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A B S T R A C T
The summer of 2003 was an active forest fire season in Siberia. Several events of elevated carbon monoxide (CO) were
observed at Rishiri Island in northern Japan during an intensive field campaign in September 2003. A simulation with
a global chemistry-transport model is able to reproduce the general features of the baseline levels and variability in the
observed CO, and a source attribution for CO in the model suggests that the contribution from North Asia dominated,
accounting for approximately 50% on average, with contributions of 7% from North America and 8% from Europe
and 30% from oxidation of hydrocarbons. With consideration of recent emission estimates for East Asian fossil fuel
and Siberian biomass burning sources, the model captures the timing and magnitude of the CO enhancements in two
pollution episodes well (17 and 24 September). However, it significantly underestimates the amplitude during another
episode (11–13 September), requiring additional CO emissions for this event. Daily satellite images from AIRS reveal
CO plumes transported from western Siberia toward northern Japan. These results suggest that CO emissions from
biomass burning in western Siberia in 2003 are likely underestimated in the inventory and further highlight large
uncertainties in estimating trace gas emissions from boreal fires.

1. Introduction

Carbon monoxide (CO) is often measured in a subsidiary man-
ner with other trace species such as tropospheric ozone (O3)
and black carbon (BC). Tropospheric O3 has a variety of im-
portant roles in the earth’s environment, including detrimental
effects on vegetation and human health and global warming as
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a greenhouse gas. Tropospheric O3 is photochemically gener-
ated, and the detailed understanding of chemistry involved in
O3 formation and destruction is still imperfect. BC is emit-
ted from combustion sources, contributing to the heating of the
atmosphere by absorbing solar radiation and to severe air pol-
lution near the ground surface. CO is commonly utilized as a
relatively long-lived tracer of combustion to characterize contri-
butions from various types of surface sources and/or diagnose
subsequent chemical processing of secondary species. For ex-
ample, the relationships of O3 versus CO provide information
on net production or destruction of O3 per emitted CO (as a
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proxy for O3 precursors), leading to better characterization of
regional photochemistry (e.g. Parrish et al., 1993, 1998). Both
BC and CO are primarily emitted from inefficient combustion
processes, and the relative abundance depends on the composi-
tion and type of the fuel, the amount of available oxygen and
the degree of oxidation. Hence relationships of BC versus CO
downwind of, but close to source regions provide an opportu-
nity to estimate emission ratios of BC with respect to CO from
combustion sources (e.g. fossil fuel, biomass burning or biofuel),
leading to improvement in emissions inventories (e.g. Dickerson
et al., 2002).

Spatial distributions and temporal variations of CO itself are
also useful for evaluating the emission strength of CO from
various sources and regions. Since the reduction of CO emis-
sions from human-related activities can be achieved by rapid
shifts in energy types (e.g. from biofuel to oil or electricity),
accurate estimates are difficult for regions experiencing rapid
economic growth (Streets et al., 2006; Tanimoto et al., 2008a).
Biomass burning is also a major source for CO. CO emissions
from biomass burning have substantial interannual variability,
often prohibiting accurate emission estimates. Hence, analysis
of variations and distributions of CO in individual field mea-
surements, especially with chemistry-transport models, can help
understand regional CO sources in detail and improve existing
emissions inventory for CO.

In this paper, we report on continuous measurements of CO
and O3, along with intensive measurements of other gaseous
and aerosol components performed at the northernmost remote
Japanese island of Rishiri in September 2003. We identify sev-
eral pollution episodes using multiple gaseous and aerosol trac-
ers. By analysing in situ measurements together with chemical
weather simulations, we quantitatively discuss the contributions
from each source to the day-to-day variations of CO and high-
light one of the observed high CO episodes. Daily satellite im-
ages for CO total columns reveal possible source regions and
transport paths to Rishiri Island and suggest the importance of
CO sources that are not accounted for in current emissions in-
ventories for biomass burning in Siberia.

2. Field measurements and analytical tools

2.1. Observation site

Measurements described here were made on Rishiri Island, a
remote small island located between the northernmost large
Japanese island (i.e. Hokkaido) and the Eurasian continent. The
Rishiri Island observatory (RIS, 45.07◦N, 141.12◦E, 35 m a.s.l.)
is located in the southwest of the island. Local pollution from the
industrial activities on the island is negligible. Previous studies
based on backward trajectory analyses showed that air masses
arriving at the site are influenced by air masses from the conti-
nent throughout the year. Rishiri Island occasionally experiences
pristine maritime air masses during summer, but the influence

of maritime air masses from the Pacific Ocean is very weak
compared with southern Japan. The continental air masses fre-
quently come from Siberia, and anthropogenically polluted air
masses occasionally arrive, being influenced by emissions from
China, Korea and Japan (Tanimoto et al., 2002). Hence, the main
sources of pollution for this region are human-induced emissions
in East Asia and biomass burning in Siberia.

2.2. Measurements of tracers

We started continuous measurements of O3 and CO at Rishiri
in 1998 as a part of a long-term monitoring program. The mea-
surements at Rishiri have been characterized by previous studies
(e.g. Tanimoto et al., 2000, 2002). One of notable characteris-
tics at Rishiri is that Siberian wildfires often influence chemical
composition and surface air quality, as observed in summer of
1998 (Tanimoto et al., 2000; Yurganov et al., 2004) and 2002
(Yurganov et al., 2005) and spring of 2003 (Jaffe et al., 2004;
Tanimoto et al., 2008b).

In addition to routine monitoring of O3 and CO, a variety
of chemical components, including reactive species and long-
lived tracers along with radiatively important parameters, were
measured as part of an intensive field campaign in September
2003. The observations include BC, non-methane hydrocarbons
(NMHCs), organo-halogens and aerosol particle number densi-
ties, as described in detail in Kanaya et al. (2007).

Briefly, the mixing ratios of O3 and CO were determined
using photometric instruments based on absorption in the ul-
traviolet and infrared wavelength regions, respectively. The O3

instrument utilized absorption at 253.7 nm emitted by a low-
pressure mercury lump (Dylec, model 1150) and was cali-
brated by a working standard maintained by our laboratory.
The CO instrument was based on non-dispersive absorption
(Kimoto, model 541) and was calibrated by a gravimetric gas
standard at 1.8 ppmv (Tanimoto et al., 2000). Light attenuation
by BC was determined by an aethalometer (Magee Scientific,
model AE-16) at a single wavelength of 880 nm. Aethalometer-
derived BC concentrations can significantly be affected by the
uncertainty associated with the mass absorption efficiency of
BC. Here we followed the manufacturer’s recommendation and
used an instrumental factor of 16.6 m2 g−1 at a wavelength of
880 nm. Particles were sampled without a size cut-off sepa-
rator, and hence concentrations in all size ranges were mea-
sured for BC, which is typically in the sub-micron mode. The
Magee aethalometer instrument was compared with another op-
tical instrument (Kimoto, model OBC) prior to the campaign,
and a good correlation between two instruments was found. The
Kimoto OBC instrument determines BC concentrations based on
reflectance of light. We have often used the Kimoto instrument
as our ‘reference’ BC measurement, since it was compared with
other thermal and thermal/optical methods to determine concen-
trations of carbonaceous aerosols, and the degree of agreement
with thermal/optical methods provided by DRI carbon analyser
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(DRI, model 2001) has been characterized in a separate study
(Hasegawa et al., personal communication, 2007). Number den-
sities of aerosol particles were measured as a function of size
using a combination of a scanning mobility particle sizer (TSI,
model 3936) and an optical particle counter (Rion, KC18) with
size bins of >0.1, >0.15, >0.2, >0.3 and >0.5 μm (Kanaya
et al., 2007). The chemical composition of the aerosol was anal-
ysed by filter sampling followed by ion chromatography. The
sampling was made at 24-h intervals using a low-volume sampler
(Okuda et al., 2006). Daily whole-air sampling was made using
Silco-steel 3-L canisters (Restek). The air samples were then
analysed following the campaign using GC-FID and GC-MS
systems coupled with a pre-concentration system (Kato et al.,
2004). More than 36 volatile organic compounds were deter-
mined, including acetylene and C2Cl4, as will be shown later.

2.3. Chemical weather simulation

For data analysis, output from an operationally available chem-
ical weather forecast and analysis system was used. The chem-
ical weather forecast and analysis system used is based on
the global three-dimensional chemistry transport model ‘Model
of Atmospheric Transport and Chemistry’—Max Planck Insti-
tute for Chemistry version (MATCH-MPIC; Rasch et al., 1997;
Lawrence et al., 1999; Lawrence et al., 2003; von Kuhlmann
et al., 2003), and the output of which is available online
at http://www.mpch-mainz.mpg.de/∼lawrence/forecasts.html.
The MATCH-MPIC simulations were driven by wind, temper-
ature, pressure, surface heat flux and surface-wind stress data
from the NCEP/NCAR reanalysis, at T42 horizontal resolution
(roughly 2.8◦ in latitude and longitude), and with 42 vertical
levels (from the surface to about 2 hPa). The setup used here
is the same as described in detail in Lawrence et al. (2003),
with the exception that the CO tracers are additionally broken
down into their fossil fuel and biomass burning components. The
model includes tropospheric chemistry with representations of
basic methane chemistry, plus ethane, propane, ethene, propene,
n-butane and isoprene oxidation; surface sources from fossil
fuel burning, biomass and biofuel burning, soils and oceans;
sources from lightning, aircraft and stratosphere–troposphere
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Fig. 1. Time-series of CO and O3 observed
at Rishiri Island from July to September
2003. Also shown is normalized mean CO
seasonal cycle.

exchange; online reaction rates and photolysis rates which are
updated each time step and sinks due to wet and dry deposition.
Briefly, surface emissions of CO, which we will call ‘standard’
emissions and discuss later, are based on a combination of the
Emission Database for Global Atmospheric Research (EDGAR)
inventory version 3.2 (for the year 1995; Olivier and Berdowski,
2001; Olivier et al., 2002) for industrial emissions and Galanter
et al. (2000) and Andreae and Merlet (2001) for biomass burn-
ing, as detailed in Lawrence et al. (2003) and von Kuhlmann
et al. (2003). Biomass burning emissions include waste burning
and fuel use as well as fire emissions. We also tested biomass
burning emissions from the Global Fire Emissions Database
version 2 (GFEDv2; van der Werf et al., 2006) to examine the
sensitivity of the results to the emissions inventory, in partic-
ular CO emissions from biomass burning in Siberia by using
the GFEDv2 time-varying monthly emissions inventory con-
structed from satellite-detected hotspots. Since GFEDv2 data
do not include waste burning and fuel use, these classes were
added to the GFEDv2 inventory, and hence this set is called as
‘hybrid-GFEDv2’ emissions.

3. Results and discussion

3.1. Temporal variations of carbon monoxide
in summer—fall 2003

It is well known that Siberia experienced substantial wildfires
in 2003. Yurganov et al. (2005) reported widespread enhance-
ment of CO in the summer of 2003 in the Northern Hemisphere,
due to wildfires in Siberia. According to the GFEDv2 inven-
tory, the fire activities in 2003 intensively started in May in
eastern Siberia (around Lake Baikal), reaching the maximum in
May–July period, and moved eastwards to far eastern Siberia
(Yakutia and Magadan/Kolyma) in July–August. In Septem-
ber, the fire intensity decreased, but fires were still significant.
Figure 1 exhibits summertime mixing ratios of CO and O3 from
July to September 2003, along with normalized mean seasonal
cycle of CO derived from 7-yr measurements from 1998 to
2004. The mean CO seasonal cycle is at the minimum in mid-
July and starts recovering in early August toward fall, in good
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accordance with general seasonal pattern in this northern mid-
latitude zone. The increase from July to September is about 20
ppbv. In 2003 the CO baseline was greatly enhanced in August,
and several remarkably high episodes were observed. In partic-
ular, the episodes during 12–15 August and 11–13 September
showed high CO levels, whose peaks exceeded 300 ppbv. The
enhancement of CO around 17 September was also apparent.
The CO levels in latter half of September were relatively stable.

Considering fire activities in the summer of 2003, the modula-
tion in the baseline and elevated events of CO at Rishiri in August
are likely caused by large-scale impacts of Siberian wildfires.
The intensive campaign we describe here covered three weeks
until the end of September, and the intensity of Siberian fires
started to drop down from August toward fall. However, the
burnings were still significant. Hence, measurements at Rishiri
during the campaign likely had influences from Siberian wild-
fires, in addition to anthropogenic influences from East Asia, a
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Fig. 2. Temporal variations of CO, BC, O3,
particles, non-sea salt sulphate, potassium,
tetrachloroethylene and acetylene, observed
at Rishiri Island in September 2003. Arrows
indicate high episodes on 11–13, 17 and 24
September 2003. The dashed horizontal line
denotes the mean mixing ratio of CO during
this period. Time axis is local time
(UTC + 9 h).

common pollution source in this Pacific rim region, regardless
of the year. It should be noted that the magnitude of elevated CO
during 11–13 September was larger than that observed during
12–15 August. Time-series of O3 during the summer period had
large variability resulting from combination of day-to-day and
diurnal variations, and they essentially provide little clue about
modification of the CO baseline and high CO-episodes. We fo-
cus on the September intensive campaign, when measurements
of multiple tracers were performed.

3.2. Temporal variations of trace gases and aerosols
during an intensive campaign

Temporal variations of CO, BC, O3, aerosol number density,
selected aerosol components and long-lived tracers of industrial
activities (C2Cl4, C2H2) obtained during the intensive field cam-
paign in September 2003 are shown in Fig. 2. Mean mixing ratios
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of CO during the intensive measurement period were 150 ppbv
(indicated by a dashed line for CO). Temporal variations of CO,
a good indicator for the emissions from combustion processes,
showed enhancement during 11–13, 17 and 24 September 2003
(indicated by arrows). The 11–13 September event exhibited two
large peaks reaching 389 ppbv (11 September) and 346 ppbv
(13 September), an enhancement of 200–250 ppbv above the
mean mixing ratios. The maximum mixing ratios observed on
17 and 24 September were 230 and 178 ppbv, respectively, and
were not as high as those on 11–13 September.

The enhancements in O3 were not as remarkable as those in
CO due to the generally large variability in O3. Large variability
in O3 could be caused by micrometeorology that occasionally
prevails in the absence of strong westerly winds, daytime pho-
tochemistry and nighttime dry deposition. However, there still
seem to be enhancements in O3 corresponding to CO, reaching
approximately 45 ppbv in these three events. The amount of BC
determined by the aethalometer was enhanced at the same times
as CO, peaking at 0.63, 0.66 and 0.53 μg m−3, on 11–13, 17 and
24 September, respectively. The BC concentrations fall in the
range of those observed in springtime of 2001 at the same site
(Matsumoto et al., 2003a). Although there are some data lacking
for particle number density around 14 September, enhancements
on 17 and 24 September are clear at the same timing with CO
and BC in all size bins. For example, the number density for
0.1–0.2, 0.2–0.3, 0.3–0.5 and 0.5 μm size bins jumped up from
100, 20, 2 and 0.1 per cm3, respectively, on 23 September to 240,
50, 6 and 1 per cm3, respectively, on 24 September. Temporal
variations of non-sea salt (nss-) sulphate showed large enhance-
ments on 17 September, reaching 4.5 μg m−3, as well as a small
increase on 24 September, with a moderate concentration level
(2–3 μg m−3) during 11–13 September. These numbers are in
good agreement with Matsumoto et al., (2003b), who reported
that the maximum nss-sulphate concentrations in springtime of
2001 reached as high as 9.22 μg m−3, with a mean concentration
of 2.48 μg m−3. Potassium in the aerosol phase can be used as an
indicator for biomass burning (Novakov et al., 2000). Potassium
also showed enhancements on 17 and 24 September, peaking at
0.35 and 0.11 μg m−3, respectively. In contrast to these events,
during 11–13 September the magnitude of the peak in potassium
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Fig. 3. Left-hand panel: scatter plots of O3

versus CO during September 2003, overlaid
on those during September 1998. Right-hand
panel: scatter plots of BC versus CO during
September 2003. The three events are given
separate symbols. The dashed line is the
regression line for CO to BC derived from
Matsumoto et al. (2003b) for the spring of
2001.

was larger than that in nss-sulphate, suggesting an additional
influence (e.g. biomass burning) on potassium. Tetrachloroethy-
lene (C2Cl4) and acetylene (C2H2) can be used as good trac-
ers for industrial activities. Large enhancements were seen on
17 and 24 September, particularly for C2H2, which peaked at
434 pptv on 17 September. Although data on these species were
not available on 11 September, enhancements on 13 September
were not observed for either C2Cl4 or C2H2. The co-elevation
of BC and nss-sulphate observed during these events can be at-
tributed to the pollution from Asian continental sources (likely
coal combustion), as often observed in the marine boundary layer
sites of the western North Pacific (Kaneyasu and Murayama,
2000; Matsumoto et al., 2003b; Kaneyasu and Takada, 2004).

Figure 3 shows scatter plots of O3 versus CO observed in 2003
September, including the three high episodes. Also plotted is the
correlation of O3 and CO observed during 1998 September,
when Rishiri Island was subject to outflow from severe boreal
forest fires that occurred in Siberia (Yurganov et al., 2004). A
previous report suggested that CO was greatly enhanced, but
O3 was only slightly elevated (Tanimoto et al., 2000). One of
possible causes for the small O3 enhancements is that location of
fires was very close to Rishiri Island, and therefore, O3 formation
did not efficiently occur in such fresh air masses. Here, the data
in 1998 cover a slightly larger mixing ratio range than in 2003
for both O3 and CO, suggesting that background levels for these
trace gases were also influenced in 1998. The data from the
two episodes on 17 and 24 September are in good accordance
with the data from the rest of the intensive period. In contrast,
the O3–CO correlation during 11–13 September shows a large
enhancement in CO with only a small enhancement in O3. This
is very similar to what was observed in 1998, implying that it
is likely that there was an influence from forest fires in Siberia
during the 11–13 September episode.

In addition to the O3–CO relationship, the BC to CO relation-
ship may provide further information to help identify dominant
sources influencing the chemical composition in the observed air
masses. Scatter plots of BC versus CO observed in September
2003 are also shown in Fig. 3. Both CO and BC are primary com-
pounds emitted from combustion processes, often resulting in
reasonably good correlation, although the relative enhancement
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(i.e. �BC/�CO) can differ, depending on the source types.
Black carbon was enhanced during all three events on 11–
13, 17 and 24 September. However, the relative enhancement
during the 11–13 September is different from the 17 and 24
September events. The regressions for the three events provide
�BC/�CO ratios of 0.0013 μg m−3ppbv−1 (11–13 September),
0.0046 μg m−3 ppbv−1 (17 September) and 0.0047 μg
m−3 ppbv−1 (24 September). The �BC/�CO ratios determined
on 17 and 24 September are similar to those measured at the
same site in the air masses transported from polluted regions
of the Asian continent in the spring of 2001 (Matsumoto et al.,
2003b). This suggests that the air masses observed on 17 and 24
September are influenced by anthropogenic sources (e.g. fossil
fuel emissions) from East Asia. The maximum BC concentra-
tions observed in this study (0.6 μg m−3) are in the range from
0.6 μg m−3 (Matsumoto et al., 2003b) to >1.5 μg m−3

(Kaneyasu and Murayama, 2000), which are the maximum con-
centrations in the marine boundary layer observed in Asian
pollution plumes. By contrast, the �BC/�CO ratios observed
during 11–13 September were much lower than those observed
by Matsumoto et al. (2003b), suggesting that the air masses
had different characteristics in terms of BC and CO. Biomass
burning plumes generally have a different BC versus CO emis-
sion ratio compared with fossil fuel combustion. Large enhance-
ments in BC relative to CO ware reported in biomass burning
plumes in subtropical regions (Dickerson et al., 2002). For bo-
real fires, smoke plumes from Siberian fires in May 2003 were
observed at a high altitude site on the summit of Mt. Fuji. The
mean �BC/�CO ratio observed in fire plumes transported in the
free troposphere from Siberia was 3.7 × 10−3 g BC per g CO

Fig. 4. Model predicted O3 (upper panel) and CO (lower panel) mixing ratios from the MATCH-MPIC based chemical weather forecast and
analysis system (solid lines). Observed mixing ratios are also plotted as asterisks (grey) with 3-h time intervals. The three events are marked by
arrows (11–13, 17 and 24 September). Time axis is local time (UTC + 9 h). Also shown are scatter plots of observed versus modelled mixing ratios
for O3 and CO. The three events are given separate symbols.

(Kaneyasu et al., 2007), which is twice as large as the relative
abundance (1.6 × 10−3 g BC per g CO) observed here in the ma-
rine boundary layer in September 2003. We observed lower BC
enhancement relative to CO here for the 11–13 September event,
disagreeing with Kaneyasu et al. (2007) and being contrary to
speculation from the O3–CO correlations. One of possible rea-
son for the lower �BC/�CO ratios observed at Rishiri Island
was that BC was effectively removed during transport in the
boundary layer by scavenging or wet deposition.

The resulting speculations from correlative behaviours of O3

to CO and of BC to CO do not provide for unambiguous con-
clusions. The problems associated with interpretation in field
measurements made downwind of the continental sources but
not close to the sources themselves could often stem from sig-
nificant uncertainties of available information. Aerosol is easily
modified during the transport and is deposited with poorly quan-
tified rate, depending on meteorology. Emission ratios of trace
gases emitted by biomass burning dramatically depend on burn-
ing conditions, regions and biomass types. The injection heights
of burning emissions affected by fire intensity and local mete-
orology provide an additional uncertainty. These uncertainties
could result in controversial interpretation for various tracers.

3.3. Analysis with MATCH-MPIC simulations

To further explore the possible sources affecting elevated CO
(and other tracers) and discuss their impacts quantitatively,
we utilized simulations of a global chemistry-transport model.
Figure 4 shows a comparison of observed and MATCH-MPIC
modelled mixing ratios of O3 and CO at Rishiri Island during the
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intensive period. The CO in the model is separated into tagged
contributions from fossil fuel and biomass burning sources
in North America, South America, Western Europe, Eastern
Europe, Northern Asia, Southern Asia, Africa and Australia,
contributions from oxidation of methane and NMHC and from
all remaining small sources such as ocean sources. In particular,
North Asia is defined as two boxes (20◦N–70◦N, 60◦E–150◦E
and 20◦N–70◦N, 90◦E–150◦E), which include the eastern part
of Russia, China, Korea, Mongolia and Japan but exclude India,
as described in Lawrence et al. (2003).

The model reproduces the general features for both O3 and
CO well, including baseline levels, and shows enhancements
during each of the observed high mixing ratio episodes. For O3,
the observed variability is larger than modelled, likely due to
physical factors on a local scale. The modelled O3 day-to-day
variations correspond more closely to the CO enhancements
than in the observations. The model captures the enhanced mix-
ing ratios on 17 and 24 September, peaking at 225 and 146 ppbv
for CO, and 47 and 39 ppbv for O3, respectively. The model
exhibited slightly elevated peaks during 11–13 September, hav-
ing the maximum mixing ratios of 219 (11 September) and
204 ppbv (13 September). However, the model underestimates
the CO mixing ratios during this episode substantially, by up to
150 ppbv.

Scatter plots of the modelled versus observed mixing ratios
for O3 and CO during the intensive period are also displayed
in Fig. 4. Excluding the 11–13 September period, the results
show moderate correlations, with O3 having a slightly lower
correlation coefficient (r = 0.41) compared with CO (r = 0.62).
The correlations between the modelled and observed O3 and CO
during the episodes on 17 and 24 September are similar to those
during the remaining periods, suggesting that these events are
well captured and reproduced by the model. In contrast, the data
for the 11–13 September event shows the large discrepancy for
CO between the model and the observations, as noted above.
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which the red line for the North Asian tracer
is referenced to the left-hand axis, whereas
the other tracers are referenced to the
right-hand axis; those from all sources are
illustrated as relative fractions on a daily
basis (lower). Time axis is local time
(UTC + 9 h).

We explore the contributions from primary sources to CO at
Rishiri Island, as shown in Fig. 5. The simulated contribution
from North Asia is about 75 ppbv on average and dominates the
background level (note that the red line for the North Asian tracer
is referenced to the left-hand axis, whereas the other tracers are
referenced to the right-hand axis on the figure). The high-CO
episodes on 11, 13, 17 and 24 September are clearly shaped by
the North Asian sources. There are also two additional enhance-
ments on 14 and 25 September in the model results, which are
not observed (later in Fig. 6 it can be seen that the first is due
to biomass burning and the second to fossil fuel burning emis-
sions of CO). Other sources in the Northern Hemisphere (e.g.
Europe and North America) only have about 10 ppbv contribu-
tions and are almost constant throughout the period. South Asia
has a negligible contribution (i.e. 2 ppbv), as do the sources in
the Southern Hemisphere. Relative contributions by source types
indicate that major primary sources dominate the observed CO
levels and account for more than 70% on average during the
period. Secondary production from oxidation of methane and
NMHC, as well as from other remaining small sources such
as the ocean, only contributes 30%. North Asia is the domi-
nant source, contributing about 50%, with the second largest
contributing source being Europe (sum of Western and Eastern
Europe, ∼8%). North America is the third largest source (∼7%).
It should be noted that the North Asian source influences the
11–13 September episode to shape the small modelled peaks.
However, the influence is too small to explain the observed CO
mixing ratios. Given the relatively small general contributions
of the other sources, it is unlikely that these can explain the dis-
crepancy between the model and the observations for the 11–13
September event, thus clearly pointing toward a missing source
in the North Asian region emissions inventory.

Contributions from primary sources in North Asia in the
model are further deconvoluted into fossil fuel and biomass
burning. Contributions from biomass burning are also examined
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Fig. 6. Contributions from North Asian
fossil fuel and biomass burning emission
sources to CO simulated in the
MATCH-MPIC model. Contributions from
fossil fuel (FF) and biomass burning (BB)
with two emissions inventories are shown
(upper), and three time-series plots of the
total CO simulated with the ‘standard’
emission and GFEDv2 are shown (lower).
Time axis is local time (UTC + 9 h).

by comparing the results of simulations using the ‘standard’ and
‘hybrid-GFEDv2’ inventories, as shown in the upper graph of
Fig. 6. Fossil fuel contributions are generally less than 50 ppbv.
There are peaks corresponding to the three high-CO episodes,
but they are all too small to fully explain the enhancements.
For biomass burning, the ‘standard’ emissions from North Asia
show larger contributions than fossil fuel for the baseline and the
episodes on 11–13 and 17 September, though the two make com-
parable contributions to the peak on 24 September. Interestingly,
the peaks in fossil fuel and biomass burning CO correspond
roughly to each other. The degree of correlation of fossil fuel to
biomass burning contributions in North Asia for the entire period
are r = 0.55 (‘standard’ emissions) and 0.44 (‘hybrid-GFEDv2’
emissions), indicating a broad colocation of these emissions.

The simulation results with the ‘hybrid-GFEDv2’ inventory
show much lower contributions from North Asian biomass burn-
ing, with the baseline being about a factor of two lower. The three
episodes are still simulated, but also correspondingly weaker.
Combined with GFEDv2, simulated total CO is about 30 ppbv
lower than the observations. If we were to assume that the up-
dated GFEDv2 emissions for 2003 are more accurate than the
older climatological ‘standard’ emissions for the model, then this
would imply that North Asian anthropogenic emissions would
need to be increased in the model to reproduce the observa-
tions. Following on this hypothesis, we can examine what we
would expect if the North Asian fossil fuel emissions were dou-
bled, combined with the GFEDv2 biomass burning emissions,
plotted as an additional line in Fig. 6. Note that this is not exactly

what would result if the North Asian fossil fuel emissions were
really doubled online in the model, due to the feedback via OH,
but this provides a rough approximation. The figure shows that
doubling fossil fuel emissions substantially enhances the CO
baseline toward the observed levels and fills the gap between
the observations and GFEDv2-based simulations, particularly
for the latter two events. This is in reasonable accordance with
the recent upward revision of Chinese CO emissions by Streets
et al. (2006). Chinese CO emissions in their improved inventory
are 157 Tg, and are approximately double those in EDGAR v3.2
(88 Tg). The Chinese CO emissions in the ‘standard’ inventory in
the MATCH-MPIC model are 88 Tg, and hence doubling North
Asian fossil fuel emissions is reasonable. More interesting is that
the first event (11–13 September) is still greatly underestimated
even if the contributions from North Asian fossil fuel emissions
are increased.

3.4. Tracking CO plumes by AIRS satellite
measurements

The Atmospheric Infrared Sounder (AIRS) was launched on the
NASA Aqua satellite in May 2002. It is a cross-track scanning
grating spectrometer covering the 3.7–16 μm spectral range
with 2378 channels (Aumann et al., 2003). AIRS has a spatial
resolution of 45 km at nadir and a 1650 km cross-track swath,
providing daily global coverage of CO in the troposphere. Car-
bon monoxide retrievals are obtained at 4.7 μm, including for
partly cloudy scenes (McMillan et al., 2005). Warner et al. (2007)
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showed that AIRS has a positive bias of 15–20 ppbv over the
oceans, relative to the Measurements of Pollution in the Tropo-
sphere (MOPITT) instrument onboard the EOS Terra satellite
(Edwards et al., 1999). However, events of CO bursts can be
clearly seen by AIRS (Yurganov et al., 2008). Hence we use
AIRS observations (version 5) of CO total column to qualita-
tively illustrate daily maps of CO distributions and to track CO
pollution plumes on a daily basis.

Neither of MOPITT and AIRS is sensitive to the boundary
layer CO, although the maximum sensitivity by AIRS is slightly
higher than MOPITT. The greater advantage of AIRS is its in-
creased horizontal spatial coverage (70% of the globe each day,
versus MOPITT, which takes about 3 d for the global cover-
age). This greater spatial coverage allows us to track CO plumes
transported from the emission sources to distances of several
thousands km on each day. It should be noted that the CO data at
Rishiri Island are surface measurements at a single observatory,
and the AIRS CO data are total column that is summed up from
the surface to the upper atmosphere, with the maximum sensitiv-
ity to the middle troposphere. The ascending overpass of AIRS
usually occurs during local daytime and the descending does
during nighttime. We used swath data obtained during daytime
(07:30–19:30 local time) to make a daily plot.

Figures 7–9 show daily distributions of CO total columns for
three events during the intensive campaign in September 2003,
illustrating intriguing roles of pollution plumes from industrial
and wildfire sources. The CO total columns observed by AIRS
are compared qualitatively with those modelled with ‘hybrid-
GFEDv2’ and ‘standard’ emissions. A movie of the AIRS CO
total columns during the whole campaign period can be seen
separately (see Appendix S1 in Supporting Information).

For the 11–13 September event, the model underestimated
the surface observations, suggesting the presence of additional
influences. AIRS shows large and moderate CO enhancements
over far eastern and western Siberia, respectively. The CO total
column is higher over far eastern Siberia than western Siberia.
The large CO enhancement over far eastern Siberia was be-
ing spread towards the south on 10 September. This plume
moved eastwards (see B1 and B2), and did not directly im-
pact northern Japan. Both simulations predicted this plume and
successive transport, with the‘hybrid-GFEDv2’ based simula-
tions indicating lower concentrations than the ‘standard’ based.
The CO enhancements predicted with the ‘hybrid-GFEDv2’
emissions are not as widespread as those observed by AIRS
or modelled with ‘standard’ emissions. Transport from east-
ern central China to the western Pacific was also detected. A
high-CO belt stretching from China toward northern Japan was
visible on 11 September (see C1), and this feature was repro-
duced by the model simulations with both inventories. Inter-
estingly, we are also able to see a CO plume originating from
western Siberia toward northern Japan on 10 and 11 Septem-
ber, driven by eastward transport over Siberia (see A1 and A3).
High CO episodes observed at the surface of Rishiri Island are

likely due to this plume, which explains the discrepancy against
the modelled enhancements. None of the simulations predicted
this long-range transport of CO from western Siberia, whereas
they exhibited some CO enhancements over burning locations
of western Siberia. Since AIRS has almost no sensitivity to
the boundary layer CO, the plumes detected by AIRS represent
enhancements in the middle troposphere, which may or may
not be associated with the boundary layer enhancements. How-
ever, Wild et al. (2004) reported that long-range transport of
air across the Eurasian continent could differ significantly from
that over the Pacific and Atlantic, and it mainly occurs in the
boundary layer because of weaker and less frequent frontal sys-
tems over the Eurasian continent. The argument with respect to
transport height of fire plumes is an important future issue to
resolve.

AIRS shows substantial CO enhancement over far eastern
Siberia. The AIRS also sees CO enhancement over western
Siberia (A5 and A6). The simulations with ‘hybrid-GFEDv2’
emissions exhibit substantial and small CO enhancement over far
eastern and western Siberia, respectively. According to the 8-d
averaged GFEDv2 inventory, there are substantial and negligible
fire activities over far eastern and western Siberia, respectively,
during this period. The discrepancy between AIRS observations
and model simulations could be because of underestimated CO
emissions resulting from hotspots near the surface that are not
clearly visible to thermal infrared (IR) satellites. The absence of
profile smoothing by averaging kernels also could explain some
differences. Pollution plumes from China are clearly seen during
16–18 September, showing a high-CO belt gradually spreading
to the east (see C2). Large CO plumes were first transported to
the northeast, passed over northern Japan and then further moved
over the western Pacific. This feature was simulated well by the
model simulations.

The case for 24 September is much more obvious. The AIRS
detected much smaller CO enhancement over far eastern Siberia,
reflecting weakened fire activities at the end of September. Weak-
ened burnings during this period allow us to track detailed fea-
tures of pollution transport from China to northern Japan. Tra-
jectories of CO plumes suggest that the air mass associated
with high CO levels over eastern central China gradually moved
towards the northeast, passed over northern Japan and then fur-
ther transported to the western Pacific in a time scale of days
(see C3). The model simulations with both inventories success-
fully reproduced this regional-scale transport of CO. The CO
enhancements in the ‘hybrid-GFEDv2’ simulation were lower
than in the ‘standard’ emissions simulation due to absence of co-
located biomass burning emissions in East Asia. Also interesting
is that high-CO bands are visible over western Siberia in spite
of very small burning activities during this period. The plume
was transported eastwards in a long distance over days (A6 and
A7). Since both simulations well reproduced this plume, this is
likely trans-Eurasian transport of CO emitted from Europe, not
from wildfires.
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Fig. 7. Daily distributions of CO total columns derived from the AIRS satellite observations (left-hand column) and from the MATCH-MPIC model
simulations based on ‘hybrid-GFEDv2’ (middle column) and ‘standard’ (right column) emissions inventories from 10 to 14 September 2003. A, B,
and C denote high-CO air masses originated from western Siberia, far eastern Siberia and eastern central China, respectively. Location of Rishiri
Island (RIS) is noted.

To summarize, the model with ‘hybrid-GFEDv2’ emissions
predicted CO enhancement over burning regions in western and
far eastern Siberia throughout the three events. This feature is
qualitatively good agreement with AIRS observations. However,
the CO enhancements in ‘hybrid-GFEDv2’-based simulations
were much smaller and less widespread than those observed
by AIRS and modelled with ‘standard emissions’. This could
be because CO emissions per area were underestimated in the
GFEDv2 inventory. Another reason could be that the GFEDv2
inventory failed to implement small fires since not all fires are

clearly visible from space, although satellite-derived hot spots
generally correspond to actual fires.

Since the burning area in western Siberia is known to contain
large amounts of peat and buried carbon, main burning in western
Siberia could be peat burning. The emission estimates for west-
ern Siberia could be smaller than actual due to undercounting
hotspots by satellite measurements, especially in case of smoul-
dering. Peat burning is mainly smouldering. The underestimate
in CO emissions may thus be associated with estimates of peat
burning. The total emission of CO (and other trace gases and
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Fig. 8. Same as Figure 7 but from 15 to 19 September 2003.

aerosols) from peat burning seems extremely difficult to assess,
due to large uncertainties such as the amount of organic matter,
depth of organic layers and soil moisture under the ground sur-
face. The emission factors of trace gases from peat burnings may
be greatly different from the Andreae and Merlet (2001) ‘stan-
dard’ values, which are commonly used in current emissions
inventories. All of these factors enhance the uncertainty in esti-
mating CO emissions. Although the GFEDv2 inventory is one of
the state-of-science inventories for biomass burning emissions,
the detailed analyses of day-to-day CO variations with a modern
satellite sensor implies that it may still need improvements for
boreal fires in Siberia.

4. Conclusions

Following the extensive fire season of summer 2003, an intensive
field campaign was performed on the island of Rishiri, a remote
small island in northern Japan. During an intensive campaign,
three enhanced CO episodes were identified. Although the O3

versus CO relationship during two episodes (17 and 24 Septem-
ber) was in the typical range observed in September of other
years, the relationship during the other episode (11–13 Septem-
ber) showed significant biases towards CO, being indicative of
biomass burning influences from Siberia. However, the BC to
CO relationship during 11–13 September showed lower BC/CO
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Fig. 9. Same as Figure 7 but from 22 to 26 September 2003.

ratios than in the other two episodes, probably as a result from
efficient removal of BC during long-range transport, making the
interpretation of this episode ambiguous.

The MATCH-MPIC chemical weather forecast and analysis
system captured the general features for basic chemical tracers,
O3 and CO, and indicated that the CO budget at Rishiri Is-
land was mainly dominated by North Asian sources, which con-
tributed about 50% on average, and as much as nearly 60% dur-
ing enhancement episodes. The model captured the timing and
magnitude of the enhancements in CO in two pollution episodes
around 17 and 24 September. The model, however, substantially
underestimated the magnitude of the CO enhancement for an
event during 11–13 September. For North Asian emissions, con-

tributions from fossil fuel and biomass burning sources were sep-
arated. Two emissions inventories were compared for biomass
burning sources for CO. The ‘standard’ climatological biomass
burning emissions implemented in the MATCH-MPIC model
produced substantially higher CO at Rishiri Island than ‘hybrid-
GFEDv2’ emissions, which is based on a satellite-derived emis-
sions inventory, and hence is expected to be more accurate and
realistic for 2003 than the climatological inventory. On the con-
trary, industrial emissions from China in the MATCH-MPIC
‘standard’ inventory were found to be 45% lower than recent
estimates by Streets et al. (2006). The overestimates in biomass
burning sources compensated for the underestimates in fossil
fuel sources in the ‘standard’ inventory. Coupled with biomass
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burning emissions from GFEDv2, doubled contributions from
fossil fuel emissions in the ‘standard’ inventory provided rea-
sonable agreement for general baseline levels and variability,
including the magnitude for the events on 17 and 24 September.
However, this still underestimated the amplitude for the 11–13
September episode, further suggesting the presence of a missing
or underestimated CO source in this region.

Satellite images from AIRS were examined to identify possi-
ble CO enhancements and to track pollution plumes on a daily
basis. AIRS revealed visible enhancement of CO from wildfires
over western and far eastern Siberia, and from human activities
over eastern central China. AIRS clearly captured regional-scale
transport of CO from Chinese sources to the western Pacific. The
location of CO enhancements detected by AIRS in far eastern
and western Siberia was in general accordance with those by the
GFEDv2-based simulations. However, AIRS-derived CO en-
hancements are larger and more widespread than modelled with
GFEDv2 over Siberia. These results indicate that CO emissions
from wildfires, especially in western Siberia, are likely under-
estimated in the state-of-science emissions inventories due to
a number of uncertainties in building emissions inventory for
biomass burning.
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