is 10 to 20 ppm higher than
the previous value. As seen in these Figures, the
pCO, in the surface sea water is high in the
coastal area off Japan and in the equatorial
region, and low in the subtropical gyre. The
partial pressure changed slightly every year at the
Kuroshio Front located around 32.5°N, irrespec-

Tellus 39B (1987), 1-2



400
Ry8101 (1) Ry8301 (1)
Easof L ;
a
@
= 300F F
z
il A r i B 4 ] i i 1 1 1
& 400
c Ry8201(1) ' Ry8401(1)
o~ b
O 3501 &
(8]
[+%
300: C
35 30 25 20 15 10 5 0
Latitude (°N} Ry8501(1)
350 ¢ w
300 S

AIR AND SURFACE SEA WATER IN THE WESTERN NORTH PACIFIC

233

20 15 10 5 0
Latitude {°N)

Fig. 4. Meridional distribution of pCO, in the surface sea water for the period from 1981 to 1985. Numeral 1 in
parentheses represents the southward transect from the Japanese islands to the equator along 137°E.

400
Ry 8101(2) Ry8301(2)
— B o - '_/.,."
£ 350
Q s
e i
- 300t = L
@ oS
[ " " : " i 1 1 1 ' 4 1 Loa 1 N
z
@ 400
¢ Ry 8201(2) Ry8401(2)
. ' "
5380 - S L e s .
Q - .
a .. ;
300 | - s
3% 30 25 20 15 30 5 0
Latitude (°N} Ry 8501(2)

350

300

2 i La 2 A I n

30 25 20 15 10 5 o]
Latitude (°N)

Fig. 5. Meridional distribution of pCQO, in the surface sea water for the period from 1981 to 1985. Numeral 2 in
parentheses represents the northward transect from the equator to Naha.

Tellus 39B (1987), 1-2



234 H. INOUE, Y. SUGIMURA AND K. FUSHIMI

tive of temperature differences (Inoue and
Sugimura, 1985b). The highest value of pCO, in
the surface sea water was observed in the South
Equatorial current (2°N to 4°N), ranging from
356.6 ppm to 390.7 ppm, while the lowest is in
the temperate zone (26°N to 31°N), with values
of 282.5 ppm to 290.7 ppm.

The El Nifio Event in 1982/83 significantly
modified the distribution of temperature and
pCO, in the waters south of 17°N in the western
North Pacific. The partial pressure of CO, in the
surface sea water in the area from 7°N to 1°S
along 137°E and from 1°S 137°E to 15°N
131°30'E increased with the temperature de-
crease, whereas waters in the North Equatorial
current, from 17°N to 7°N along 137°E, showed
a decrease in pCO, with the temperature de-
crease. During the El Nifio Event, the apparent
temperature dependent of pCO, in the surface
sea water between 17°N to 7°N along 137°E was
about two times more than that estimated by eq.
(1). The discrepancy of the relationship between
pCO, and water temperature in these two regions
can be explained by the fact that the former is
caused by enhanced upwelling in the western
North Pacific by the displacement of warm
surface water to the east {(Fushimi, 1986). The
southward shift of the surface waters around
17°N (North Equatorial current) would seem to
be one of the causes of this since pCO, and
temperature observed around 17°N usually fall in
relatively narrow ranges (310-320 ppm, 26-27°C)
every year except for the year of the El Nifio
Event. In 1983, the area was spread southward to
10°N and the pCO, and temperature became
remarkably low in this region. No significant
difference in the pCO,-T relationship was ob-
served in the water north of 17°N along 137°E,
even in the year of the large El Nifio Event.

As has already been pointed out (Miyake et al.,
1974), the higher values of pCQ, in the surface
sea water in the South Equatorial current were
essentially supported by the continuous upwelling
of subsurface CO, gas rich water along the coast
off South America and subsequent westward flow
along the equator, and by the hydrographic struc-
ture. During the El Nifio Event, the piled-up
water in the west side of the equatorial Pacific
moved eastward following the weakened east
wind. The changing hydrographic structure
significantly disturbed the pCO, distribution in

the equatorial Pacific waters, and subsequently
the air/sea exchange of CO, in the equatorial
Pacific waters. The growth rate of atmospheric
CO, during the El Nifio Event cannot therefore
be directly interpreted as the effects of tempera-
ture on pCO, in the sea water alone.

3.2. Short-term variation in pCO, in surface sea
water

As seen in the previous section, yearly vari-
ation in the pCO, in the surface sea water is
essentially controlled by the dynamic character-
istic of the water. Within the same water mass
and under the same meteorological conditions,
the pCO, in the surface water should change with
changes in water temperature and magnitude of
biological activities.

Diurnal and seasonal variation in the pCO; in
open ocean water has not been yet identified.
Spectral analysis did not indicate clearly the
presence of the diurnal variation due to biological
effects. It appeared as a series of irregular hourly
variations which sometimes span over several
parts per million. The mean values in Tables 1, 2
are considered to be representative of water in
winter in the western North Pacific, although a
small diurnal variation and other periodicities
may be present.

Seasonal variation in pCQ, in the surface sea
water was investigated in the area surrounded by
the broken line in Fig. 2. The value of pCO; in
the area is plotted against the latitude and surface
sea water temperature as seen in Fig. 6. As seen
in this Figure, pCO, in the surface sea water is
high in summer and low in winter, with the
seasonal difference at about 20 ppm.

The annual cycle of pCO, in surface sea water
is quite different in phase from that in the air
CO, in the northern hemisphere. The pCO, in
the air of the northern hemisphere shows a sharp
decrease during the period from late spring to
early summer due to the biological fixation by
land plants (Komhyr et al., 1985; Pearman et al,,
1983; Bolin and Keeling, 1963). Moreover, the
magnitude of the annual cycle of pCO in surface
sea water is much larger than that in the air at
approximately the same latitude (Komhyr et al.,
1985; Bolin and Keeling, 1963; Fraser et al.,
1983). The annual cycle of the pCO, in the
surface sea water significantly affects the
exchange of CO, between air and sea water.

Tellus 39B (1987), 1-2



235

AIR AND SURFACE SEA WATER IN THE WESTERN NORTH PACIFIC

‘SIUSWAINSESLW JO 12GUWNU a3 3J€ $as3yiuased ut sjeiawnu 1o | Yuim Suoje pajussald st meQq ,

©ODT0F98 (01 LT F96SE @®)T0F96r (®TSFYOHE (EDIOFSE (EDTULFT0sE (EDEOFSBT (CD6EIF80E @DTOFSBT  (6) 6 F8Lbe Sl
GDO0OFPS8T (O8TF095E (SD10FL6r @DOSFELEE Q@DV0OFSS @Do9IFoaee (SDEFOFPST (SDI0IF6sye  D10F88T (O I'E FLise 0
@NTOF98T @DEYFINE @NI0F967 @UFEFLIPE  (UNOOFE  (DSHFO6LL @10F687 (BICFHY (QDI0FLBL  ()80F619¢ 1
@UYOFT6r (B I101F99¢ @NDYOFL8 @DSEFT9E (TDIOFPS (DSEFEIZE  @DI0F 16T DTEFES9  (ON10FT6Z  (6) €€ FEE9€ 4
@NzoFo6r @VTTFrebe @NI10FT8T @DEYFTOE (D 10F08 (€DSYF98L @DIOFI6Z (OvyFeL9¢ OD10FL8T (B 6vF099¢ €
@neoFier @DTLF6TE @ODUOFIBT (D TIEF6EHE (8) 1'0F 08 @ 1gF6eLLe (IDI0OFIBT () LOF6pSE B)10F€8T (TP FOroe 14
GDUEOFERZ  (SDUTFIWE  (QUTOFCT QUSIFPHE (€D O0F LT EDPTFOI9E (EDTOFERT (CDSUIFVISE  @DToFLer 0D 6s1 FeoLee S
@1roFest @UIUEFespe  (ODo0Fgsr ODITFV6E  ODIOFELL (OD89F009%  (1DSOF6LT (UDPOIF6IEE (ODTOFSLT  (6) TS F I'see 9
@B €0F6Lz (WSEFIIHWE (ODO0F68Z ©ODITF6Ive  ODI10FLLT ©ODYEFLvbe 8)10FL8 () VT F¥ese B)TOF 8L  (DETFL9pe L
O)10F€8 (G)LTF98c (ODT0F98 (O9EFLIpE O 10FsLT  (6) LTFTSEL (®)10F 88T  (8) £'¥ FT#SC 6)10F787 (RDLTF6IE 8
WooFeLT WZTTF60vE LWooFEs8T (E©)STFSPhE 9 o0F9LL  WoTFouUe @) 10F887 (8 0€F905¢ ©zo¥T8r ()81 Fyeee 6
©)10F8LZ (6T FSTEE 6Y97FT8T (6)9TF9Live ®T0FOLL (91T F638IE 9 eo+16T  (L)PTF985¢ WIroFrse (911 Freee ol
9 10F08 (9 LTF69EE L 1o¥¢8z (W ITFreee (O 10F697 (S)09F80l¢ 9)T0F98T (9 6TFEPre ©00F 182 (S 1FLsee 11
WooFIsr (WS1FEIPE 9)00FT8 P ULFTHEE Wro+e9r (Wie+retle O I0F¥8C (9T F69¢L 9)00%08 ()01 Feeee 41
©900F087 (9 +1F66¢E 9 10+78 (TvyFLLee O ToFTLL DTTF89LE Q)10 €82 (9L 1F008E 9107082 () LOF ISt £l
9)00F 6L DETFI0E Wweo+18g (WSTHFyLee O 10F99C 9T+l 9 e0F08T (pTIFHILe [ORNEX VAN (I Ry Y443 4l
[(OARERWES (6) 1'T ¥ 8pit 8)70F6L7 ®ETFOHEEEL  (ODIOFL9T  (OD6TFEE B 10F€LT ®91F6ILE ®)T0F897 DLTFrele 9
©1roxrie  ©reF oo ©OCo0F1ILL  @DLeFewie (900F897  (96€F090¢ ©)ToFE¢LT (S €1 F008E @ UoFLor (o1 FTpie 91
9)T0F692 (991 Fp9Ig @UoFv9T @TLF60 9T0F99T  9)SIF601E WToOFL9T  WeFToIC QW 1IoF19r ()11 F660¢ Al
WoFLer WoTFsele ©@10+¢9 (O IeFe6le 6)00F 9T (6)STFICIE 9 10F19C O TF00E ©)ooFe6sz WSI1FTTIE 81
©@10F19T  (9)v1F680¢ ©@10¥29 {(Ds1F6EIE ©@o00Fror ()81 FI1E 900F197 (9L TFLOLE weso¥rsz WITF6L0¢€ 61
@UroFror (W91 Fene 6)T0+8sz  (6)8TF+T80E (8)€0F 1'9C ®) €9+ 8TIE (8)€0+¢ST (8) 8% ¥ 0'8I¢ @) 10FTve  (90€F950¢ 0z
©)€0F6ST  (9)0T+060¢ (W9oFgtrr  (WSr¥100€ WroFesy (L1 +860¢ @ IoFevr 9T+ elg S)TOF9€T  (MSOF Ivo¢ 14
WEOFRYT  (9)8TFET0E 9T0F6€C (DT1F¢96C 9S0+8¥T (9 8SF 8667 ©YT0F6€T (9 LSFL90f ©®eoFecr  (61FTLOE a4
WI0F8ET (LSTFESHT (W60F9ET (P LEFISH @S0F0ET  (90€FST6T @T0F6€T  (98IFSI6L © 10FTer  (§)9TF 000t [%4
WTOFIPL () SOFST6T 9)s0F61z (9 6vFTE6T (€ E0F v 9) s 1+ 0167 ©)10+8eT (ST F816T @Dro¥ire @ UIFeser 174
(INDS0F6TT (DEIF6I6Z @DUIFSIT ODOEF L8 ®)Z0F€W (B 81+T¥8C O LoF 6tz B)gpFLL6r (DY OFEIZ (B 11T 1162 34
ONyoF 11z ODYEFPE8T  DTOFUIT (LDTEF 8T QT0FSIZ (I FHET  (SDPOFOIT GV PLFLOT (€D 10F01T (6165 F 0067 9
WEOFLOT (961 F788T (L)TOFROT (D1 F6€8 OT0FZUW ()ST+6I8 9 L0F90C  (9TIF1967 @eoFeor (961 FLL6T L
Q) EOFLOT (9ETFOL8 ©1o¥F90r @TIF98e WEOF9Iw  WIrrsiise WIoFeor  (WZ1FEP6T 9107961  WITTFLT6L 8T
WToFeor (Wel s wrorrel  (L)81¥968 @ roFgel (9 81FT96T 62
ODIoF86l (01 L1+9582 (6) £0F 661 ®)TEFS I8 W1ro¥xost  (9)60F 8167 Woo+rer (6T F100¢ 0f
(L) 10F 86l (L) 01 8982 WsoFgel (LTTFTSC W 1o¥eel (9TTFFTI6T Wro¥oel (L IF Lot 1€
WToOFtoT ()STFELR (€)10F60Z (©8EF08L 9)80F €8 (9)0TF 6967 O 107061 (591 Fovoe 43
(LDo0F6Ll  (WTTFSTT (Wet1xiel  (LTYF 88T (V0¥ 691 (98T 0L6T WLrIsrel 9 UeF1og £t
@D UYF99l (TN TITFLS6L GZoFILl  SNDCEFVIL  WDTIFOPL (T I'S1 FTHIE 3
(§)SOF vl (£) 1’6 F Tt (€)90F 96l (DOSFICIE  «OTIFISI «96€1FTIE N.S€

(2L (wdd) *opd (3.) L (wdd) ‘0d Q)1 (wdd) ‘opd (AR (wdd) *QDd QJ1L (wdd) ‘odd  apmine

(1) Tos8kd (1) 10v84Y (1) T0£84Y (1) 102844 (1) 101844

YD YIION UIIISIN Y] Ul 41DM DAs aapfins Ayl wr S0 )d fo sanppa uvapy ‘| Qe

Tellus 39B (1987), 1-2



H. INOUE, Y. SUGIMURA AND K. FUSHIMI

236

‘SIUDWIINSTAU JO 1aquinu Y3 21w sasayjuased ut spesawnu o | yitm Juote pajuasaid st eie(] o

) 10F98 (98¢ F66E (00FS6r (TTFIIE ©10F€8T O vLFL6Le 900F68C (9STFIIL ©00F98 (D91 Fyse 0
()T0F 68T (DLEF1Loe O TOFP6r (P ETTF86eE ©OT0F06r (S)LOFIILE ©)10F98T ()91 F9'99¢ i
)00+ (8T  (§)LTFEC65E €)Y 10F00t ()bl F66s€ ()00F €8T (1) 8Y+898¢ @ 10Fe6r  (9peFeo6Le ©00F68 W PTFIELE z
P 00F8ST (M1 Fse WEoFI6er  (BMEFOLE (§)00F08Z  (01F96LE (©)C0FE6r () TYFyise (©TOF98T W LTFo6UUE £
(10F98 () o¢Fyise ©C0FT  ()80FSI9E  UNT0F08 () L¥FL06€ )T0F687 (H0LFIUE ©ToF18T P s1F9¢se 14
(D T0F¥8T  (UD6TFLove P 00FRLT (B I'PF595¢ O 10FLLZ (s Fesse (D00FL8T (90§ FI68E ()00F6LT (W) 1S F TS S
(YT0F 18T ()91 Fpsee O 10F8LT (98T FCISE ©10F087  ()eeFoLuL (YZ0F 98T (P TFHLise E)YI0F 8T WBEFo8pE 9
(00F08T (9T F98ee ©10F78 () L1Fgese (TOFLLT (S 6TFESLE ©ro¥rer () vTF8iLs ©TOF6LT (S FHI9E L
©)00F 6Lz (561 F96te (00FT8  (S)OTFLyE G)I0FSLL (D I1F91L8 ©10F06r ()0LFHT9E ©O10F¢8T  WTIF9Lpe 8
©)00F 61T (HTEFIowe WTOFT8T (BMOTFoebe O T0F8LT () 6TF999¢ (©)10F¢87 (S)6TF9IsE ©10F 187 W91 F1Isre 6
©I0F6LT () LEFoere @10F68 (@60F 19vf ) T0F9LZ (D 1UTFPIE (00FT8 () TTF9TsE ©T0F 6Ll P OvFYLES ol
W I10F08T W IvFesre O T0FZ8 (TIFU9pe WI0FriZ  WI1Frest (910F 18T (991 FLLse (§)T0F 8L W STFS6LE I
)00+ 18T (9 T1+96t¢ ©)10F08T () TTFOSHE O U0FTLT  OCEFrLse ©1roF18c () pP1FI19€ (©)00F9LT (P ¥0F 88 4
($)00F08T (1 Fpove ()00FT8T ()61 FSShe WO00FILL (8T FB9sE ©YCOFyLL (9 L9F805E ©10%F¢Lr  (esFgeee €1
©)10F8LT (D¥1FTsee ©1ro¥eLs (98T FL6EE ()00FTLL  (ST1F69s¢ ©E0F0LT () ITF66LE ()€0+ 197  WTT1FLoIE vl
WPyoFL9T (TS FeYE ®COFTLT W61 Feuge MO00F0LZ (OTFRO5E (©)00FL9T (0TFreve 900F¥97 () I'IFOLIE 91
()Z0%097 (1 FTIIC (©)E€0Fs9T  (S) €1 Fovre (§)00F 0L () ITFELE (§)00F997  (S)0TF69¢€ 9)£0FT97  ($)60F6I1IE 91
©UoFgst ()S1¥29IE (HTOFLIT (9P FLiee S)10F697 ()T FeLpe (§)00F997  (S)0EF I'9eE ©10FrsT (91 F80¢ Lt
WToF9sT MoEFeecle @TOF8IT (B Oy F00LE (©)90F€9T () TYFespe (§)00F99T () 6TF99¢¢ WIroFest  (9T+8¢0t 81
(©)T0F9sT  (LTFINIE ©)roFo09r  (DesFeLIE (O T0FTST () 1TFLvee (©)S0F8ST  ()L€F99Ze  (QDTOFTST (€191 F€00¢ 61
WM1I0FLST  (MW60FI9IE ®S0F6€r (DO0F 60 (O T0FEST (961 FLLEE ©TOFSHL (O IILFI¥IE 990F vt (S)8EF 86T 0T
(XA RN 374 (S) 0T ¥ ¥80¢ (L)To+Let (L) €T F €667 ©)1ro+ssz  (S)9T+ U6t 9)80F0€T (9 SSF9T6T @ E0FLET ()01 F 96T 1z
©)90F9¥T () LEFTH0E 9)00F 0T (9 60F 0667 ()TOFEST () 6TFIHTE (©)TO0F0TT ()1 F586T SYroF0€r (YT FLT6T w
©P0oFL7T O TIFIV6T 9 T0F0pT () TTF8967 M roFSvl D OvF ool T0FEWT () ¥ F600E (DEOFOET (9§ 1F0682 %4
©OroF1c ) I'1FTe6C (90F LT (99TF8I8L ©OLoFver O TIFR0I¢ PDCOFLIT (961 F£00¢ @O0F€T (1 TFEL8T 24
©10F¥IT () 6e1F016T DZTOFLIT (D60FLvsT ©)LoFe1z  (T1FTs0e (D10F617  (PeFSLer  «ODBOFYIT B LT1F6S8 N.SC
Q)1 (wdd) 0>d (Do) L (wdd) *0nd (3L (wdd) *gnd (2 L (wdd) ‘00d (3. L (wdd) {p0d  spmine
(T) 105854 (2) 1ov8hd () 10£84Y (2) 10784y () 10184y

YT YI4ON UIdISM I Ul 4IDM DIS 3Ipfans ayi ul LQDd fo sanppa ubapy T JJGeL

Tellus 39B (1987), 1-2



AIR AND SURFACE SEA WATER IN THE WESTERN NORTH PACIFIC

237

350 s
(El ° ° ° ° ° ° °
& 330 : :
~ June 1985
o 310
§ ) Feb. 1983
E 29()"4> + N + b s . - + +A+ i : +° + 8 + +,
s 270! Jan. 1985
Q
Q
250 | - :
tc ° ° ° .
~ 25t o ° ° ° °
§) { o ° ° ° <
[+ - + + P + + 0+ o+ e ta  * *a
é 20 Fo* . a . . a - ‘* hd . - . Iy * *
15 : - ‘
32 31 30 29
Latitude (°N)

Fig. 6. Seasonal variation in pCO, and temperature in the surface sea water. pCO, was measured on January 19,
1985 (+, Ry8501), February 22, 1984 (A, KH8304) and June 29, 1985 (O, KH8503).

Table 3. Seasonal variation in the pCO, in the surface sea water

Cruise pCO, (ppm) No. T (°C) No. Latitude Date

Ry8501 (1) 285.7+19 23 19.9 +0.3 23 29°N-32°N Jan. 19, 1985
KH8304 2922422 14 189 +0.3 14 29°N-32°N Feb. 22, 1984
KH8503 3320+1.2 9 245108 9 30°N-32°N June 29, 1985

The average values of pCO, and water tem-
perature in Fig. 6 are summarized in Table 3.
The apparent temperature dependence of pCQO,
is calcualted at 2.7%°C~! at pCO, =300 ppm.
This pCO,-T relationship is different from the
relationship given by eq. (1). In this connection,
Takahashi et al. (1983) have reported the
apparent temperature dependence ranged from
1.29%°C~! to 4.7%°C~" in the Sargasso gyre, the
Antilles current and the North Atlantic. The
causes of these differences are matters for further
study.

Tellus 39B (1987), 1-2

3.3. Long-term trend of pCO, in surface sea water

As seen in Fig. 7, the pCO, in the air was high
near the Japanese islands and fairly constant
south of 15°N. During these five years, the linear
regression analysis of the data south of 15°N has
shown a 1.14 + 0.06 ppm yr~! increase in atmos-
pheric CO, concentration (Table 4) and it is
interesting to examine whether this increase is
reflected in the pCO, in the surface sea water in
the western North Pacific. The increase in pCO,
due to the absorption of CO, from air to sea
water can be correlated with the incremental
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Fig. 7. Meridional distribution of the mean values of pCQO, in the air (O) and in the surface sea water (—-—) and

temperature in winter along 137°E for 1981 to 1985.

change in Y CO, via the buffer factor of sea
water (Sundquist et al., 1979; Takahashi et al.,
1980). The subtropical gyre in the midlatitudes of
the western North Pacific is considered to be a
suitable area for the observation of secular
changes in pCO, values in sea water. As seen in
Table 1, the lowest pCO, values with relatively
small standard deviation are seen in the area of
25°N and 26°N. These have been selected for
examination, but as is also seen in the Table, the
five year record does not give any clear evidence
of an increase in pCO, in the surface sea water.
The values of the difference in the pCQO,
between air and sea water obtained 16 years ago
(Miyake et al., 1974; Akiyama, 1968) agree fairly
closely with those of this study. For this reason,
the increase in pCO, is estimated to be a 10 to 20
ppm in the surface sea water for the period from
1969 to 1985. In this connection, Roos and

Gravenhorst (1984) have also reported a general
increase of pCO, in the surface sea water at
about 1 ppm yr~! in the North Atlantic, based on
the data obtained by various methods during the
last seven decades. To detect the long-term vari-
ation in pCO, in the surface sea water, it requires
precise and continuous measurement over several
years.

3.4. 613C in CO, of the air and in total CO, of
surface sea water

The results of measurement of the 6'3C in air
CO, over the ocean and in ) CO, in the surface
water in the western North Pacific are summar-
ized in Table 4. The meridional distribution of
the §!3C is shown in Fig. 8. In the same figure,
the 6'3C value in the air over the ocean under
conditions of isotopic equilibrium is also given,
based on the equilibrium fractionation factor of

Tellus 39B (1987), 1-2
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Fig. 8. Distribution of 6'3C of CO, in the air and of
Y CO, in the surface sea water along {37°E. W, 6'3C of
CO,; 0, §'3C of air CO, (Ry8201). A, 6 '3C of CO,; A,
&13C of air CO, (Ry8301). @, §'3C of CO,; O, §'3C of
air CO, (Ry8501). O, 6'3C of air CO, in isotopic
equilibrium (Ry8201). A, 6'3C of air CO, in isotopic
equilibrium (Ry8301). ©, 6'>C of air CO, in isotopic
equilibrium (Ry8501).

carbon isotopes between air and sea water
(Kroopnick, 1974; Inoue and Sugimura, 1985a).
The isotopic ratio of Y CO, in the surface water
ranged from 0.7%, to 2.0%, and that of the air
CO, was about —89Y, as seen in Table 4 and Fig.
8. The observed 8!'3C value of the air CO,
deviates negatively from the equilibrium value
from 1 to 3%, The relationship between
concentration and &'3C of atmospheric CO, is
shown in Fig. 9. For presentation of the data, the
linear long-term trend of CO, increase and 6'3C
decrease was removed in advance. The result

-9.0
o
—~ o %
&
o 80 o B
n % o
o 3
oO
o
o
-7.0 gﬁl_, | L —d
330 340 350 360
CO, (ppm)

Fig. 9. Relationship between §!3C and pCO, with the
linear time trend removed. Samples were collected from
35°N to 1°S along 137°E in 1982, 1983 and 1985.
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indicates that §'3C in the air CO, decreases with
the concentration rise as seen in the land air.

The sample air collected off Japan southwards
to 30°N showed relatively high concentration and
a low 613C value of the air CO,. The carbon
isotopic ratio of CO, added to the background air
CO, is estimated to be —27.5+3.4%,, r=0.72
and n =32 by using the single mixing equation
(Keeling, 1958, 1961). This agrees with the value
of biospheric or fossil fuel origin. Therefore, the
decrease in the CO, concentration in the air over
the ocean with distance from the Japanese
islands was found to be caused by the simple
mixing between air from the land and air from
over the ocean.

3.5. Detection of long-term trend of 6'3C change

It is of interest to see the variation of the §!3C
value as it corresponds to the variation of CO,
concentration in maritime air. Because the sam-
pling of the air was performed at the same season
every year, seasonal correction was ignored in
this examination. As mentioned above, the
concentration of CO, in the air over the area
from 15°N to the equator shows a fairly constant
distribution (Fig. 7). Therefore, this area was
selected for the examination of the secular trend
of maritime air CO,.

The mean values of the concentration and
d13C of the air CO, are shown in Table 4. The
lienar regression analysis gives a 1.11 + 0.04 ppm
yr~! increase in the concentration and a
0.022 + 0.006%, yr~! decrease in the é'3C during
these four years. Similar results are given by
Keeling et al. (1979, 1984) and Mook et al.
(1983).

For the long-term linear trend, a change in the
&'3C per ppm increase in the CO, concentration
is about half that of diurnal and seasonal vari-
ation due to fossil-fuel combustion or air/bio-
sphere CO, exchange. The observed data clearly
indicates the influence of air/sea CO, exchange
on the relationship between concentration and
813C of atmospheric CO,. The exchange of
atmospheric CO, with the biospheric carbon
gives around —25%, as the §'3C value of CO,
added to or extracted from the air (Keeling, 1958,
1961). The carbon isotopic ratio of CO, passed
through the air/sea interface is estimated to be
about — 109, for air to sea and —8Y, for sea to
air, when CQO, exchange takes place between

Tellus 39B (1987), 1-2
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air (—89%,) and surface sea water (+2%,) at 15°C
(Inoue and Sugimura, 1985a).

With the changing é'3C of atmospheric CO,,
813C of 3. CO, in sea water should change gradu-
ally, but no observable change is given as yet for
the long-term trend in &'3C of ¥ CO, in sea
water due to the absorption of anthropogenic
CO, from the air, although Kroopnick (1985) has
calculated the §'3C decrease by 0.5%, from the
preindustrial value of approximately 2.5%,. Dur-
ing these four years, the §!3C value of 2. CO, in
the surface sea water did not vary significantly
from an average value of 1.33 £ 0.31%, (n=131).
The presence of a huge amount of inorganic
carbon in sea water and relatively powerful
effects of oceanographic conditions on §'3C
made it difficult to detect a slight long-term
variation within just a few years. In order to
achieve further understanding of the role of
air/sea CO, exchange and carbon transfer from
mixed layer to deep sea in the global carbon
budget, the long-term variation in 6 '3C of 3 CO,
in sea water should be characterized by a study
lasting at least a few decades as Mauna Loa’s
observation. It will be possible to estimate the
relative contributions of air/sea and air/biosphere
CO, exchange by continuous study, both of the
long-term trend of 6'3C and of the difference in
pCO, between air and surface sea water.

4. Summary

To clarify the air/sea CO, exchange based on
the secular trend of pCO, and 6'3C of CO, in the
air and surface sea water, measurement of pCO,
and 6 '3C of CO, was carried out in winter in and
over the western North Pacific over a period
from 1981 to 1985. A study of the seasonality of
pCO; in the surface sea water was also conducted
in the area off the coast of Japan. The partial
pressure of CO, in the surface sea water is high
in the coastal area off Japan and in the equatorial
region, and low in the subtropical gyre. The
highest value of pCO, in the surface sea water
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appeared in the south equatorial current (2°N to
4°N) and ranged from 356.6 ppm to 390.7 ppm,
while the lowest was found ranging from 282.5
ppm to 290.7 ppm in the temperate zone (26°N to
31°N). The El Nifio Event in 1982/83 signi-
ficantly modified the distribution of temperature
and pCO, in the waters south of 17°N in the
western North Pacific; pCO, in the area from
7°N to 1°S along 137°E and from 1°S, 137°E to
15°N 131°30’E increased with the temperature
decrease, and pCO, in the waters of the north
equatorial current from 17°N to 7°N along 137°E
decreased with the temperature decrease.

The surface sea water in the area off Japan’s
coast shows a broad seasonal variation in pCO.,,
which is low in winter (285.7 ppm, 19.7°C) and
high (332.0 ppm, 24.5°C) in summer. The annual
cycle of pCO, in the surface sea water
significantly affects the exchange between air
and sea water.

The concentration of CO, in the air over the
ocean decreased with distance from the Japanese
islands, and south of 15°N it was nearly constant.
The magnitude of 6'3C of atmospheric CO,
showed a similar distribution. The carbon
isotopic ratio of CO, added to the air over the
Japanese islands is estimated to be —27.5%,.
which indicates the CO, released from respira-
tion by land plants and soils or from fossil fuel
combustion. From 1982 to 1985 the concentration
of CO, in the air has increased at 1.11 +0.04
ppm yr~! and the §'3C of atmospheric CO, has
decreased at 0.022 + 0.006%, yr~!. This indicates
the influence of air/sea CO, exchange on the
long-term trend, and will be studied further in
order to distinguish between air/sea and air-
biosphere CO, exchange.

The long-term trend of pCO, and 3'3C in the
surface sea water as a result of air/sea CO,
exchange and carbon transfer from mixed layer
to deep sea, was not clear from these observations
from 1981 to 1985, aithough a comparison with
data of decades ago suggests slow changes in the
pCO; and 8'3C of the carbonate system in the
sea water.
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