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ABSTRACT

The spatial and temporal variations of atmospheric CO, at 8—13 km from April 1993 to April
1999 were observed by measuring CO, mixing ratios in samples collected biweekly from a
commercial airliner between Australia and Japan. The CO, growth rate showed a considerable
interannual variation, with a maximum of about 3 ppm yr~! during late 1997. This variation
is related to the El Nifio/Southern Oscillation (ENSO) events. A year-to-year change related
to the ENSO events was also found in the latitudinal distribution pattern of the CO, annual
mean between 30°N and 30°S. The averaged CO, seasonal cycle in the Northern Hemisphere
gradually decayed toward the equator, and a relatively complicated variation with a double
seasonal maximum appeared in the Southern Hemisphere. A significant yearly change of the
seasonal cycle pattern was observed in the Southern Hemisphere. The impact of a tropical
biomass-burning injection on the upper tropospheric CO, was estimated on the basis of the

CO data from the same airliner observation.

1. Introduction

Carbon dioxide (CO,) in the atmosphere has
been increasing since the beginning of the indus-
trial era due to human activities such as fossil-fuel
burning and deforestation. Its increase will very
likely cause future global climate changes as a
result of the greenhouse effect of CO,. Roughly
half of the CO, emitted by burning fossil fuel
accumulates as an airborne fraction, but this frac-
tion largely depends on interannual variations of
CO, uptake by the land biosphere and ocean (e.g.,
Keeling et al., 1989; Conway et al., 1994). Recently,
interannual variations in the partitioning of fossil-
fuel CO, have been estimated by various methods
in conjunction with global carbon-cycle models
on the basis of observational data (Francey et al.,
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1995; Keeling et al., 1995; Lee et al.,, 1998; Rayner
et al, 1999a; Battle et al., 2000; Bousquet et al.,
2000). Since these estimations are not completely
accurate, more observations are needed to be able
to constrain the fate of fossil-fuel CO, with accu-
racy by the use of global carbon-cycle models.
Atmospheric CO, mixing ratios have been
measured by a large number of ground-based
stations and cruise ships around the world (e.g.,
Conway et al, 1994; Keeling et al, 1995;
Nakazawa et al.,, 1997b). In comparison with the
global monitoring network in the surface air, CO,
measurements above the planetary boundary layer
(PBL) are sparse due to the limited number of
high-mountain monitoring stations such as
Mauna Loa in Hawaii (Conway et al, 1994).
More information about the spatial variabilities
of CO, above the PBL have been obtained by
aircraft observations. Flask sampling using aircraft
was performed to examine vertical and horizontal
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distributions of CO, over Japan (Tanaka et al.,
1987a; Nakazawa et al., 1993), Australia (Pearman
and Garratt, 1973; Pearman and Beardsmore,
1984; Pak et al, 1996), the western Pacific
(Nakazawa et al., 1991; Matsueda and Inoue,
1996), USA (Tans et al, 1996), Europe-tropics
(Brenninkmeijer et al, 1999), Antarctica
(Murayama et al, 1995), and northern high-
latitude regions around North America,
Scandinavia and the Arctic (Bischof, 1962; Keeling
et al., 1968; Bolin and Bischof, 1970; Bischof, 1971;
Conway et al., 1985; Conway and Steele, 1989;
Nakazawa et al., 1997a). Aircraft campaigns using
on-board measuring systems also provided a
detailed CO, distribution in the free troposphere
(Wofsy et al., 1988; Anderson et al., 1993; Anderson
et al, 1996; Boering et al., 1996; Hintsa et al.,
1998; Zahn et al., 1999). Balloon platforms were
also used to observe CO, vertical profiles from
the troposphere to the stratosphere (Bischof et al.,
1985; Schmidt and Khedim, 1991; Nakazawa et al.,
1995; Harnisch et al., 1998; Ray et al., 1999; Strunk
et al., 2000). Expense and the short-term nature
of aircraft campaigns mean that temporal and
spatial variabilities of CO, above the PBL have
not been well defined on a global scale in compar-
ison with surface air measurements.

To deduce the global sink and source distribu-
tions of CO,, most atmospheric three-dimensional
(3-D) transport models were based mainly on a
comparison with the CO, observational data in
the lower troposphere. It has been pointed out
that not only lower tropospheric data but also
aircraft data are available to validate the simulated
results of middle and upper tropospheric CO,
variations by transport models (Law and
Simmonds, 1996; Taguchi, 1996; Craig et al., 1998).
Upper tropospheric data could improve atmo-
spheric CO, transport processes such as convec-
tion, interhemispheric transport in the upper
troposphere, and exchange between the upper
troposphere and the lowermost stratosphere (e.g.,
Strahan et al., 1998). Thus, more systematic and
long-term measurements of CO, in the free tropo-
sphere and the lowermost stratosphere are neces-
sary for a better evaluation of a global carbon
cycle model for atmospheric CO,.

A commercial airliner is useful for collecting
CO, data in the upper troposphere (e.g., Pearman
and Beardsmore, 1984; Nakazawa et al, 1991).
An airliner observation over the western Pacific

between Australia and Japan was carried out for
two years in 1984 and 1985 by Nakazawa et al.
(1991). Although no systematic measurement
along this flight route was taken during
1986—-1992, our airliner observations started in
1993 to obtain a long-term measurement of CO,
over the same western Pacific area. To observe for
a longer period of time, improvements based on
the manual air sampling method used by
Nakazawa et al. (1991) were required to establish
an automated sampling system. Thus, we
developed a new automatic flask sampling system
as airborne equipment for a commercial airliner
(Boeing 747) under a co-operative program with
the Meteorological Research Institute (MRI), the
JAL Foundation, Japan Airlines (JAL), the Japan
Meteorological Agency (JMA), and the Japanese
Ministry of Land, Infrastructure and Transport.
The operation of the sampling system started in
April 1993 using a JAL passenger aircraft between
Australia and Japan to measure the mixing ratios
of trace gases such as CO,, methane (CH,) and
carbon monoxide (CO) at 8-13 km. Previous
results of CO, measurements for 1 yr from April
1993 to April 1994 were reported to describe
seasonal cycles and their latitudinal change over
the western Pacific (Matsueda and Inoue, 1996).
We continued the JAL airliner observations to
clarify long-term variations of the trace gas mixing
ratios in the upper troposphere, and this observa-
tion is ongoing. In this paper, we present a 6-yr
record of the CO, mixing ratio from 1993 to 1999
on the basis of new data for 5 years combined
with the previous measurements for 1 yr. First,
the observed CO, data are analyzed to clarify a
latitudinal difference in the time variations for 12
latitudinal bands from 30°N to 30°S over the
western Pacific. Second, growth rates, latitudinal
distributions, and seasonal cycles are examined to
identify their interannual variations during 6 yr.
In particular, we discuss several possible causes
for the CO, interannual variation, focusing on the
large anomaly between 1997 and 1998.

2. Experimental procedures

2.1. Flask sampling

Since details of our flask sampling for the
commercial airliner (Boeing 747) have been
reported elsewhere (Matsueda and Inoue, 1996;
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Matsueda et al., 1998), only a brief description of
the sampling procedure is given here. The
Automatic air Sampling Equipment (ASE) consists
of 12 titanium flasks with an internal volume of
about 1.9 L. Several test flights demonstrated that
sampled air from the air-conditioning system was
collected without any contamination, as described
below. A similar result for the Boeing 747 air
sampling has also been reported by Nakazawa
et al. (1991). The flask sampling was operated
automatically by a main control unit attached to
the ASE without any assistance from crew mem-
bers. Each sample flask was completely flushed
using a metal bellows pump, and then air was
pressurized into the flask. The sampling time for
each flask could be recorded in the main control
unit to determine the location and altitude of the
sampling point by comparison with the flight
record from the aircraft navigation system.
Between April 1993 and April 1999, 126 north-
bound sampling flights were made using the Boeing
747 passenger aircraft of Japan Airlines (JAL) from
Australia to Japan (Fig. 1). The reason for this was
that northbound flights are better than southbound
flights at minimizing the storage time of sampled
air in the flask before analysis. The longitudes of
the sampling points ranged from 140°E to 152°E,
although, exceptionally, some flights had to divert
from the main route slightly due to weather condi-
tions. Detailed information about the latitudes and
altitudes of all sampling points is shown in Fig. 2.
For each flight, 12 air samples were collected every
30-41 min, which corresponded to a latitudinal
interval of about 5-6°. The first 12 flights before
June 1994 were made once a month from Cairns,
Australia (16°53'S, 145°45'E) to Narita, Japan
(35°46'N, 140°23'E). After July 1994, the flight route
changed from Cairns to Sydney (33°58'S, 151°11'E)
to expand the latitudinal coverage of the sampling
points in the Southern Hemisphere from 13°S to
30°S. In addition, the frequency of sampling flights
increased from once to twice a month since July
1994. At least one flight was made each month,
except for September 1993 and March 1995, due to
a major re-arrangement of the aircraft. The air
samples were collected at the cruising altitudes of
8-13 km, although four samples were exceptionally
obtained at altitudes lower than 8 km during des-
cents near Narita International Airport (Fig. 2b). It
is noted that the sampling altitudes of about
9—-11 km in the Southern Hemisphere were system-
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Fig. 1. Locations of flask air samples collected from
northbound flights from Australia to Japan between
April 1993 and April 1999. The sampling flights from
23 April 1993 to 23 June 1994 were from Cairns in
Australia to Narita in Japan, while the later flights after
27 July 1994 were from Sydney to Narita. Details on the
latitudes and altitudes of all sampling locations are pro-
vided in Fig.2. The map was created with GMT-3
(Wessel and Smith, 1991).

atically lower than those of 10-12km in the
Northern Hemisphere (Fig. 2¢) because the cruising
altitude for the northbound flight usually jumped
up at around 10°S. The sampling altitude depended
on the cruising altitudes for each flight, but no
periodic change such as a seasonal or interannual
cycle was found in the sampling altitude. This fact
indicates that seasonal and interannual variations
of CO, observed in this study are not induced by
the periodic change of the sampling altitude.

2.2. Analytical methods

The ASE with sampled air in the flasks was
removed from the aircraft just after arrival at the
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Fig. 2. Latitudes (a) and altitudes (b) for flask samples
from 126 flights between April 1993 and April 1999 as
well as latitudinal distribution of the sampling alti-
tudes (c). The solid squares and crosses represent rejected
samples, the measurements of which were not used for
time-series data analysis (see text).

Narita International Airport, and was then trans-
ported to the Meteorological Research Institute/
Geochemical Research Department (MRI/GRD)
for trace gas analysis. The analysis of CO, was
immediately conducted for all flask samples within
30 h after collection to prevent a change in the
mixing ratio. Several storage tests indicated no
significant drift of CO, content in any flasks
until analysis.

The ASE was connected to a trace gas measur-
ing system and automatically operated by a labor-
atory computer for sample introduction and
analysis of all flask samples. The CO, mixing ratio
was measured using a nondispersive infrared gas
analyzer (NDIR; Binos 4.1b, Rosemount). Prior
to the NDIR analysis, the sampled air was

completely dried using a chemical desiccant
[Mg(ClO,),]. CO, was measured only once for
each flask sample, but standard gases were ana-
lyzed before each sample measurement so that the
NDIR precision for six sample analyses in succes-
sion could be evaluated. The standard deviations
for six repetitive analyses of standard gases ranged
within less than 0.08 ppm with a mean of about
0.02 ppm. The analytical precision was almost
constant for 6 yr from April 1993 to April 1999.
Thus, the analytical stability for our NDIR system
was maintained over this period of time.

The CO, mixing ratio in the sampled air was
determined by five standard gases of CO, in air
with a range from about 330 to 390 ppm. Two
sets of five standard gases were used from 1994 to
1999 with an exchange in January 1997. All stan-
dard gases based on purified natural air were
prepared in 48-L aluminum or 47-L steel cylinders
by the volumetric method used at a gas company
(Nippon Sanso Co., Japan). Their CO, mixing
ratios were calibrated twice per year at JMA by
using the secondary standard gases assigned by
the WMO CO, standard gas scale. Thus, the CO,
mixing ratios in all air samples are reported here
on the basis of the WMO CO, mole fraction scale.
This CO, scale was propagated from the primary
standard gases of JMA, of which mixing ratios
were assigned in 1999 by WMO Central CO,
Laboratory operated by the National Oceanic and
Atmospheric Administration/Climate Monitoring
and Diagnostics Laboratory (NOAA/CMDL).
The previous results for one year from 1993 to
1994 were reported on the basis of the WMO 85-x
scale (Matsueda and Inoue, 1996), but they were
re-calculated in this study to make them uniform
by the adoption of the WMO CO, mole fraction
scale.

To evaluate the long-term stability of our stan-
dard gases, internal consistency among five stan-
dard gases was examined using the same method
as described by Matsueda et al. (1998). The CO,
mixing ratio of each standard gas was calculated
based on the measurements of the other four
standard gases to estimate the magnitude of the
drift. All standard gases in the first set showed no
significant change of CO, mixing ratio (less than
+0.02 ppm yr!) from April 1993 to January
1997. Such stability for these standard gases was
also confirmed by the results from the regular
calibration experiments at JMA. In the second set
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of standards used after January 1997, a large drift
with about 0.2 ppm yr~! was found in one cylin-
der, but the other four cylinders were stable. The
estimated drift was taken into account for the
calculation of the CO, mixing ratios in the
sampled air, while another calculation was made
using measurements of the four standard gases
without the drift cylinder. The difference between
the calculations was not significant, being less
than +0.02 ppm. In the present study, the latter
method without the drift standard gas was used
for calculating the CO, mixing ratios in the
sampled air after January 1997. Taking into
account the possibility for error in calculation and
analysis, the overall precision was estimated to be
less than 0.1 ppm in the present study.

3. Results

About 1500 flask air samples were collected
during 126 flights between April 1993 and April
1999 and analyzed for CO, mixing ratios. Fourteen
flask samples for four flights were not collected
because of a failure of the sampling equipment.
The measured CO, mixing ratios in all air samples
were carefully examined to ensure the high quality
of the measurements according to the following
procedures. First, analytical errors due to instabil-
ity of the NDIR analyzer were evaluated on the
basis of the precision of the measurements of five
standard gases before and after sample analysis.
Second, the CO, data were compared with other
trace gas measurements such as CH, and CO in
the same sampled air to check for sampling con-
tamination due to a leakage of the pump and
tubing. In addition, several comparison experi-
ments between the sampled air and fresh air
outside the aircraft were conducted to ensure that
there was no change in the CO, content when
passing through the air-conditioning system.
Third, several flask storage tests were performed
during this observational period of time to confirm
that there was no drift of CO, content until
analysis. We ensured through these quality assur-
ance steps that the CO, mixing ratios in all
sampled air could be measured with an overall
uncertainty of less than 0.1 ppm.

Data analysis for the measurements was con-
ducted to make time-series data sets of mean CO,
for 12 latitudinal bands at intervals of 5° latitude
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between 30°N and 30°S, and their results are
shown in Fig. 3. These analyzed data represent
the time variations between § and 13 km assuming
no significant vertical gradient of CO, mixing
ratio within these altitudes, although the mean
altitude was slightly different between the
Northern and Southern Hemispheres, as described
above. In addition, a small longitudinal difference
in the flight routes between Cairns—Narita and
Sydney—Narita was ignored here. The measure-
ments at about 13 km around Japan were occa-
sionally influenced by the intrusion of lower
stratospheric air in the boreal winter (Nakazawa
et al,, 1991; Matsueda and Inoue, 1996). It was
difficult to ascertain whether the measurements
were from the troposphere or not because the
tropopause height near Japan is highly variable
in winter. In the present study, the measurements
were not selected from the point of view of the
tropopause level. Thus, the influence of strato-
spheric air on the CO, variation is included near
Japan.

The data analysis for Fig.3 was performed
according to a procedure similar to that described
by Matsueda and Inoue (1996). First, latitudinal
distribution from the CO, measurements for each
flight was fitted by a cubic spline function to
obtain interpolated values for the 1° latitude. Four
exceptional measurements at altitudes lower than
8 km were not used here. In addition, eight meas-
urements for four flights were excluded from the
spline fittings because they were identified to be
directly influenced by the strong intrusion of con-
tinental air masses, as reported by Matsueda and
Inoue (1996). Such rejected measurements were
largely deviated from the final fitting curves for
the smoothed CO, variations, as clearly shown in
Fig. 3. Second, the equally spaced data for the 1°
latitude from the spline fittings were used to
calculate the mean CO, mixing ratios for 12
latitudinal bands at intervals of 5° latitude between
30°N and 30°S. Third, the mean data for each
latitudinal band were analyzed by a curve fitting
for the components of both the increasing trend
and the seasonal cycle. Both components were
approximated by fitting a linear function com-
bined with three harmonics as follows:

f(t)y=a, +ayt+ i

i=1

X [ay; 41 sin(2mit) + ay; 4, cos(2mit)], (1)
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where t is the elapsed time and the values of g;
are defined by the fitting. Fourth, the differences
between the fitting curve by eq. (1) and the data
(residuals) were fitted to the cubic spline function
to obtain equally spaced residuals at about 1-week
intervals. These residuals were smoothed by apply-

1996

1997 1998 1999

ing a low-pass filter that reduced variations on
time scales less than ~40 days. The final fit
consisted of the sum of the linear term, the har-
monics, and the filtered residuals. The mean
difference between the data and the final fitting
curve was 0.26 ppm. On the basis of the final
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Fig. 3. The time variations of CO, mixing ratios divided into 12 latitudinal bands from 30°N to 30°S observed at
8—13 km over the western Pacific from April 1993 to April 1999. Each piece of data represents the mean CO, mixing
ratio for 5° latitude calculated from the measurements, and its error bar is + 1 standard deviation of the mean. The
crosses and open circles represent the means before and after data selection, respectively. The solid and dashed
curves represent the smoothed-fit curve and long-term trend, respectively. The procedure for data analysis is described
in detail in the text.
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fitting curve, annual mean CO, mixing ratios were
calculated for 12 latitudinal bands between 30°N
and 30°S (Table 1). On the other hand, the resid-
uals were smoothed by applying a low-pass filter
that reduced variations on timescales less than
1.5 yr. These filtered residuals were added to the
linear term to make a long-term trend curve, as
shown in Fig. 3.

4. Discussion

4.1. Growth rate

The long-term trend showed a continuous
increase of CO, level from April 1993 to April
1999 in all latitudinal bands between 30°N and
30°S. Figure 4 shows CO, growth rates for 12
latitudinal bands which were calculated from the
derivatives of the trend fitting curves in Fig. 3.
The growth rate during this observational period
of time shows a large interannual variation with
a pattern that was similar in all latitudinal bands.
However, it is of interest that the phase of the
interannual variation of the CO, growth rate
largely depended on latitudes. In particular, such
a phase difference with latitude was clearly found
in the largest growth rate from late 1997 to early
1998. The time lag of the growth rate peak during
1997-1998 was about 6 months for the latitudinal
range between 30°N and 30°S. The growth rate
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Table 1. Mean altitudes for air samples, annual mean CO,, and residuals for 12 latitudinal bands between

30°N and 30°S from 1994 to 1998

Annual mean CO, (ppm)

Mean altitude Residual

Latitudes (km) 1994 1995 1996 1997 1998 (ppm)
30°N-25°N 11.3 358.2 360.3 361.8 363.6 366.3 0.33
25°N-20°N 11.2 358.5 360.4 362.0 363.5 366.2 0.28
20°N-15°N 11.1 358.7 360.5 362.1 363.3 366.1 0.24
15°N-10°N 11.0 358.6 360.5 362.2 363.3 366.2 0.20
10°N-5°N 10.7 358.3 360.5 362.1 363.3 366.2 0.20
5°N-0° 10.6 358.1 360.4 362.0 363.1 366.0 0.21
0°N-5°S 10.6 358.1 360.1 361.8 363.0 365.9 0.23
5°S-10°S 10.5 358.0 359.9 361.5 363.0 365.7 0.27
10°S-15°S 10.2 359.9 361.4 363.1 365.6 0.28
15°S-20°S 10.0 360.1 361.4 363.2 365.6 0.29
20°S-25°S 9.8 360.1 361.4 362.9 365.5 0.25
25°S-30°S 9.6 359.9 361.2 362.7 365.3 0.28

The annual mean CO, was calculated by the fitting curve, while the residual represents a mean difference between

the fitting curve and observed data.
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peak first appeared in the southern tropical regions
between 5°S and 20°S in August—September 1997.
It was gradually delayed toward the north and
the south. In the Northern Hemisphere, the
appearance of the maximum growth rate was the
latest at the latitudinal band between 5°N and
10°N in January—February 1998, and then it
gradually hastened toward 30°N. It has been
reported that the lower tropospheric CO, also
showed a similar phase shift in growth rate as
that of the earliest peak in the tropical regions
(Conway et al, 1988; Conway et al, 1994),
although their results were obtained in an earlier
time period than that presented here. The other
increased peak of the growth rate was also
observed in late 1994, but the phase shift with
latitude during this period was not well defined
because of the lack of observed data south of 10°S
before July 1994.

Figure 5a shows mean growth rates in the
Northern (30°N-0°) and Southern (30°S-0°)
Hemispheres calculated from averages of the
growth rate variabilities for six latitudinal bands
in the two semihemispheres. The overall growth
rate from April 1995 to April 1998 was similar in
magnitude for both hemispheres, and its average
was calculated to be about 1.8 ppm yr 1. In com-
parison with past CO, levels of about 344 ppm in
1984 and 345 ppm in 1985 in the upper tropo-
sphere over the same western Pacific (Nakazawa
et al., 1991), our recent results clearly show an
elevation of 14—15 ppm in the CO, level during
the past 10 years. This average of the CO, increase
rate in the upper troposphere is quite similar to
that of 1.43 ppm yr~! in the surface air averaged
during a similar period from 1981 to 1992
(Conway et al., 1994). Compared to the past
decadal average from 1980s to early 1990s, the
recent growth rate during the late 1990s showed
a higher average for the CO, growth rate. This is
caused by significantly increased growth rates
around 1994/95 and 1997/98 during the observa-
tional period.

The variabilities of the mean growth rates in
both hemispheres ranged from about 1 ppm yr~*
to 3.0 ppm yr~ ! during 1993-1999 (Fig. 5a). This
interannual variability showed a relatively
increased growth rate to about 2.2 ppmyr ! in
late 1994 and a gradual decline from 1995 to 1996.
At about 1 ppm yr~?, the growth rate in late 1996
was the lowest and then increased rapidly to a

Tellus 54B (2002), 1

W
[

T NH GoNG) ‘ 1
......... SH (30°5-0°) - 1

w
1=

IRRARAREERRRRRRE]

N}
n

-
U
T

CO, Growth Rate (ppm/yr)
™
=)

TTTT
—~
)
Na¥
L

1993 1994 1995 1996 1997 1998 1999

SOI (Southern Oscillation Index)

Y i L. e
1993 1994 1995 1996 1997 1998 1999
4.0
£ > NHGON-0)
350 ! : > SHQEUS0) -
£s. =
£
225 3
g ]
S ]
20 3
2
S o
«l.5 L]
g B *
1.0 ]
E (c) 1
osbe iy L A
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

SOI

Fig. 5. (a) The time variations of mean CO, growth rates
in two hemispheres from 1993 to 1999. The solid and
dashed lines represent the Northern (30°N-0°) and
Southern (30°S—0°) tropics, respectively. (b) The monthly
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(c) The relationship of the monthly mean data between
the CO, growth rate and SOI. A phase delay of 3 months
was corrected for the growth rates in the Northern tropic.
The solid line represents the best-fit curve by a quadratic
equation to all data points (y = 1.53 — 0.424x + 0.234x?,
r=0.937).

maximum of more than 3 ppm yr ! in late 1997.
Although there is uncertainty concerning the rapid
decrease of the growth rate in 1998 due to the end
effects associated with the curve-fitting procedure,
a preliminary analysis of available data until 2000
suggests that the qualitative features of the rapid
decline around 1998 will not change drastically
when the data in 2000 are included. In the lower
troposphere, a similar extremely increased growth
rate of more than 3 ppm yr~! was also observed
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around early 1998 by the JMA monitoring stations
in the western North Pacific (Watanabe et al.,
2000) and the global sampling network of the
NOAA/CMDL (Bell et al., 1999). Similar variabil-
ity of the growth rate between the free troposphere
and the surface air was reported by previous
aircraft observations over southeastern Australia
(Pearman and Beardsmore, 1984) and over Japan
(Tanaka et al, 1987a; Nakazawa et al., 1993).
These results indicate that the large increase of
the growth rate around 1997-1998 is a global-
scale phenomenon.

The interannual variation of CO, growth rates
in both hemispheres is associated with the
El Nifio/Southern Oscillation (ENSO) events that
are described by the Southern Oscillation Index
(SOI) in Fig. 5b. The SOI used here is defined as
the sea level pressure anomaly difference between
Tahiti and Darwin divided by the standard devi-
ation in the 30-yr period from 1961 to 1990 (Japan
Meteorological Agency, 1999). The significant
enhancement of the CO, growth rate in late 1997
appeared during the strongest El Nifo event from
1997 to 1998. A growth rate increase was also
found during an El Nifio year in 1994, but the
CO, in the weak La Nifia year of 1996 showed a
large decline of the growth rate. Such interannual
variation relating to the ENSO events is well
known in the CO, record in the surface air (e.g.,
Bacastow, 1976; Bacastow et al.,, 1980; Keeling
et al., 1989; Thompson et al., 1986; Conway et al.,
1988; Elliott et al.,, 1991). Thus, the growth rate
variability in the upper troposphere is primarily
caused by the yearly change in the CO, uptake
by the land biosphere and ocean due to the ENSO
events (e.g., Francey et al., 1995; Keeling et al.,
1996a; Lee et al., 1998; Rayner et al., 1999b; Battle
et al.,, 2000). Compared with two strong ENSO
events in 1997/98 and 1982/83, there were some
differences in the growth rate variability. During
the 1997/98 ENSO event, the growth rate max-
imum showed a similar value between the
Northern and Southern semihemispheres (Fig. 5a).
However, the growth rate maximum during the
1982/83 ENSO event showed a large difference
between the two semihemispheres (Conway et al.,
1994). In addition, the growth rate maximum in
the 1997/98 ENSO event was about 1 ppm larger
than that of the 1982/83 ENSO event (about
2 ppm yr~!). These differences suggest that the
pattern of the CO, growth rate variability and its

cause differ between ENSO events. It has also
been pointed out that there are some differences
in the growth rate variability between the 1982/83
and 1986/87 ENSO events (Conway et al., 1994).
One possible cause is the yearly changes in the
regional CO, fluxes from land and oceans, which
was evaluated by an inverse model study on the
basis of CO, measurements for 20 yr (Bousquet
et al., 2000).

During the 1997/98 ENSO event, the growth
rate maximum clearly showed a phase difference
between the Southern and Northern Hemisphere
(Fig. 5a). As a result of this phase difference, no
significant time lag between the growth rate and
the SOI variabilities was found in the Southern
Hemisphere, but the growth rate in the Northern
Hemisphere was delayed for about 3 months
compared to the phase of the SOI. In the lower
troposphere, the correlation between the growth
rate and the ENSO cycle showed a mean phase
lag for about 7 months by the NOAA/CMDL
global sampling network from 1981 to 1984
(Conway et al., 1988), although there is a tendency
for the lags to be shorter near the equator and
longer toward the poles. A similar phase lag for
about 6 months was observed at the JMA moni-
toring stations in the western North Pacific
(24°N—-39°N) from 1993 to 1998 (Watanabe et al.,
2000). These results indicated that the growth rate
peak in the upper troposphere appeared about
3 months earlier than that in the lower tropo-
sphere. This phase difference suggested an addi-
tional CO, input into the upper troposphere from
biomass burnings enhanced during the ENSO
event, which is discussed in detail in Section 4.4.
To examine the detailed relationship between the
growth rate and SOI, the monthly means of the
CO, growth rates in the both hemispheres were
plotted against the monthly mean SOI values
(Fig. 5¢). The monthly mean SOI used here was
calculated by the smoothed curve of the 7-month
running mean in order to remove the short-term
variability. When the phase delay by 3 months
was corrected for the data in the Northern
Hemisphere, all of the data in both hemispheres
showed a strong negative relation between the
growth rate and SOI. This empirical relation was
almost described as a quadratic function to show
an accelerated increase of the growth rate with a
stronger ENSO event during 1993-1998.

Tellus 54B (2002), 1



AIRCRAFT OBSERVATION OF CO, OVER THE WESTERN PACIFIC 11

4.2. Latitudinal distribution

Figure 6 shows latitudinal distributions of the
annual mean CO, between 30°N and 30°S for 5 yr
from 1994 to 1998. The annual mean was relatively
higher in the Northern Hemisphere than it was in
the Southern Hemisphere. A mean difference
between the maximum and minimum was estim-
ated to be about 0.8 ppm between 30°N and 30°S.
The minimum appeared in the latitudinal band
between 25°S and 30°S every year, but the latitudes
for the maximum peak in the Northern
Hemisphere largely depended on the year. Thus,
the latitudinal distribution pattern clearly showed
a year-to-year change over the western North
Pacific.

The annual means in 1995 and 1996 show a
quite similar distribution with a maximum at the
northern tropical regions around 10°N. This pat-
tern for both years was similar to previous results
observed for 1984 and 1985 in the upper tropo-
sphere over the same western Pacific (Nakazawa
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Fig. 6. Latitudinal distributions of annual mean CO, at
8-13 km during 1994-1998.
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et al,, 1991). In contrast, a different pattern with
no clear maximum at the northern tropical region
was found in 1997. The CO, distributions in 1998
and 1994 also showed a slightly perturbed pattern
with a different shape of the northern tropical
peak compared to those in 1995/96. These differ-
ences suggest that a yearly change of the CO,
latitudinal distribution is related to the El Nifio
events in 1997/98 and 1994 because the northern
tropical maximum was found only during the
non-El Nifo years of 1995/96 and 1984/85. A
change in the tropical distribution pattern during
the El Niflo years was also observed in the lower
tropospheric CO, (Conway et al., 1988; Keeling
et al.,, 1989). Nakazawa et al. (1991) pointed out
that the northern tropical maximum in the upper
troposphere may appear due to an upward trans-
port of the lower tropospheric air near the
Intertropical Convergence Zone (ITCZ), which is
usually located around 5°N in the western Pacific
region. The satellite-derived climatology from the
highly reflective cloud dataset indicates that the
intensity of the ITCZ in the western Pacific is
significantly weakened during the El Nifo years
due to the eastward shift of the convection center
to the central Pacific (Waliser and Gautier, 1993).
It has been suggested that suppressed upward
transport at the ITCZ during the ENSO events
may diminish a supply of high CO, from the
surface air to the upper troposphere over the
tropical western Pacific. Another possible cause is
interannual variations in the CO, outflux from
the equatorial Pacific Ocean, which were largely
reduced during the ENSO events around 1994
and 1997/98 (Inoue et al., 1996; Feely et al., 1999).
Thus, this lower oceanic outflux, combined with
the suppressed upward transport in the tropical
region, significantly contributes to the change of
the northern distribution pattern during the
ENSO events. In addition, a yearly change of
stratosphere—troposphere exchange activity may
influence the CO, annual mean in the northern
mid-latitude because a difference in the CO,
mixing ratio was observed between the upper
troposphere and the lowermost stratosphere (e.g.,
Nakazawa et al., 1991).

In the Southern Hemisphere, the prominent
feature of the latitudinal distribution is a local
increase in the southern subtropical region
between 15°S and 20°S in most years. A similar
increase around 20°S was also seen in the previous
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annual mean data for 1984 and 1985 in the upper
troposphere over the same area of the South
Pacific (Nakazawa et al., 1991). It has been sug-
gested that high CO, from the surface air is
transported upward and crowded into the south-
ern subtropics. Carbon monoxide (CO) measure-
ments from our airliner observation -clearly
showed a southern subtropical increase around
20°S during the austral spring due to a long-range
transport of biomass-burning CO from the tropics
into the upper troposphere near the southern
subtropical jet stream (Matsueda et al, 1998,
Matsueda et al., 1999). This fact suggests that
CO, emitted from tropical biomass burnings is
partly responsible for the local increase in the
southern subtropics. On the other hand,
Nakazawa et al. (1991) pointed out that upper
tropospheric CO, in the Southern Hemisphere
was influenced by the southward transport of the
northern hemispheric air associated with the South
Pacific Convergence Zone (SPCZ) and the mon-
soon circulation. These results suggested that the
transport-induced change and biomass-burning
emissions could affect the year-to-year variability
in the southern subtropical peak.

Figure 7 compares data from the lower and
middle troposphere to ours from the upper tropo-
sphere to clarify the vertical difference in the CO,
annual mean. Data are plotted as relative to the
surface mean at Cape Grim (40°41'S, 144°41'E) in
Australia. The data used were obtained from the
global observation network of NOAA/CMDL
using ground-based stations and ships in the
Pacific regions from 1994 to 1997 (Tans et al,
1996; Tans et al., 1998), and aircraft observation
over southeast Australia from 1992 to 1997 by the
Bureau of Meteorology and the CSIRO Division
of Atmospheric Research (Pak, 2000). To show
the year-to-year variability, +1 standard devi-
ation for the mean data for the available years is
indicated in Fig. 7, although larger deviations in
the ship measurements were not shown due signi-
ficantly to relatively sparse sampling. In the
Northern Hemisphere, the annual mean in the
upper troposphere is about 0.6-0.8 ppm lower
than that in the lower troposphere observed by
NOAA/CMDL. A gradual CO, decrease with
increasing altitude in the Northern Hemisphere is
clearly seen around 20°N in comparison to
NOAA/CMDL data from Cape Kumukahi (sea
level) and Mauna Loa (3.4 km) at Hawaii and our
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Fig. 7. Average vertical difference of annual mean CO,
over the Pacific during 1994-1997 in comparison with
that in the upper troposphere at 8—13 km from this
aircraft observation (closed squares), and middle and
lower tropospheres below 8 km observed from the cruise
ships between Los Angeles and New Zealand (open
circles) and ground-based stations (open squares) by
NOAA/CMDL, and aircraft measurements over
Australia by CSIRO (closed circles). MID (Sand Island,
Midway), KUM (Cape Kumukahi, Hawaii), MLO
(Mauna Loa, Hawaii), GMI (Guam, Marianas Islands),
SMO (American Samoa), and CGO (Cape Grim,
Tasmania) are the observational site codes of
NOAA/CMDL. The error bar represents + 1 standard
deviation. Values are represented as a deviation from
the CGO.

measurements (8—13 km). In contrast, relatively
higher values in the Southern Hemisphere were
found in the upper troposphere rather than the
lower troposphere. The difference in the CO, level
between the upper and lower troposphere was
about 1 ppm south of 15°S. This negative gradient
was also observed in the southern mid-latitudes
around 40°S over Australia (Pak, 2000), as shown
in Fig. 7. The hemispheric difference in the CO,
gradient with altitude was consistent with the
previous results of vertical profiles from several
aircraft observations (Pearman and Beardsmore,
1984; Nakazawa et al., 1991; Matsueda and Inoue,
1996; Pak et al., 1996). In particular, the negative
vertical gradient in the Southern Hemisphere
could be explained mainly by the southward trans-
port of the northern hemispheric air through the
upper troposphere that is primarily driven by the
convective processes in the tropical regions
(Nakazawa et al., 1991; Matsueda et al., 1993).

Tellus 54B (2002), 1
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This upper tropospheric transport process has
also been demonstrated by several 3-D transport
model studies (e.g., Taguchi, 1996).

In our comparisons in Fig. 7, the vertical gradi-
ent with altitudes was reversed around 10°S as
compared with the ship measurements between
Los Angeles and New Zealand by NOAA/CMDL.
On the other hand, it has been reported that a
different latitude around 10°N with an opposite
vertical profile was observed when comparing
aircraft and ship data over the same area of the
western Pacific (Nakazawa et al., 1991). This
difference between two cases suggests to be due
to different longitudes of the sampling area for the
ship measurements, because the both aircraft
measurements were made on the similar flight
route. It is consistent with our comparison in
Fig. 7 because only a small vertical gradient of
about 0.1 ppm around 10°N was observed when
we compared data from Guam (13°26'N, 144°47'E)
and our data collected over the same region of
the western Pacific. These results imply that a
longitudinal difference in the CO, level should be
carefully considered when comparisons are made
between the upper and lower troposphere over
the Pacific. The CO, mixing ratios in the lower
troposphere have been reported to differ in the
western and eastern Pacific regions (Tans et al.,
1989; Nakazawa et al., 1992). There are no system-
atic data for the longitudinal differences in upper
tropospheric CO, over the Pacific, but a slight
difference in upper tropospheric methane has been
reported between the western and central Pacific
regions (Matsueda et al, 1993). More observa-
tional data are needed to clarify the CO, distribu-
tions with longitude in the upper troposphere.

4.3. Seasonal cycle

To extract the seasonal cycle for each latitudinal
band, the long-term trend was subtracted from
the final fitting curve. Figure 8 shows detrended
seasonal cycles for 12 latitudinal bands from 30°N
to 30°S averaged from 1994-1998. In the Northern
Hemisphere, the average seasonal cycle was the
largest at 30°N-25°N with a maximum in early
May and a minimum in late September. The cycle
rapidly decayed toward the equator with a delay
of phase. On the other hand, the seasonal cycle
was largely reduced for CO, in the Southern
Hemisphere, and the pattern differed from the one

Tellus 54B (2002), 1

T T T [ T I T /N T

LA

25N-20N # m
NN

15N-10N %”/M/X i UHFH T\\W :
O ™

20N-15N

10N-5N =~

5SN-EQ

EQ-5S

5S-10S

10S-15S

15S-208

208-25S

258-30S

JJ FMAMIJ I A S
MONTH

Fig. 8. The mean seasonal cycles for 12 latitudinal bands
between 30°N and 30°S at 8-13 km over the Pacific
during 1994-1998. The solid line represents the mean
seasonality for 5yr, while the error bars represent a
range of +1 standard deviation.

in the Northern Hemisphere. The seasonality in
the Southern Hemisphere showed a relatively com-
plicated variation with double increased peaks
around June—July and November—December. No
significant change in the seasonal cycle pattern
with latitudes was observed in the Southern
Hemisphere. These characteristics of averaged
CO, seasonality in the upper troposphere are
quite similar to those found in the previous obser-
vations over the same area of the western Pacific
(Nakazawa et al., 1991).

Figure 8 also shows +1 standard deviation for
the averaged seasonal cycle for the four or five
years during which it was available from 1994 and
1998 in order to show the year-to-year variability
in the patterns of the seasonal cycle. Relatively
larger deviations in the Northern Hemisphere
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appeared during the maximum season for CO,
around May rather than during the minimum
season around September. The larger variability
was found to be due to a slightly enhanced CO,
maximum in 1998. In the Southern Hemisphere,
the largest standard deviations of about 1 ppm
were found in the latitudes between 5°S and 20°S
from November through December. These large
deviations in the southern spring season were
caused by a significant enhancement of the CO,
level during the El Nifio years of 1997 and 1994.
In particular, the southern spring peak in 1997
surpassed the other peak in the southern winter
season from around June through July, while the
remaining data during the non-El Nifio years in
1995 and 1996 showed a different pattern with a
larger peak during the southern winter season.
The fact that the increased peak in the southern
winter season was larger than that in the southern
spring season is consistent with previous results
in the non-El Niflo years in 1984 and 1985
(Nakazawa et al., 1991). These results suggest that
a yearly change in the pattern of the seasonal
cycle is associated with the ENSO events.

The peak-to-peak amplitude of the seasonal
cycle for each latitudinal band was calculated for
each year by taking the sum of the maximum and
minimum difference in the detrended seasonal
cycle (Fig.9). The amplitude in the Northern
Hemisphere showed a rapid decrease from about
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Fig. 9. The peak-to-peak amplitudes of the seasonal
cycles for 12 latitudinal bands between 30°N and 30°S
during 1994-1998. The crosses represent the amplitudes
in 1997 calculated from the southern winter maximum
to minimum. The procedure for data analysis is described
in detail in the text.

6 ppm around 30°N to about 3 ppm at the
equator. In the Southern Hemisphere, a relatively
lower amplitude of about 2 ppm was observed
with a few exceptions in 1997 and 1998. Although
a similar decrease of the amplitudes from the
Northern to Southern Hemispheres was observed
in the previous data for two years over the same
area of the western Pacific (Nakazawa et al., 1991),
our data for 6 yr represent a year-to-year variabil-
ity of the amplitude in the upper troposphere. In
particular, the amplitude in 1997 showed a large
increase in the southern subtropical regions. This
increase in 1997 was accompanied by a change in
the pattern of the seasonal cycle that showed
significant growth in the southern spring peak, as
described above. Relatively larger spring peak
rather than winter one was found in three latitud-
inal bands between 5°S and 20°S in 1997. The
amplitudes in these subtropical regions showed a
large increase to more than 3 ppm, that was
calculated from the spring maximum to minimum.
On the other hand, amplitudes from the winter
maximum to minimum between 5°S and 20°S in
1997 showed relatively lower values around
2 ppm, which was similar to those in other years
(Fig. 9). It is suggested that the enhancement of
the southern spring peak is responsible for the
increased amplitude in the southern subtropics in
1997. In the Northern Hemisphere, a slight
increase in the amplitude in 1998 was found in
the northern subtropics around 20°N. These
results suggest that the increase in amplitude is
linked with the change in the pattern of the
seasonal cycle during the largest 1997/98 ENSO
event. The large deviations in values for 1994
were attributed to a larger error in estimating the
CO, seasonal peak that occurred as a result of
infrequent sampling before June 1994.

It has been reported that several longer CO,
records in the surface background air have shown
an increase of seasonal amplitude in the Northern
Hemisphere at a rate of 0.7-1.3%/yr, which was
attributed to possible CO, fertilization of the
terrestrial biosphere (e.g., Cleveland et al., 1983;
Bacastow et al., 1985; Keeling et al., 1985; Keeling
et al., 1996b; Myneni et al., 1997). However, no
clear trend was found in the upper tropospheric
CO, data from the western Pacific over a 10-yr
period when it was compared to previous measure-
ments for 1984—-1985 (Nakazawa et al., 1991) and
our own from 1993-1998. It is obvious from the
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results in Fig. 9 that the year-to-year variability
of the amplitudes is too large for determining a
trend as small as the increase in the amplitude in
the upper tropospheric record. This is due to
relatively sparse sampling and large natural
variability.

CO, seasonal amplitude in the surface back-
ground air showed a north-to-south decrease from
about 8-9 ppm around 30°N to about 3 ppm
around the equator and a constant value of about
1 ppm in the Southern Hemisphere (Tanaka et al.,
1987b; Conway et al., 1988, 1994). These results
indicate that the seasonal amplitude around 30°N
in the upper troposphere is about 2—3 ppm lower
than that of the lower troposphere, but the ampli-
tudes throughout the Southern Hemisphere were
about 1 ppm larger in the upper troposphere. This
hemispheric difference was consistent with a ver-
tical decrease in the amplitude over Japan in the
Northern Hemisphere (Tanaka et al, 1987a;
Nakazawa et al, 1993) and a vertical increase
over Australia in the Southern Hemisphere
(Pearman and Beardsmore, 1984; Pak et al., 1996).
It has been suggested that the larger seasonal
amplitude in the upper troposphere of the
Southern Hemisphere is largely influenced by a
rapid transport of northern hemispheric air
through the upper layer.

The phase delay of the seasonal cycle was found
in the maximum and minimum peaks from 30°N
to the equator in the Northern Hemisphere
(Fig. 8). To calculate the phase difference with
latitudes, the days of downward-zero (DZ) and
upward-zero (UZ) crossing of the long-term trend
curve were calculated for 12 latitudinal bands, and
their means were plotted in Fig. 10. Although
there were two DZ and UZ due to double peaks
south of 5°S in the Southern Hemisphere, only
one DZ and UZ values are shown in Fig. 10. The
crossing dates were used because they vary less
than the minimum and maximum dates when used
as indicators for the phase shift of CO, seasonality
in the surface background air (e.g., Komhyr et al.,
1985; Keeling et al, 1996b). In the Northern
Hemisphere, the deviation of the DZ dates was
small, within +1 week, while the UZ had a
somewhat larger deviation. These results suggest
that the DZ is useful for accurately determining
the mean phase shift in the upper troposphere,
although the UZ that appears around January
was not well determined due to the flatness of the
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Fig. 10. The latitude dependence of the mean phase of
the CO, seasonal cycle for 1994-1998. The solid squares
and circles represent the mean date of downward-zero
(DZ) and upward-zero (UZ) crossing of the long-term
trend curve, respectively. The error bar represents + 1
standard deviation of the mean.

CO, buildup in the Northern Hemisphere. The
phase difference of the DZ between 30°N and the
equator was estimated to be about one month,
which is similar to previous observations over the
same area of the North Pacific (Nakazawa et al.,
1991). The DZ at 20°N was calculated to appear
on 23 July in the upper troposphere. Compared
with the DZ in Hawaii on a similar latitude, it
was reported to be vertically delayed from 11 July
at Cape Kumukahi in the lower troposphere to
20 July at Mauna Loa (3.4 km altitude) in the
middle troposphere (Conway et al., 1988). These
differences indicate that the DZ date was gradually
delayed from the lower to the upper tropospheres.
Such phase delay with an increase in altitude in
the Northern Hemisphere was clearly observed in
the vertical decay of the seasonal cycle over Japan
(Nakazawa et al., 1993). These results suggest that
the phase delay with altitudes and latitudes is
caused mainly by the propagation of a strong CO,
seasonal cycle in the surface air in the mid and
high latitudes due to photosynthesis and soil
respiration.

The DZ in the Southern Hemisphere was
delayed toward 30°S, although the deviation was
relatively large compared with that in the
Northern Hemisphere. This was caused by
the yearly change in the pattern of the seasonal
cycle during the strong ENSO event, as stated
above. The DZ across the equator showed no
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significant gap from the Northern to Southern
Hemispheres. This result suggested that the CO,
seasonal signal in the Northern Hemisphere was
propagated into the Southern Hemisphere due to
a rapid upward air motion combined with a
horizontal transport through the upper tropo-
sphere. In contrast, it has been reported that the
seasonality in the lower troposphere of the
Southern Hemisphere was 6 months out of phase
with that of the Northern Hemisphere (Tanaka
et al., 1987b; Conway et al., 1988). This difference
implied that the interhemispheric propagation of
the CO, seasonal signal across the Intertropical
Convergence Zone was faster through the upper
troposphere than through the lower troposphere.
More detailed interpretation for the propagation
process of the CO, seasonality over the western
Pacific was reported by Nakazawa et al. (1991).

4.4. Influence of biomass burning

Biomass burning in the tropics is an important
source of atmospheric CO, and other trace gases
(e.g., Crutzen and Andreae, 1990). The impact of
the emissions from biomass burning on the vari-
ation of atmospheric CO, was examined with
three-dimensional models (Iacobellis et al., 1994;
Wittenberg et al., 1998); however, the influence of
biomass burning on the interannual variability in
the upper troposphere was not clarified in detail.
From our airliner observations, the long-term
records of CO measurements were identified as
useful indicators for measuring the annual change
that occurs as a result of direct injection of bio-
mass-burning products in the upper troposphere
(Matsueda et al., 1998, 1999). Thus, we used the
CO data to evaluate the influence of biomass
burning on CO, variability, according to a proced-
ure that is described in the following section.

First, the overall average of CO from 1993
through 1999 was calculated and subtracted from
the observed CO data. The positive CO data from
this subtraction are plotted in Fig. 11a to show
the excess CO in the Northern (30°N-0°) and
Southern (30°S—0°) Hemispheres, while the nega-
tive CO data are plotted as zero because they are
not needed in the following calculation. The excess
CO in the Southern Hemisphere clearly repres-
ented a seasonal increase around October of every
year and an interannual variation with a large
enhancement up to 120 ppb in 1997. Since CO
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Fig. 11. (a) The time variation of excess CO in the
Northern (dashed line) and Southern (solid line) tropics
calculated from the observed CO at 8—13 km over the
western Pacific during 1993-1999. The excess CO data
were defined as the data above the overall average during
this observational period of time. (b) The difference of
CO, time variations between the observation (solid line)
and calculated data without biomass-burning CO,
(dashed line) in the Northern and Southern tropics. The
biomass-burning CO, was estimated on the basis of the
excess CO in (a). The detailed procedure for the data
analysis is described in the text.

from biomass burning is emitted largely during
the tropical dry season from August to November
(Andreae, 1993), the increase of the excess CO in
the Southern Hemisphere can be mostly attributed
to tropical biomass burning. On the other hand,
the excess data of the Northern Hemisphere
showed an increase in CO due to biomass burning
around October, although an excess amount of
CO also appeared in the remaining seasons. This
result suggests that the source of the excess CO
in the Northern Hemisphere may include not only
biomass burning but also some fossil-fuel burning.
However, the excess CO due probably to fossil-
fuel burning was less than 20 ppb, which suggests
that it had an insignificant effect on the estimation
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of the influence of biomass-burning CO,. One
exceptional increase to about 40 ppb from
February through May of 1998 was noted and
attributed to biomass burning that was probably
due to prolonged peat land fires in Kalimantan,
Indonesia. Second, the excess CO that was consid-
ered to be the result of biomass burning was
converted into a corresponding increase in CO,
on the basis of an emission ratio of 10 for CO, to
CO in tropical biomass burnings (Crutzen and
Andreae, 1990). This calculation for the conver-
sion to biomass-burning CO, included several
uncertainties such as a wide range in the emission
ratios and a change in the CO,/CO ratio during
transport due mainly to the oxidation loss of CO.
Finally, the CO, converted from the excess CO
was subtracted from the observed data to obtain
CO, data that were separate from the influence of
biomass burning (Fig. 11b). A difference between
the observed CO, and the calculated data without
biomass burning showed a year-to-year change
because biomass-burning emissions were strongly
related to the ENSO events (Matsueda et al.,
1999). The most significant impact on the CO,
time variation was found during the strong
El Nifo event in 1997/98 due to largely enhanced
injections of biomass burning into the upper
troposphere.

The calculated data were further analyzed with-
out including the CO, from the biomass burning
in order to examine the influence of biomass
burning on the growth rate and annual mean
value. Figure 12a compares the CO, growth rates
showing the observed and calculated data without
the influence of biomass burning. The growth rate
maximum in the calculated data appeared in early
1998, and its phase was delayed for 2—3 months,
as compared with an earlier peak around late
1997 in the observed data. This is similar to the
appearance of the growth rate peak observed
around early 1998 in the surface air at the JMA
monitoring stations in the western North Pacific
(Watanabe et al., 2000). These results suggested
that the direct injection of CO, from biomass
burning led to an earlier increase in the growth
rate in the upper troposphere rather than in the
lower troposphere. No significant difference in the
growth rate maximum around 1997/98 was found
between the calculated and observed CO, data.
Figure 12b shows the latitudinal distribution of
the annual mean CO, compared between the
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Fig. 12. (a) The difference of CO, growth rates between
the observed data (solid line) and the calculated data
without biomass-burning CO, (dashed line) in the
Northern and Southern tropics. (b) The difference of
latitudinal distribution of annual mean CO, between the
observed data (solid line) and the calculated data without
biomass-burning CO, (dashed line).

observed and calculated data in 1997 and 1998. A
more significant difference in the latitudinal distri-
bution was found in 1997 than in 1998. The CO,
increase due to the influence of biomass burning
in 1997 was estimated to be about 0.3-0.4 ppm in
the Southern Hemisphere and about 0.1 ppm in
the Northern Hemisphere. These increases con-
tributed to a change in the distribution of CO,
with a relatively flat north-to-south gradient in
the observed data in 1997. In addition, we found
that the seasonal cycle pattern in 1997 was also
changed. A largely enhanced spring maximum in
1997 was observed in the Southern Hemisphere
as stated above, but the spring and winter maxima
in the calculated data were almost the same. These
results from the present analysis suggest that the
direct input of the biomass burning during the
1997/1998 ENSO event affects the temporal and
spatial variations of CO, in the upper troposphere.
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Although several uncertainties still remain in our
estimation, more significant influences were
expected because indirect CO, production by
oxidation of CO and other trace gases emitted
from biomass burnings was not considered in the
present study. It will be necessary to evaluate
quantitatively the effect of biomass burning in
more depth by use of a chemical transport model.

5. Conclusions

We observed CO, mixing ratios at 8§—13 km
over the western Pacific to clarify the long-term
trend, annual mean, and seasonal cycle from 1993
to 1999. The CO, time variations averaged for
6 yr were quite similar to those from previous
observations for 1984 and 1985 over the same
part of the western Pacific, as reported by
Nakazawa et al. (1991). These upper tropospheric
data were compared with the surface air data to
clarify vertical differences in CO, time variations
between the upper and lower tropospheres. Since
the upper tropospheric data will be useful for
validating the CO, transport model, all of the
measurements in the present study will be submit-
ted to the World Data Center for Greenhouse
Gases of the World Meteorological Organization
(WMO/WDCGG)
(http://gaw.kishou.go.jp/wdcgg.html).

The 6-yr record also showed several character-
istics of CO, interannual variability in the upper

the CO, growth rate during 1997/98 that was
associated with the strong El Nifio event. In this
ENSO event, changes in latitudinal distribution
of the annual mean and seasonal cycle were found
when the data were compared to data of non-
El Niflo years. Such interannual variability sug-
gests a yearly change of CO, fluxes from the land
biosphere and the ocean as well as the modulation
of CO, transport from the surface to the upper
troposphere. Another possible cause discussed
here was the burning of biomass in the tropics,
which was largely enhanced during the 1997/98
ENSO events (Matsueda et al., 1999). More obser-
vational data for a longer period of time linked
with a quantitative evaluation using three-
dimensional models will be necessary for a better
understanding of CO, interannual variability in
the upper troposphere.
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