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[1] Tropospheric column amounts and mixing ratios of CO, C2H6, C2H2, and HCN
were retrieved from ground-based infrared solar spectra using a vertical profile retrieval
algorithm (SFIT2). The spectra were recorded with high spectral resolution Fourier
transform infrared (FTIR) spectrometers at Moshiri (44.4�N) and Rikubetsu (43.5�N) in
northern Japan from May 1995 to June 2000. The retrievals show significant seasonal
variations in the tropospheric content of the four molecules over northern Japan with
maxima in winter-spring (February–April) for CO, C2H6, and C2H2 and in summer
(May–July) for HCN. Good correlations between CO, C2H6, and C2H2 indicated that
they had similar sources and underwent similar dilution processes. Deviation of HCN
relative to its seasonal mean value (�HCN) is correlated with the similar deviation of
CO (�CO), indicating that enhancements of CO and HCN above the mean levels
were probably due to the same sources. Linear trends in tropospheric CO, C2H6, and
C2H2 from May 1995 to June 2000 (excluding 1998) were (�2.10 ± 0.30), (�2.53 ±
0.30), and (�3.99 ± 0.57)%/yr, respectively, while the trend of (�0.93 ± 0.49)%/yr in
HCN was relatively small. Abnormally high tropospheric amounts of the four molecules
were recorded in 1998. HCN amounts were found to be much higher than its
seasonal mean value throughout 1998 with a 65% maximum increase in August 1998.
Significant increases of CO, C2H6, and C2H2 took place in August–October 1998.
Trajectory calculations, global fire maps, and satellite smoke images revealed that
biomass burning in eastern Siberia from mid-July to early October 1998 was the major
cause of the elevated levels in tropospheric CO, C2H6, C2H2, and HCN observed in
northern Japan in 1998. INDEX TERMS: 0322 Atmospheric Composition and Structure: Constituent

sources and sinks; 0345 Atmospheric Composition and Structure: Pollution—urban and regional (0305);
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1. Introduction

[2] Carbon monoxide (CO), ethane (C2H6), and acetylene
(C2H2) are important tropospheric ozone (O3) precursors.
Changes in the tropospheric concentration of these mole-
cules could affect the regional and global tropospheric O3

budget. High tropospheric O3 due to biomass burning in
southeast Asia was observed by ozonesondes in Hong Kong
(22.2�N, 114.3�E) in April 1994, coinciding with the dry
season in southeast Asia [Chan et al., 2000]. Biomass
burning is a significant source of tropospheric CO, non-
methane hydrocarbons (NMHCs), and hydrogen cyanide
(HCN). As biomass burning products, CO, C2H6, C2H2, and
HCN have been observed in the field and in laboratory fire
experiments [Yokelson et al., 1996, 1997; Holzinger et al.,
1999]. In addition, combustion of fossil fuel and oxidation
of methane (CH4) and NMHCs also provide important
sources for tropospheric CO. Natural gas and automobile
emissions are important sources of C2H6 and C2H2, respec-
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tively [Logan et al., 1981; Singh and Zimmerman, 1992;
Rudolph, 1995]. Major sinks of tropospheric CO, C2H6, and
C2H2 are reactions with the hydroxyl radical (OH) [Logan
et al., 1981; Singh and Zimmerman, 1992]. Tropospheric
lifetimes of CO, C2H6, and C2H2 vary with season and
latitude, and the global averages are �2 months for both CO
and C2H6 and �1 month for C2H2 [Logan et al., 1981; Volz
et al., 1981; Singh and Zimmerman, 1992; Gupta et al.,
1998]. Owing to the relatively short tropospheric lifetimes,
spatial and temporal variations in the concentrations of these
three molecules contain important information on their
sources, sinks, and transport. The principle pathway for
HCN loss was initially suggested to be the reaction with OH
and O(1D), resulting in several years atmospheric residence
[Cicerone and Zellner, 1983]. However, this long lifetime
cannot explain the variability of HCN observed with
ground-based infrared solar spectroscopy in recent years
[e.g., Mahieu et al., 1995; Rinsland et al., 1999; Zhao et al.,
2000]. A 2–4 month lifetime in the atmosphere was
evaluated using a three-dimensional (3-D) chemical and
transport model with biomass burning as the primary source
and ocean uptake as the main sink [Li et al., 2000].
However, the HCN lifetime is still under discussion.
[3] Since HCN is a relatively inactive species, it is

assumed to be a potential tracer of biomass burning
emission [e.g., Rinsland et al., 2001]. Tropospheric CO
and HCN amounts at the subtropical station of Mauna Loa
Observatory (19.5�N, 155.6�W, 3.4 km asl) were enhanced
in 1997, possibly because of biomass burning that occurred
in southeast Asia [Rinsland et al., 1999]. Additional pro-
duction of HCN and CO above their seasonal mean levels
over Rikubetsu (43.5�N, 143.8�E, 0.2 km asl) and Moshiri
(44.4�N, 142.3�E, 0.2 km asl) in northern Japan during
1995–1997 has been attributed to the biomass burning on
the Asian continent [Zhao et al., 2000]. Simultaneous
enhancements of HCN and CO were also observed at the
International Scientific Station at Jungfraujoch (ISSJ)
(46.6�N, 8.0�E, 3.6 km asl) in 1998 and might be also
related to the Asian biomass burning [Rinsland et al.,
2000].
[4] Biomass burning has been observed to often occur in

tropical regions during the dry season and can also happen
throughout the year at midlatitudes, including the regions of
Asian continent such as Mongolia and eastern Siberia.
Tanimoto et al. [2000] reported high surface CO at Rishiri
Island (45.1�N, 141.1�E, 0.04 km asl) in northern Japan in
1998 due to biomass burning in eastern Siberia. Mean wind
streamline fields between 200–850 hPa indicate that north-
ern Japan is located downwind of the Asian continent
outflow throughout the year [Bachmeier et al., 1996;
Merrill et al., 1997]. Therefore Rikubetsu and Moshiri are
ideally located for the detection of emissions from biomass
burning occurring on Asian continent. Previous measure-
ments of HCN and CO at Moshiri and Rikubetsu in 1995–
1997 showed simultaneous enhancements of HCN and CO
from the Asian continental biomass burning [Zhao et al.,
2000]. This paper presents measurements of tropospheric
CO, C2H6, C2H2, and HCN over northern Japan for the
period from May 1995 to June 2000. Extension of the
measurement period enabled more reliable characterization
of the seasonal variations and the detection of trends in the
concentrations of these species. The effects of the eastern

Siberia fires in July–October 1998 were also observed in
the extended data set.

2. Observations

[5] Measurements of atmospheric CO, C2H6, C2H2, and
HCN using high spectral resolution ground-based Fourier
transform infrared (FTIR) spectrometers started at Riku-
betsu in May 1995 and at Moshiri in April 1996. The FTIR
instrument at Rikubetsu was a Bruker IFS 120M with 257
cm of optical path difference (OPD) and that at Moshiri was
a Bruker IFS 120HR with 450 cm of OPD. Defined as 0.9/
OPD, the highest spectral resolution of the two instruments
was 0.0035 and 0.0020 cm�1, respectively. Each instrument
was operated, for the present purpose, in the 2.7–5.0 mm
spectral region with an InSb detector and three optical filters
(2.70–3.57 mm, 3.13–4.17 mm, and 3.85–5.00 mm). The
focal length (FL) of the Bruker 120M was 220 mm, and its
entrance aperture (APT) diameters ranged from 0.50 to
0.85 mm, resulting in 2.27–3.86 mrad field of view
(FOV). The corresponding FL, range of APT, and range
of FOV of the Bruker 120HR were 418 mm, 0.80 to
1.30 mm, and 1.91 to 3.11 mrad, respectively.
[6] Since the absorption lines of tropospheric species are

broadened by pressure, each line shape contains information
on the absorption at different altitudes. The infrared solar
spectra were usually measured at the maximum spectral
resolution with boxcar apodization in order to record as
much information as possible for the retrieval of the vertical
mixing ratio profile. Sometimes, lower resolutions (0.007
cm�1 at Rikubetsu and 0.0035 cm�1 at Moshiri) were
adopted to reduce the measurement time when weather
conditions were marginal. In order to achieve a better
signal-to-noise ratio (SNR), 2–8 interferograms were co-
added to create a spectrum. Depending on both spectral
resolution and the number of interferograms, it usually took
5–10 min to complete the measurement of a solar spectrum.
[7] The FTIR measurements at Moshiri were made rou-

tinely from April 1996, while those at Rikubetsu were
performed in a campaign mode with intensive activities
during the winter seasons from May 1995 to April 1999, at
which time routine measurements began at Rikubetsu.
Because the ground-based FTIR instruments use direct
sunlight, measurements only can be performed on clear
days. Usually, the rate of clear days over Rikubetsu is high
in winter, while that over Moshiri is high in summer. As a
result, the measurements at the two locations covered
different periods with some overlap. In addition, since the
two sites are located far from major cities and at similar
latitudes (44� ± 0.5�N), observational results at the two sites
were very similar [Zhao et al., 2000]. Therefore data
observed at the two sites were combined to produce a single
data set. In total, there were 651, 723, 649, and 648 days for
the measurements of CO, C2H6, C2H2, and HCN respec-
tively between May 1995 and June 2000.

3. Data Analysis

3.1. Method

[8] The ground-based infrared solar spectra were ana-
lyzed using the SFIT2 algorithm, which was jointly devel-
oped at the NASA Langley Research Center and the
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Figure 1. Microwindows of ground-based infrared solar spectra for (a) CO, (b) C2H6, (c) C2H2, and (d)
HCN. Examples of observed spectra are presented with circles, calculated spectra (the best fits) are solid
lines, and the residuals between the observed and calculated spectra are shown in the upper panels on
expanded scales.
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National Institute of Water and Atmosphere Research at
Lauder, New Zealand. This algorithm has been described in
previous papers [e.g., Pougatchev et al., 1995; Rinsland et
al., 1998, 1999, 2000]. Using this algorithm, the vertical
mixing ratio profiles of one or two molecules can be
retrieved by simultaneously fitting the absorption in one
or more microwindows in one or more infrared solar
spectra. Interfering absorption by other atmospheric mole-
cules in the selected microwindows can be fitted simulta-
neously by scaling each of their a priori profiles. Solar CO
lines can also be simulated in the SFIT2 algorithm to
minimize the residuals of the spectral fitting [Rinsland et
al., 1998].

3.2. Spectral Intervals and Line Parameters

[9] Spectral intervals (microwindows) used to retrieve the
atmospheric CO, C2H6, C2H2, and HCN mixing ratio
profiles are shown in Figures 1a–1d and summarized in
Table 1, along with a list of the interfering molecules in each
window. These microwindows have been used previously by
Pougatchev and Rinsland [1995], Rinsland et al. [1998,
1999, 2000] and Notholt et al. [2000] to retrieve total or
partial column and mixing ratio profiles of atmospheric CO,
C2H6, C2H2, and HCN from ground-based FTIR spectra.
[10] CO was retrieved by simultaneously fitting the

spectra in three microwindows: 2057.68–2058.00 cm�1,
2069.55–2069.76 cm�1, and 2157.30–2159.15 cm�1.
These windows include a weak P(10) line of 13CO at
2057.8578 cm�1, a weak P(7) line of 13CO at 2069.6559
cm�1, and a strong R(7) line of 12CO at 2158.2997 cm�1. In
addition to the interfering absorption by atmospheric CO2,
O3, N2O, and H2O, solar CO lines appear in these micro-
windows.

[11] C2H6, C2H2, and HCN were all retrieved from single
microwindows. The microwindow between 2976.60 and
2976.94 cm�1 contains a pQ3 subbranch of the C2H6 n7
band centered at 2976.8 cm�1. Interfering absorptions in
this microwindow are weak O3 lines and wings of nearby
H2O and CH4 lines. In the microwindow from 3250.50 to
3250.70 cm�1, absorption of C2H2 at 3250.6633 cm�1 had
been identified as the P(13) line of the n2 + n4 + n5 band
from Kitt Peak (31.9�N, 111.6�W, 2.1 km asl) solar absorp-
tion spectra [Rinsland et al., 1985]. This line is located in
the far wings of two H2

16O absorption lines and also close
to weak absorption lines of H2

17O and H2
18O. Since the

abundance of atmospheric C2H2 is relatively low and
absorption by C2H2 at 3250.6633 cm�1 is not very strong,
C2H2 can only be quantitatively retrieved from ground-
based solar spectra recorded at high solar zenith angle
(SZA) or low-altitude sites. The intensity of the C2H2

absorption line at 776.0818 cm�1 is �3 times stronger than
that at 3250.6633 cm�1. This line was used to retrieve C2H2

mixing ratio from Atmospheric Trace Molecule Spectro-
scopy (ATMOS) onboard the Spacelab 3 spectra [Rinsland
et al., 1987] and C2H2 columns from International Scientific
Station of the Jungfraujoch (ISSJ) ground-based spectra
[Zander et al., 1991; Mahieu et al., 1997]. Unfortunately,
the C2H2 line at 776.0818 cm�1 could not be used in this
study because of the nearby H2O strong absorption, which
is more serious at low-altitude sites and resulted in very low
SNR for Rikubetsu and Moshiri solar spectra in this micro-
window. There is a P(8) line of the HCN n3 fundamental
band at 3287.2483 cm�1 in the microwindow from 3287.15
to 3287.37 cm�1, which lies on the wing of a strong and
broad H2O line. The interference of nearby weak absorption
lines of CO2, O3, and solar OH considered in our previous
work [Zhao et al., 2000] can be neglected by choosing a
narrower spectral region that was used for this study.
[12] Spectral parameters for the atmospheric CO, C2H2,

and HCN absorption lines were taken from the 1996
HITRAN compilation [Rothman et al., 1998]. Updated
spectral line parameters for C2H6 described by Rinsland et
al. [1998] were used.

3.3. A Priori Profiles and Other Atmospheric
Parameters

[13] The reference profiles of CO, C2H6, and C2H2 in the
work of Smith [1982] were adopted as a priori profiles, with
the tropospheric mixing ratios modified using in situ aircraft
data obtained near Japan during the Pacific Exploratory

Figure 1. (continued)

Table 1. Microwindows Used to Retrieve Tropospheric CO,

C2H6, C2H2, and HCN

Molecule Line Position,
cm�1

Spectral Region,
cm�1

Interfering
Absorption

2057.8578 2057.68–2058.00 CO2, N2O, O3,
solar CO

CO 2069.6559 2069.55–2069.76 CO2, N2O, O3

2158.2997 2157.30–2159.15 H2O, N2O, O3,
CO2, solar CO

C2H6 2976.759a 2976.60–2976.94 H2O, CH4, O3

C2H2 3250.6624 3250.50–3250.70 H2O
HCN 3287.2483 3287.15–3287.37 H2O
aCenter of the absorption band.
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Mission-West Phase A (PEM-West A) and PEM-West B
experiments [Talbot et al., 1996, 1997; Blake et al., 1997].
Tropopause heights determined by Sapporo (43.1�N,
141.3�E) rawinsonde data were also taken into account in
constructing the a priori profiles, owing to the rapid
decrease in the mixing ratios of these molecules across
the tropopause. For HCN the reference profile given by
Mahieu et al. [1995] was used as the a priori profile, with a
constant mixing ratio of 185 parts per trillion (pptv) below
10 km.
[14] Strong absorption by H2O is present throughout the

spectral region from 2.7 to 5.0 mm, which was used in this
study. Because H2O is an interfering gas in the micro-
windows used to retrieve the tropospheric CO, C2H6, C2H2,
and HCN, selection of the a priori profiles of H2O is very
important for the accurate retrievals. Daily rawinsondes data
obtained in Sapporo were used to create the tropospheric
H2O profile, while monthly zonal mean H2O profiles at
40�–50�N measured by the Halogen Occultation Experi-
ment (HALOE) onboard the Upper Atmosphere Research
Satellite (UARS) were used for the stratospheric profiles.
Daily a priori H2O profiles were constructed by smoothly
connecting the daily tropospheric values with the monthly
mean stratospheric profiles. O3 is another major interfering
gas in the selected microwindows for CO and C2H6 (see
Table 1). Monthly mean profiles of ozonesonde data
obtained at Sapporo from 1980 to 1990 were chosen as
the initial values of O3. A priori mixing ratio profiles of
other interfering molecules were taken from the reference
compilation by Smith [1982].
[15] Covariances of the CO, C2H6, C2H2, and HCN

mixing ratio vectors [e.g., Rinsland et al., 1998] were
assumed to be diagonal. The relative uncertainties of the a
priori mixing ratio profiles for C2H6, C2H2, and HCN were
assumed to be 0.75, 0.80, and 1.0, respectively, for all 29
layers in the atmospheric model. For CO the assumed
values were 0.25 between 0.2 and 20 km, increased to 2
at 40 km, and remained 2 above 40 km.
[16] Daily pressure–temperature-altitude profiles were

constructed using rawinsonde data obtained four times a
day at Sapporo. Since the maximum altitude reached by the
rawinsondes was usually less than 35 km, the profiles above
that height were smoothly connected to the 1976 U.S.
Standard Atmosphere.

3.4. Averaging Kernels

[17] The altitude sensitivity of the retrievals can be
theoretically characterized using averaging kernels [e.g.,
Rodgers, 1990]. Averaging kernels at each altitude were
calculated for the measurements of CO, C2H6, C2H2, and
HCN using ground-based infrared solar spectroscopy.
Because of the poor vertical resolution of infrared remote
sensing methods, retrievals at all altitudes are not independ-
ent. Therefore only averaging kernels at some merged layers
are representative [e.g., Pougatchev et al., 1995]. Figure 2
shows averaging kernels for CO, C2H6, C2H2, and HCN at
selected layers. According to the distribution of the averag-
ing kernels, partial columns of C2H6, C2H2, and HCN can
be retrieved in two thick layers of 0.2–12 and 12–100 km,
while partial columns of CO can be retrieved in three layers
of 0.2–4, 4–12, and 12–100 km since the averaging
kernels for these three layers have maximum values in the

representative altitude regions. In most cases, CO columns
in the broad layer between 0.2 and 12 km are presented in
this paper to compare with C2H6, C2H2, and HCN results at
the same altitude region. For comparison with surface CO
measurements, CO mixing ratios retrieved between 0.2 and
4 km were used. It is seen from Figure 2 that averaging
kernels of each molecule at different layers overlap, indicat-
ing that retrievals at the selected thick layers are still not
totally independent. The layer between 0.2 and 12 km
corresponds roughly to the troposphere over northern Japan,
as the tropopause height determined by Sapporo rawinsonde
data ranges from 8 km in winter to 16 km in summer.
Therefore the retrievals in the 0.2–12 km layer represent the
tropospheric partial columns of CO, C2H6, C2H2, and HCN.
A contribution from the altitudes above 12 km to the 0.2–
12 km retrieval, due to the overlapping of the averaging
kernels, is small because of the relatively low stratospheric
columns of the four molecules. Ratios of the column
amounts above 12 km to the column amounts below
12 km are less than 10, 7, 1, and 20% for CO, C2H6,
C2H2, and HCN, respectively.

3.5. Error Budgets

[18] Error budgets for SFIT2 retrievals have been dis-
cussed by Rinsland et al. [1998, 1999, 2000]. Similar
budgets were considered in this study and the results are
summarized in Table 2.

Figure 2. Averaging kernels calculated for CO, C2H6,
C2H2, and HCN retrievals from ground-based infrared solar
spectra obtained in northern Japan.
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[19] Errors caused by the forward model simulation of
solar absorption spectra and by the spectroscopic parameters
for CO, C2H6, and HCN are the same as those given in the
papers cited above, because the same retrieval algorithm
and spectral parameters were employed. For C2H2 the error
due to the forward model approximation was assumed to be
the same as that for C2H6. The C2H2 spectroscopic param-
eters at P(13) line of the n2 + n4 + n5 band were interpolated
from its R(9) line of the n4 + n5 band [Rinsland et al., 1985].
As a rough estimate, the error due to the uncertainty in C2H2

spectroscopic parameters was 10%, twice that for C2H6.
[20] Errors due to instrumental line shape, a priori pro-

files, altitude-pressure-temperature profiles, random spectral
noise, and interference by H2O absorption are different from
those estimated in the papers cited above due to the different
locations and FTIR instruments used for the measurements.
Therefore these error budgets were analyzed using synthetic
spectra.
[21] The FTIR instrumental line shape is simulated in the

SFIT2 algorithm using an effective appodization function
and an effective phase function. As an approximation, the
effective appodization function is expressed as an empirical
polynomial, representing the modulation of the interfero-
gram signal. Assuming 50% uncertainty in the coefficient of
the straight line of the effective appodization function
resulted in 1.0–1.5% errors, indicating that the retrieved
tropospheric partial columns were almost insensitive to the
instrument line shape for the four molecules.
[22] Errors due to the a priori profile were evaluated

using synthetic spectra. First, the original a priori profile
was modified by adding a spike at every 2 km layers, in
which the mixing ratio was increased by 100%. This is to
simulate the cases that real mixing ratio profiles are not very
smooth. Columns corresponding to these modified profiles
are called ‘‘true.’’ Then, a set of synthetic spectra were
generated using these modified profiles and were analyzed
using the original a priori profile with the SFIT2 method
(the resulting columns are called ‘‘retrieved’’). The differ-
ence between true and retrieved columns for each synthetic
spectrum is resulted from the spike in the mixing ratio
profile at every 2 km. The sum of the differences at all
layers in the troposphere are 1.5, 4.1, 9.7, and 15% for CO,
C2H2, C2H6, and HCN, respectively.
[23] On the basis of the typical noise level for CO, C2H6,

C2H2, and HCN spectra recorded in northern Japan, 1%
random noise was added to the synthetic CO spectra and
0.3% random noise was added to the C2H6, C2H2, and HCN

spectra. The resulting errors in the partial columns between
0.2 and 12 km were <1, 2.2, 13, and 7.4% for CO, C2H6,
C2H2, and HCN, respectively. A solar spectrum was usually
recorded in 5–10 min, which corresponds to a 2% change in
SZA during sunrise and sunset in northern Japan and hence
induces an error in airmass calculations for each spectrum.
The resulting errors in the retrieved partial columns were
found to be less than 1%. Since the altitude-pressure-
temperature profiles were constructed using daily rawin-
sonde data obtained at Sapporo, they should be close to the
values at Rikubetsu and Moshiri. Assuming ±5�C accuracy
in temperature profiles, errors of 4.2, 4.3, 1.0, and 3.2%
were obtained for CO, C2H6, C2H2, and HCN partial
columns, respectively. In order to account for errors intro-
duced by the interfering H2O absorption in the selected
microwindows, 50% uncertainty was assumed in the daily
Sapporo rawinsonde data for H2O mixing ratios between
0.2 and 4 km. This resulted in errors of 4.0% for C2H2 and
less than 1% for CO, C2H6, and HCN retrievals.
[24] Total estimated errors for the retrievals of tropo-

spheric CO, C2H6, C2H2, and HCN columns between 0.2
and 12 km are 6.7, 8.4, 19.6, and 17.5%, respectively.

3.6. Spectra and Fits

[25] Figures 1a–1d display typical ground-based infrared
solar spectra of CO, C2H6, C2H2, and HCN in the micro-
windows listed in Table 1, together with their fits and the
RMS residuals between the observed and calculated spectra.
These spectra were observed at Rikubetsu on March 26,
1996, with resolution of 0.0035 cm�1. The SZA for the CO,
C2H6, C2H2, and HCN spectra was 41.9�, 42.3�, 60.5�, and
60.5�, respectively. The FOV was 2.95, 2.27, 2.27, and 2.27
mrad. The SNR for the CO spectrum in Figure 1a was 287
near 2158.30 cm�1, which was a typical SNR value for CO
spectra throughout the year. The SNR for the C2H6, C2H2,
and HCN spectra in Figures 1b–1d was 40, 13, and 14,
respectively. Generally, the SNR ranged from 5 to 150, 2 to
40, and 4 to 80 for the C2H6, C2H2, and HCN spectra,
respectively, with higher SNR values in winter-spring
because C2H6 and C2H2 column amounts were high in
these seasons. Although HCN amounts increase in summer-
fall [Zhao et al., 2000], the SNR for the HCN spectra was
low in these seasons because of the increase in H2O, which
is a major interfering gas. The maximum RMS residuals
were 1% for the CO spectral fits. As can be seen in
Figure 1a, greater residuals mainly appear in the spectral
regions of solar CO lines owing to uncertainty in modeling
these solar CO lines. Therefore the residuals in these
spectral regions were de-weighted for the convergence test
in the SFIT2 optimal estimation subroutine. The maximum
RMS residuals for the C2H6, C2H2, and HCN spectral fits
were all 0.3%. The minimum SNR and maximum RMS
values discussed above were used to check data quality, i.e.,
results from spectra with either the SNR lower than the
minimum values or the RMS residuals higher than the
maximum values are excluded in this paper.

4. Results and Discussion

4.1. Seasonal Cycles

[26] Daily averages of the tropospheric (0.2–12 km)
column amounts and mixing ratios of CO, C2H6, C2H2,

Table 2. Error Budgets for the Retrievals of Tropospheric CO,

C2H2, C2H6, and HCNa

Error Sources CO C2H6 C2H2 HCN

Forward model approximation 4 2 2 2
Spectroscopic parameters 2 5 10 2
Instrumental line shape 1.2 <1 <1 1.6
A priori profile 1.5 4.1 9.7 15
Total systematic errors 4.9 6.8 14.0 15.3
RMS noise <1 2.2 13 7.4
SZA <1 <1 <1 <1
Temperature 4.2 4.3 1.0 3.2
Interference <1 <1 4.0 <1
Total random errors 4.5 5.0 13.7 8.2

aError budgets are in percent. Columns between 0.2 and 12 km.
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Figure 3. Daily averages of the tropospheric columns and mixing ratios between 0.2 and 12 km of (a)
CO, (b) C2H6, (c) C2H2, and (d) HCN over northern Japan. Vertical error bars represent one standard
deviation (±s) in the daily mean values. Data without error bars mean a single measurement on that day.
Cosine curves are the least squares best fits to the daily values between May 1995 and June 2000
(excluding the 1998 period) using equation (1). Straight lines are linear trends of the four molecules
determined from the ratio of c1 to c0 in equation (1).
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and HCN observed in northern Japan from May 1995 to
June 2000 are shown in Figures 3a–3d. The mixing ratios
were determined by dividing the partial column between 0.2
and 12 km by the total air column at the same layer. Vertical
bars in Figures 3a–3d represent one standard deviation
(SD) in the daily mean values. Data with no error bar are
measurements from a single spectrum in one day. The SD in
the daily partial column was usually less than 15% for CO
and C2H6, less than 30% for C2H2, and less than 25% for
HCN. However, some high SD values were obtained on a
number of days, resulting from strong diurnal variability on
these days. These large SD values were obtained simulta-
neously for CO, C2H6, C2H2, and HCN and enhancements
in the four molecules were also observed on the same days.
[27] Significant seasonal variations in the tropospheric

columns and mixing ratios of CO, C2H6, C2H2, and HCN
are readily seen in Figures 3a–3d. Cosine curves in the
figures represent the background levels of the seasonal
mean for each molecule. These were derived from the least
squares best fits to the daily partial columns from May 1995
to June 2000 using the formula:

partial column ¼ c0 þ c1t þ c2 cos 2p=12ð Þ t � f0ð Þ½ � ð1Þ

where t expresses time in months elapsed since January
1995. Coefficients of c0, c1, c2, and f0 represent the annual
mean value of the partial column in 1995, the linear change
in the partial column, the amplitude of the seasonal
modulation, and the phase of the seasonal cycle, respec-
tively. Since remarkably high CO, C2H6, C2H2, and HCN
were observed in 1998, the 1998 data were excluded from
the least squares fits using equation (1). Table 3 summarizes
the seasonal variations of CO, C2H6, C2H2, and HCN in
northern Japan and compares the results with in situ aircraft
measurements at �45�N over the west Pacific region during
PEM–West B (February–March 1994) [Singh et al., 1998].
4.1.1. Carbon Monoxide (CO)
[28] The CO partial columns between 0.2 and 12 km

reached a maximum level of 2.70 ± 0.31 	 1018 molecules
cm�2 in winter-spring (March–April) and a minimum level
of 1.83 ± 0.19 	 1018 molecules cm�2 in fall (September–
October). Maximum and minimum CO mixing ratios in the
same layer were found to be 162 ± 21 ppbv and 111 ± 13
ppbv, respectively. The seasonal cycle of CO is primarily
driven by the reaction with OH whose concentration in
summer-fall is greater than that in winter-spring [e.g., Volz
et al., 1981]. In addition, some CO sources, such as biomass

Figure 3. (continued)

Table 3. Seasonal Variations in Tropospheric CO, C2H6, C2H2, and HCN Over Northern Japan

Maximum Valuesa PEM-West Bb

(February–March 1994)
Minimum Values

Month
Column
Amount

Mixing
Ratio

Mixing
Ratio

Altitude,
km Month

Column
Amount

Mixing
Ratio

130 6–12
CO March–April 2.70 ± 0.31 162 ± 21 180 3–7 Sept.–Oct. 1.83 ± 0.19 111 ± 13

180 0–3
1.50 6–12

C2H6 Feb.–March 3.36 ± 0.30 2.00 ± 0.18 2.30 3–7 Aug.–Sept. 1.76 ± 0.40 1.07 ± 0.25
2.30 0–3
0.40 6–12

C2H2 Feb.–March 0.67 ± 0.10 0.40 ± 0.07 0.75 3–7 Sept.–Oct. 0.30 ± 0.10 0.19 ± 0.06
0.75 0–3

HCN May–July 5.50 ± 0.91 334 ± 30 . . . . . . Dec.–Jan. 3.02 ± 0.49 179 ± 30
aColumn amounts for CO, C2H6, C2H2, and HCN are in 1018, 1016, 1016, and 1015 molecules cm�2, respectively, and mixing ratios are in ppbv, ppbv,

ppbv, and pptv.
bFrom Singh et al. [1998].
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burning and fossil fuel usage, are usually enhanced in the
dry and cold conditions of winter-spring, resulting in greater
CO production in this period [Zhao et al., 1997].
4.1.2. Ethane (C2H6)
[29] ThemaximumC2H6 partial columnwas 3.36 ± 0.30	

1016 molecules cm�2 in winter-spring (February–March)
and the minimum was 1.76 ± 0.40 	 1016 molecules cm�2

in summer-fall (August–September). The corresponding
maximum and minimum C2H6 mixing ratios were 2.00 ±
0.18 and 1.07 ± 0.25 ppbv, respectively. The C2H6 seasonal
cycle is mainly controlled by the balance between its sources
(biomass burning and natural gas emissions) and its sink
(chemical reaction with OH) [Rinsland et al., 2000, and
references therein]. According to the phases (f0) fitted using
equation (1), C2H6 reached its maximum level in winter-
spring�1 month earlier than CO did, partly because CO is an
intermediate product of the oxidation of CH4 and NMHCs,
while C2H6 is the most abundant of the NMHCs [Volz et al.,
1981; Logan et al., 1981].
4.1.3. Acetylene (C2H2)
[30] The C2H2 partial column reached a maximum of

0.67 ± 0.10 	 1016 molecules cm�2 in February–March
and a minimum of 0.30 ± 0.10 	 1016 molecules cm�2 in
September–October. The maximum and minimum C2H2

mixing ratios were 0.40 ± 0.07 and 0.19 ± 0.06 ppbv,
respectively. As NMHCs, C2H2 and C2H6 have similar
sources and sinks. Therefore the dynamics of the C2H2

seasonal cycle is similar to that for C2H6. The phase, f0 in
equation (1), of the C2H2 seasonal cycle is about a half month
ahead of C2H6, possibly because that the photochemical
reaction rate of C2H2 with OH is faster than that of C2H6

with OH [Logan et al., 1981; Singh and Zimmerman, 1992].
4.1.4. Hydrogen Cyanide (HCN)
[31] The HCN partial column reached a maximum of

5.50 ± 0.91 	 1015 molecules cm�2 in May–July and a
minimum of 3.02 ± 0.49 	 1015 molecules cm�2 in Decem-
ber–January. The maximum and minimum values of the
tropospheric HCN mixing ratio were 334 ± 50 and 179 ± 30
pptv, respectively, which are consistent with our previous
results derived from 1995–1997 data [Zhao et al., 2000].
The HCN seasonal cycle over northern Japan between 1995
and1997 was roughly simulated by a 3-D chemical and
transport model using tropical biomass burning as a primary
source and ocean uptake as a main sink [Li et al., 2000].
Biomass burning on Asian continent could also contribute to
the enhanced HCN values above its seasonal background
level over northern Japan [Zhao et al., 2000].
[32] In Table 3 it can be seen that tropospheric mixing

ratios of CO and C2H6 retrieved from ground-based FTIR
spectra agreed well with the in situ aircraft measurements at
45�N over the west Pacific region during PEM-West B
(February–March 1994) [Singh et al., 1998]. However, the
retrieved mixing ratios of C2H2 were lower than the aircraft
data. Comparison with in situ aircraft measurements
revealed that the tropospheric mixing ratios retrieved from
the ground-based FTIR spectra are a smoothed representa-
tion of the real vertical distributions [Zhao et al., 1997], as
expected from the averaging kernel calculations.

4.2. Correlations

[33] It can be seen in Figures 3a–3c that the tropospheric
CO, C2H6, and C2H2 columns reached their maximum and

minimum values in similar seasons. Simultaneous enhance-
ments in tropospheric CO, C2H6, and C2H2 indicate the
same sources of polluted air. These features reveal that
changes in tropospheric concentrations of the three mole-
cules are correlated.
[34] Figures 4a–4c are correlation plots between the

daily mean values of the tropospheric CO, C2H6, and
C2H2 columns. The correlation coefficients of 0.80 between
C2H6 and CO, 0.67 between C2H2 and CO, and 0.81
between C2H2 and C2H6 were obtained by linear least
squares fits to the data from all seasons. The good correla-
tions indicate that the three molecules are subject to similar
production and dilution processes. The correlation coeffi-
cient between CO and C2H2 was relatively low, partly
because their phases of the seasonal cycle were about one
and half months different resulting from the discrepancies
between their sources and sinks. For instance, the photo-
chemical lifetime is �1 month for C2H2 and �2 months for
CO [Logan et al., 1981; Volz et al., 1981; Gupta et. al.,
1998]. However, some low C2H6 values observed in sum-
mer 1998 (see Figure 3b) do not seem to be correlated with
CO (see Figure 4a). The causes of this are not yet under-
stood.
[35] Good correlations between tropospheric C2H6 and

CO have been observed in other ground-based FTIR meas-
urements at Lauder, Kitt Peak [Rinsland et al., 1998],
Mauna Loa [Rinsland et al., 1999], and ISSJ [Rinsland et
al., 2000]. The slope of 13.2 	 10�3 for the C2H6 versus
CO plot obtained in northern Japan agrees well with north-
ern midlatitude observations at Kitt Peak (14.2 	 10�3)
[Rinsland et al., 1998] and ISSJ (12.9 	 10�3) [Rinsland et
al., 2000]. Aircraft measurements at 25�–48�N over the
west Pacific region during PEM-West B produced a C2H6/
CO slope of 15.0 	 10�3 for nonplume data above 2 km
[Blake et al., 1997].
[36] The slope for the C2H2 versus CO plot observed in

northern Japan was 2.85 	 10�3. According to our knowl-
edge, the C2H2/CO slope had not been reported previously
from ground-based FTIR measurements. Therefore we do
not have an opportunity to compare with other ground-
based data sets. However, a C2H2/CO slope of 5.7 	 10�3

was obtained in in situ aircraft measurements at 25�–48�N
over the west Pacific region during PEM-West B [Blake et
al., 1997], which was twice the value of this work. Since the
PEM-West B data covered a wide range of latitudes, while
the FTIR measurements were made at 43.5�N and 44.4�N,
latitudinal changes in tropospheric CO and C2H2 mixing
ratios could be a reason for this difference [Singh et al.,
1998; Blake et al., 1997].
[37] It is seen from Figures 3a and 3d that the phases of

the CO and HCN seasonal cycles were �3–4 months
different, apparently owing to differences in their sources
and sinks. On the other hand, simultaneous significant
enhancements in tropospheric CO and HCN were occasion-
ally observed, possibly due to the similar sources. In order
to remove the components of the seasonal cycle, the
deviation of HCN (�HCN) relative to its seasonal mean
determined with equation (1) was plotted against the similar
deviation of CO (�CO), as shown in Figure 5. Red circles
represent the 1998 data and black crosses represent all other
data. The correlation coefficients of 0.68 for 1998 and 0.71
for the other years indicate a good correlation between
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�HCN and �CO, revealing that additional HCN and CO
above their seasonal mean values were produced simulta-
neously.
[38] Laboratory and field fire studies reveal that both

HCN and CO are emitted by biomass burning [Yokelson et
al., 1996, 1997; Holzinger et al., 1999]. The emission ratio
of HCN relative to CO in biomass burning varies by 2
orders of magnitude, depending on fire type, burnt bioma-
terials, and the phase of the fire [Yokelson et al., 1996, 1997;
Holzinger et al., 1999]. In addition, this ratio also changes

as the emitted air parcels undergo transport because CO and
HCN have different atmospheric lifetimes. Therefore it is
hard to establish a relationship between the HCN/CO
emission ratio originating at the location of the fire and
the HCN/CO ratio observed at a distant observational site.
However, the �HCN/�CO slopes of 1.60 	 10�3 in 1998
and 2.02 	 10�3 in the other years observed in northern
Japan lie between the wide range of values of the HCN/CO
emission ratios measured in laboratory (0.4 	 10�3�7.1 	
10�3 in the work of Yokelson et al. [1997] and 0.4 	

Figure 4. Correlation plots (a) between C2H6 and CO, (b) between C2H2 and CO, and (c) between
C2H2 and C2H6. The data are daily averages of the tropospheric column amounts in the 0.2–12 km layer
and from all seasons between May 1995 and June 2000.
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10�3�2.6 	 10�3 in the work of Holzinger et al. [1999]). It
is likely that the enhancement of HCN and CO above their
seasonal mean values was due to biomass burning.

4.3. Linear Trend

[39] The linear trend in the partial column was deter-
mined by the ratio of c1/c0 in equation (1). The straight lines
in Figures 3a–3d represent the linear trends in tropospheric
column amounts of CO, C2H6, C2H2, and HCN from May
1995 to June 2000 over northern Japan. The 1998 data were
excluded in determining the trends because abnormally high
values were observed in this year.
[40] The annual mean tropospheric CO column amount

over northern Japan in 1995 determined using equation (1)
was 2.40	 1018 molecules cm�2. A linear trend of (�2.10 ±
0.30)%/yr in the CO partial column was obtained. In
comparison, the observed trends in the CO partial column
from May 1977 to December 1997 at Kitt Peak and in the
CO total column during 1984–1995 at ISSJ were not
significant. They were (�0.27 ± 0.17)%/yr [Rinsland et
al., 1998] and (0.18 ± 0.16)%/yr [Mahieu et al., 1997],
respectively. Network surface CO sampling measurements
from 1990 to 1998 have also revealed a negative trend of
�3%/yr in the southern hemisphere and �2%/yr in the
northern hemisphere [Novelli et al., 1998].
[41] The annual mean tropospheric C2H6 column amount

over northern Japan was 2.77 	 1016 molecules cm�2 in
1995 with a negative linear trend of (�2.53 ± 0.30)%/yr.
Ground-based infrared measurements at ISSJ from 1985 to
1995 indicated a decrease in the C2H6 total column with a
rate of (�2.7 ± 0.3)%/yr [Mahieu et al., 1997]. Trends in
C2H6 at Lauder from 1993 to 1998 and at Kitt Peak from
1977 to 1997 were (�0.64 ± 0.79)%/yr and (�1.20 ±
0.35)%/yr, respectively [Rinsland et al., 1998].
[42] The annual mean tropospheric C2H2 column amount

over northern Japan was 0.54 	 1016 molecules cm�2 in

1995, indicating that the tropospheric abundance of C2H2 is
�20% that of C2H6. A negative linear trend of (�3.99 ±
0.57)%/yr was obtained for May 1995 to June 2000. This
trend is larger than those obtained for C2H6 and CO. For
comparison, the C2H2 trend of (�0.73 ± 1.15)%/yr
observed at ISSJ from 1986 to 1995 was not significant
[Mahieu et al., 1997].
[43] The annual mean tropospheric HCN column amount

over northern Japan was 4.34 	 1015 molecules cm�2 in
1995, corresponding to a tropospheric mixing ratio of 261
pptv. A negative linear trend of (�0.93 ± 0.49)%/yr in the
HCN partial columns from May 1995 to June 2000 was
obtained. This trend is very small and is generally consistent
with the observations at ISSJ from 1995 to 1999 (excluding
1998 data) [Rinsland et al., 2000] and at Kitt Peak from
1978 to 2000 [Rinsland et al., 2001], where no significant
long-term changes have been detected. In contrast, HCN
measurements at ISSJ during 1984–1995 indicated an
increase of (1.24 ± 0.0.36)%/yr [Mahieu et al., 1997].
[44] As stratospheric O3 absorbs solar UV radiation, the

depletion of global stratospheric O3 since the mid-1980s has
resulted in an increase in the amounts of solar UV radiation
reaching the Earth’s surface. A significant positive trend in
the 305 and 340 nm irradiance was observed between
January 1992 and December 1998 in Santiago (33.5�S),
Chile [Cabrera and Fuenzalida, 1999]. Increases in UV-B
radiation were also observed in various parts of Europe in
1990s [Taalas et al., 2000, and references therein]. It
appears that the observed negative trends in tropospheric
CO, C2H6, and C2H2 over northern Japan are due to the
increase in solar UV radiation through the photochemical
reactions with OH. In addition to the increase in solar UV
radiation, negative trend in the global surface CO between
1990 and 1998 was suggested partly because of the reduced
emissions from biomass burning and anthropogenic sources
in the past decade [Novelli, et al., 1998]. This would also
contribute to the negative trends in tropospheric CO, C2H6,
and C2H2 over northern Japan.

4.4. Enhancements in 1998

[45] Remarkable enhancements of the tropospheric CO,
C2H6, C2H2, and HCN concentrations were observed in

Figure 5. Correlation between �HCN and �CO. See text
for details. See color version of this figure at back of this
issue.

Figure 6. Changes in the tropospheric column amounts of
CO, C2H6, C2H2, and HCN in 1998 relative to their
seasonal mean values determined using equation (1).
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1998. Changes in the tropospheric CO, C2H6, C2H2, and
HCN column amounts relative to their seasonal mean values
are shown in Figure 6. It can be seen that significant
increases occurred between August and October 1998.
The maximum increases in CO, C2H6, and HCN were 59,
54, and 65%, respectively, in August. By contrast, the
relative change in tropospheric C2H2 was smaller than other
molecules, with a maximum value of 22% in October. HCN
columns were also elevated above the seasonal mean values
by more than 20% from January to June 1998.

[46] Kinematic 10-day back-trajectories of the airmasses
reaching the 300, 500, and 800 hPa levels above Rikubetsu
and Moshiri were calculated for the days of FTIR measure-
ments. For clarity, only trajectories from February, April,
June, August, October, and December between 1997 and
1998 are plotted in Figure 7. It is seen that airmasses above
800 hPa level in northern Japan were mostly transported
from the Asian and European continents at latitudes >30�N
for all seasons. The calculated trajectories in other months
and years exhibit the same results (not shown in Figure 7).
Mean wind streamline fields averaged over the PEM-West
A period (September–October 1991) [Bachmeier et al.,
1996] and the PEM-West B period (February–March
1994) [Merrill et al., 1997] demonstrated similar behavior,
indicating that northern Japan is downwind of the outflow
of Asian continental air.
[47] Monthly global fire maps from 1995 to 2000 gen-

erated using ATSR-2 (Along Track Scanning Radiometer
onboard the ERS-2 satellite) nighttime data in the ATSR
World Fire Atlas (http://shark1.esrin.esa.it/FIRE/AF/ATSR/)
[Arino et al., 2001, and reference therein] show that fires
were often observed over the Asian and European con-
tinents. It appears that biomass burning occurring there is an
important source of tropospheric CO, C2H6, C2H2, and
HCN observed in northern Japan. In addition to the fire
maps, information on timing and location of the detected
fires is available in the ATSR World Fire Atlas, from which
the numbers of fires that occurred on the Asian and Euro-
pean continents in each month were accumulated. Figure 8
displays the number of fires observed in 1997 and 1998.
‘‘Region 1’’ covers the area from 90� to 150�E and above
30�N, roughly representing the Asian continent, and
‘‘Region 2’’ covers 0–90�E and above 30�N, representing
the European and part of Asian continents. Since the data
for other years in the ATSR World Fire Atlas are incom-
plete, they are not presented in Figure 8. For both 1997 and
1998 it is seen that the number of fires increased in the

Figure 7. Kinematic 10-day back-trajectories calculated
for the air masses reaching the (a) 300 hPa, (b) 500 hPa, and
(c) 800 hPa levels over northern Japan. See color version of
this figure at back of this issue.

Figure 8. Number of fires in each month of 1997 and 1998 accumulated from the ATSR World Fire
Atlas data. ‘‘Region-1’’ covers the area from 90 to 150�E and above 30�N and ‘‘Region-2’’ covers the
area of 0-90�E and above 30�N.

ACH 2 - 12 ZHAO ET AL.: TROPOSPHERIC CO, C2H6, C2H2, AND HCN OVER NORTHERN JAPAN



summer-fall season, acting as a source of HCN over north-
ern Japan during this period [Zhao et al., 2000]. It is also
seen that the number of fires in 1998 was greatly enhanced
in comparison with 1997, particularly on the Asian con-
tinent during July–September. The ATSR World Fire Atlas
reveals that number of fires increased significantly over
eastern Siberia near northern Japan around July–September
1998 (see http://shark1.esrin.esa.it/FIRE/AF/ATSR). There-
fore it is most likely that these eastern Siberia fires were the
cause of the significant enhancements of tropospheric CO,
C2H6, C2H2, and HCN that were measured in northern
Japan in those months.

[48] Tanimoto et al. [2000] reported high surface CO
concentrations at Rishiri Island in northern Japan in 1998
due to the biomass burning in eastern Siberia. Since Rishiri
is located not far away from Moshiri and Rikubetsu, the
FTIR CO data from this work were compared with these
surface CO measurements. As can be seen in Figure 2, the
averaging kernel for CO retrievals between 0.2 and 4 km
peaks at the representative altitudes. Therefore the CO
mixing ratios in this layer can be used for this comparison.
Daily averaged CO mixing ratios between 0.2 and 4 km
from April 1998 to April 1999, corresponding to the period
of the surface CO measurements, are shown in Figure 9.
The surface CO data in Figure 9 were observed using a
modified nondispersive infrared (NDIR) photometer [Tani-
moto et al., 2000] and are 12-hour averages of 1-hour
continuous observations. The seasonal mean reference level
derived from the least squaress fit to the FTIR data from
May 1995 to June 2000 (excluding 1998) using equation (1)
is also plotted.
[49] The retrieved CO mixing ratios between 0.2 and

4 km generally agree with the surface NDIR CO data. Both
the FTIR and NDIR measurements showed significant
increases in CO in the second half of 1998. The maximum
enhancement of the CO mixing ratio between 0.2 and 4 km
in August was about a factor of 1.7 greater than the seasonal
background level. Unfortunately, on a number of days in
late July, mid-September, and early October when surface
CO concentrations were high (>300 ppbv), there were no
FTIR measurements due to the cloudy conditions.
[50] Figure 10 shows images of the total ozone mapping

spectrometer (TOMS) on board the Earth Probe spacecraft
aerosol index for August 19 and 22, 1998, displaying the
extent of smoke coverage. It can be seen that smoke covered
a wide area over eastern Siberia near northern Japan on
these days. From July to early October 1998, Earth Probe
TOMS detected smoke from fires in eastern Russia (see
images of the aerosol index on http://toms.gsfc.nasa.gov/).
For most of this period the smoke was essentially stationary
with some southeast to east movement toward northern

Figure 9. CO mixing ratios between 0.2 and 4 km over
northern Japan from April 1998 to April 1999 retrieved
from ground-based infrared solar spectra. Surface CO
mixing ratios observed at Rishiri, Japan [Tanimoto et al.,
2000], are also shown for comparison. The dashed line
represents the reference level of the seasonal mean 0.2–4
km CO mixing ratio derived from the best fit to the May
1995 to June 2000 data (excluding the 1998 period) using
equation (1). See color version of this figure at back of this
issue.

Figure 10. Images of the smoke detected by Earth Probe total ozone mapping spectrometer (TOMS)
using the TOMS aerosol index on (left) 19 and (right) 22 August 1998. See color version of this figure at
back of this issue.
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Japan (see text onhttp://toms.gsfc.nasa.gov/). This period is
coincident with the enhancements of tropospheric CO,
C2H6, C2H2, and HCN observed with ground-based infrared
solar spectroscopy and of the surface CO observed with the
NDIR instrument. It supports the hypothesis that the 1998
eastern Siberia forest fires were responsible for the abnor-
mally high tropospheric concentrations of these molecules
over northern Japan in the same period. Figures 11a and 11b
show 10-day back-trajectories originating at the 300, 500,
and 800 hPa levels above Rikubetsu and Moshiri on August
22, 1998. It is apparent that FTIR measurements in northern
Japan on this day sampled air masses containing emissions
from eastern Siberia fires (see Figures 10 and 11).
[51] Since the photochemical lifetime of HCN is longer

than that of CO, the HCN/CO ratio in an airmass increases
as the airmass transports. Therefore transport of the emis-
sions is an important process for the changes in the HCN/
CO ratio. It can be seen from Figure 5 that the�HCN/�CO
slope in 1998 (1.60 	 10�3) was smaller than that in the
other years (2.02 	 10�3). This is consistent with that
biomass burning intensively occurred in eastern Siberia near
northern Japan in 1998. The lower �HCN/�CO slope
observed in 1998 suggested that air parcels sampled by
the FTIR measurements that year was relatively ‘‘young.’’
However, owing to the dependence of the HCN/CO emis-
sion ratio on fire type, burnt biomaterials, and the phase of
the fire, these effects have to be taken into account for a
more detailed study.
[52] It has been shown that significant increases in HCN

above Kitt Peak occurred during the strong El Niño South-
ern Oscillation (ENSO) warm phases in 1982–1983 and
1997–1998 [Rinsland et al., 2001]. High HCN values
observed at Mauna Loa in late 1997 were also related to
the ENSO events [Rinsland et al., 1999]. As an ENSO
phenomenon, anomalous sea-surface temperatures (SST)
were observed in 1997–1998 [e.g., McPhaden and Yu,
1999]. Since ocean uptake is an important sink of atmos-
pheric HCN [Li et al., 2000], changes in SST would affect
the strength of this sink and in turn disturb the balance
between HCN sinks and sources. However, detailed dis-

cussion of the relationship between SST and the HCN sink
is beyond the scope of this study.
[53] Seasonal mean anomalies in the UV irradiance

observed at Santiago, Chile, between January 1992 and
December 1998 showed low irradiance at 305 and 340 nm
coincident with the ENSO signals [Cabrera and Fuenza-
lida, 1999]. Therefore the ENSO effects could alter the
destruction processes for tropospheric CO, C2H6, C2H2, and
HCN through their photochemical reactions with tropo-
spheric OH. In addition, ENSO is associated with large-
scale variations in the dynamical behavior of the global
atmosphere-ocean system [Dickey et al., 1999], such as
convection, circulation, and air temperature, which could
affect the distribution, frequency, and intensity of biomass
burning emissions [Rinsland et al., 1999]. Therefore the
abnormally high values of tropospheric CO, C2H6, C2H2,
and HCN observed in northern Japan in 1998 might be
related to the 1997–1998 ENSO events.
[54] It can be seen in Figure 3d that, in addition to the

abnormally high values in 1998, tropospheric HCN col-
umns over northern Japan were also enhanced in late 1997.
Since the biomass burning activity on the Asian and Euro-
pean continents did not seem to increase in this period (see
Figure 8), fires occurring in these areas might not be the
major cause of the enhanced HCN in late 1997. Enhance-
ment of tropospheric HCN was also observed at Mauna
Loa, simultaneously with high CO and C2H6 beginning in
September 1997 with the highest levels seen in November
1997. This has been attributed to the widespread southeast
Asia fires at that time [Rinsland et al., 1999]. A 3-D
chemical transport model shows a northward propagation
of the HCN signal originating in the tropics due to biomass
burning there [Li et al., 2000]. Therefore part of the high
HCN amounts observed in northern Japan in late 1997 were
possibly due to the transport of the intensive emissions of
tropical biomass burning. Moreover, unlike the case for
Mauna Loa, where HCN, CO, and C2H6 were all enhanced
in 1997, while HCN concentrations over northern Japan in
late 1997 were enhanced, CO, C2H6, and C2H2 concen-
trations were almost at their normal levels. It implies that
the airmasses containing high HCN that reached northern
Japan in late 1997 had experienced a relatively long trans-
port from the tropical regions, because the lifetime of HCN
is longer than that of CO, C2H6, and C2H2.

5. Summary and Conclusions

[55] Northern Japan is an ideal place to monitor the
outflow of continental air from Asia, because airmasses
reaching the 300–800 hPa levels above northern Japan are
primarily transported from this area. Seasonal variations in
the tropospheric column amounts and mixing ratios of CO,
C2H6, C2H2, and HCN were observed at Rikubetsu and
Moshiri in northern Japan using ground-based infrared solar
spectroscopy. Tropospheric CO, C2H6, and C2H2 reached
their maximum concentrations in winter-spring and mini-
mum concentrations in summer-fall, mainly controlled by
the seasonal photochemical cycle of OH and the anthro-
pogenic sources of these molecules. Good correlations
between CO, C2H6, and C2H2 indicated that they undergo
similar atmospheric dilution and production processes.
Maximum and minimum values of HCN were observed in

Figure 11. Kinematic 10-day back-trajectories calculated
for the airmasses reaching the 300 hPa (stars), 500 hPa
(open squares), and 800 hPa (solid circles) levels over (a)
Rikubetsu and (b) Moshiri on 22 August 1998.
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summer and winter, respectively, mainly driven by biomass
burning and ocean uptake. Deviation of tropospheric partial
columns of HCN relative to its seasonal mean (�HCN)
showed a good correlation with the similar deviation of CO
(�CO), suggesting that increases in CO and HCN above
their reference levels were due to the same source, which
appears to be biomass burning.
[56] Negative trends in the tropospheric partial columns

of CO, C2H6, and C2H2 were observed over northern Japan
from May 1995 to June 2000 (excluding the 1998 data).
Increased solar UV radiation due to the global stratospheric
O3 depletion [Cabrera and Fuenzalida., 1999] and reduced
emissions of CO, C2H6, and C2H2 from biomass burning
and anthropogenic sources in the past decade [Novelli et al.,
1998] are the possible causes for the negative trends
observed for these molecules.
[57] Significant enhancements of CO, C2H6, C2H2, and

HCN were observed in 1998. These were consistent with
increased biomass burning on the Asian continent in 1998
as seen in ATSR global fire maps. It is most likely that
biomass burning in eastern Siberia from mid-July to early
October resulted in the remarkably high CO, C2H6, C2H2,
and HCN measured over northern Japan during the same
period. This is consistent with the lower �HCN/�CO slope
in 1998, suggesting that air masses sampled by the FTIR
measurements in 1998 were relatively young.
[58] Abnormally high amounts of the tropospheric HCN

appeared during the strong ENSO period in 1997–1998,
suggesting the possibility that high HCN reaching northern
Japan may have included the contribution of El Nino fires
occurred in this period. Further investigation of the relation-
ship between the ENSO phenomena and the changes in
tropospheric HCN could help to provide information on the
sources and sinks of HCN, which are still poorly understood.
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Figure 5. Correlation between �HCN and �CO. See text for details.

ACH 2 - 11 and ACH 2 - 12

Figure 7. Kinematic 10-day back-trajectories calculated for the air masses reaching the (a) 300 hPa, (b)
500 hPa, and (c) 800 hPa levels over northern Japan.
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Figure 9. CO mixing ratios between 0.2 and 4 km over northern Japan from April 1998 to April 1999
retrieved from ground-based infrared solar spectra. Surface CO mixing ratios observed at Rishiri, Japan
[Tanimoto et al., 2000], are also shown for comparison. The dashed line represents the reference level of
the seasonal mean 0.2–4 km CO mixing ratio derived from the best fit to the May 1995 to June 2000 data
(excluding the 1998 period) using equation (1).

Figure 10. Images of the smoke detected by Earth Probe total ozone mapping spectrometer (TOMS)
using the TOMS aerosol index on (left) 19 and (right) 22 August 1998.
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