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[1] Measurements from the Terra satellite launched in December of 1999 provide a
global record of the recent interannual variability of tropospheric air quality: carbon
monoxide (CO) from the Measurement of Pollution in the Troposphere (MOPITT)
instrument and aerosol optical depth (AOD) from the Moderate-Resolution Imaging
Spectroradiometer (MODIS). This paper compares and contrasts these data sets with a view
to understanding the general features of the overall pollutant loading of the Northern
Hemisphere (NH). We present a detailed examination of the seasonal and recent interannual
variability of the fine mode AOD and CO column, first considering the variation of the
global zonal average for both quantities, and then concentrating on several geographical
regions with the aim of isolating different emissions. In a zonal sense, the principal NH
sources are related to anthropogenic urban and industrial activity. We show that both the CO
and the AOD zonal seasonal variations reflect the atmospheric oxidant concentration, which
determines the primary sink of CO and the production of sulfate aerosol. As a consequence,
the seasonal cycles are several months out of phase, with perturbations resulting from
sporadic wildfire or biomass-burning emissions. In these cases, carbonaceous particles
dominate the AOD, and this results in the best correlationwith the CO column. Of the 4 years
of data available from the Terra satellite, the winter and spring of 2002–2003 showed
anomalously high NH pollution compared to the previous years. This was a result of fires in
western Russia in the late summer and fall of 2002 and intense fires in the southeast of
Russia in the spring and summer of 2003. We examine these events using fire counts
from MODIS to indicate the burning regions and investigate how the timing of the fires in
relation to atmospheric oxidant concentrations affects the resultant seasonal pollutant
loadings. Finally, we trace the emissions from these fires to indicate how intense local
pollution sources can impact continental- and global-scale air quality. INDEX TERMS: 0305

Atmospheric Composition and Structure: Aerosols and particles (0345, 4801); 0345 Atmospheric Composition

and Structure: Pollution—urban and regional (0305); 0365 Atmospheric Composition and Structure:

Troposphere—composition and chemistry; 0368 Atmospheric Composition and Structure: Troposphere—

constituent transport and chemistry; 3360 Meteorology and Atmospheric Dynamics: Remote sensing;
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1. Introduction

[2] Satellite remote sensing offers the best opportunity of
making global measurements of tropospheric trace gases
and aerosols over extended periods of time. It provides an
integrating step between observations of emission sources
and subsequent in situ measurements taken some distance
away, thus allowing the examination of the impact of
intense local pollution sources on continental- and global-
scale air quality. Recent developments in aerosol retrieval
allow the distinction to be made between coarse and fine
mode particles [Kaufman et al., 2002a]. Coarse mode
aerosols are usually dust or sea-salt particles. These particles
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are primarily natural, although changing weather patterns
and land use practices also play a role in their production.
The fine mode particles are formed directly and indirectly
from combustion processes, both anthropogenic and wild-
fire, and these are the same processes that lead to the
emission of carbon monoxide (CO) into the atmosphere.
CO is one of the few tropospheric gases that can be
successfully monitored from space at the present time.
Measurements from the Terra satellite launched in Decem-
ber of 1999 now provide a global record of the recent
interannual variability of tropospheric air quality: carbon
monoxide (CO) from the Measurement of Pollution in the
Troposphere (MOPITT) instrument, and of aerosol optical
depth (AOD) from the Moderate-Resolution Imaging Spec-
troradiometer (MODIS). The goal of this paper is to
compare and contrast these data sets with a view to
understanding the general features of the overall pollutant
loading of the Northern Hemisphere (NH).
[3] Tropospheric aerosols resulting from human activity

have a major impact on the ecosystem, through acid
deposition and the subsequent effect on agricultural pro-
ductivity and water quality [Chameides et al., 1999;
Adriano and Johnson, 1989]. Poor air quality is also
detrimental to human health because of exposure to high
concentrations of airborne particulate matter [Beeson et al.,
1998]. Possible weather modification due to the effect of
increased numbers of condensation nuclei on precipitation
processes is still being examined [Rosenfeld, 1999, 2000].
Aerosols also have an important influence on the energy
budget [Jacobson, 2001]. Depending on type, they either
absorb sunlight and produce a warming, or reflect sunlight
back to space producing a cooling of the Earth’s surface and
changes in cloud microphysics that increase cloud solar
reflection. There remains considerable uncertainty as to the
magnitude of these effects [Intergovernmental Panel on
Climate Change, 2001]. Aerosols also affect the global
budgets of atmospheric oxidants by altering photolysis
rates, and impact trace gas concentrations by providing sites
for heterogeneous chemistry [Bian et al., 2003; Martin et
al., 2003; X. Tie et al., Assessment of the global impact of
aerosols on tropospheric oxidants, submitted to Journal of
Geophysical Research, 2004, hereinafter referred to as Tie
et al., submitted manuscript, 2004].
[4] Carbon monoxide is a toxic gas whose principal

sources arise from anthropogenic industrial emissions
[Olivier et al., 1996], and biomass burning and wildfires
[Andreae and Merlet, 2001]. Secondary chemical sources
due to the hydrocarbon oxidation are widely distributed and
are relatively more important in the remote Southern Hemi-
sphere (SH) [Granier et al., 1999]. CO is a very important
trace gas in tropospheric chemistry, and its presence in high
concentrations affects the oxidizing capacity of the atmo-
sphere [Logan et al., 1981; Kanakidou and Crutzen, 1999].
An increase in atmospheric CO concentrations could reduce
the self-cleansing ability of the atmosphere and thus modify
its chemical, physical, and climatological properties. In the
presence of nitrogen oxides, it is a precursor to the forma-
tion of tropospheric ozone [Ridley et al., 1992], which in
turn leads to crop damage and human health problems
through its effect on the respiratory system [Tager, 1993].
[5] In section 2 we introduce the measurements of

MOPITT CO total column and MODIS fine mode AOD

from the Terra satellite. The paper continues in section 3
with a detailed examination of the seasonal and recent
interannual variability of these tropospheric contaminants.
We consider first the variation of the zonal average for both
quantities, and then in section 4, concentrate on different
NH geographical regions in an attempt to isolate the various
emission sources. This is accompanied by a discussion of
the sources and sinks of CO and the aerosol types that
contribute to the fine mode AOD. In section 5, we inves-
tigate the impact of emissions from boreal fires in Russia in
order to explain the high NH atmospheric pollutant loadings
observed during the later part of 2002 and continuing
through the spring of 2003. The conclusions of this work
are presented in section 6, with recommendation for how
the satellite fine mode AOD and CO data sets may be used
together in air quality studies.

2. Terra Measurements

[6] Terra/MODIS (http://terra.nasa.gov/About/MODIS/
about_modis.html) makes measurements in 36 discrete
spectral bands for a number of subsequently retrieved
quantities. A 2330-km-wide viewing swath allows MODIS
to achieve global coverage in 1–2 days. Atmospheric
aerosols have a variety of chemical compositions, with
particle sizes ranging from submicron to several microns,
and exhibit a range of optical properties. The MODIS AOD
retrieval uses 7 channels in the wavelength range from 0.47
to 2.1 mm which provide spectral information about aerosol
optical properties and underlying surface characteristics.
Retrievals over ocean include the aerosol total AOD, effec-
tive radius, and AOD fraction due to fine mode particles
smaller than 0.5 mm [Tanré et al., 1997; Remer et al., 2002].
For air quality studies, the AOD and fine mode fraction over
land are of particular interest since these particles are
primarily of anthropogenic origin, and retrieval is possible
over darker surfaces [Kaufman et al., 1997; Chu et al.,
2002]. This requires information on the surface reflectance
which is estimated using cloud-free pixels in the 2.1 mm
visible channel, where fine mode particles are transparent,
together with an empirical model relating reflectance at
different wavelengths [Kaufman et al., 2002b]. Subsequent
derivation of the fine mode AOD, at 10 � 10 km nadir
horizontal resolution, uses assumptions about the type and
size distribution of the aerosols that will be encountered
over each geographical region. In this work, we use MODIS
AOD and fine mode fraction from Version 4. Validation
studies comparing with measurements made by the Aerosol
Robotic Network (AERONET) and with Sun photometer
measurements are discussed by Chu et al. [2003]. Satisfac-
tory retrieval accuracy is obtained over vegetated and semi-
vegetated regions, with retrieval errors in the range Dt =
±0.05 ± 0.20. Retrievals are not sensitive to aerosol vertical
distribution because Rayleigh scattering is much less im-
portant at visible wavelengths than it is for other instrument
retrievals that use ultraviolet measurements, such as the
Total Ozone Mapping Spectrometer (TOMS) [Herman et
al., 1997]. As a result, MODIS AOD measurements are
often indicative of the higher particulate concentrations in
the boundary layer in the vicinity of sources.
[7] Measurements of CO provide a ‘‘window’’ on tropo-

spheric chemistry, and the joint Canadian-U.S. MOPITT
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experiment (http://www.eos.ucar.edu/mopitt/) is providing
the first long-term global measurements of CO in the lower
atmosphere. MOPITT is a thermal and near-IR nadir-viewing
gas correlation radiometer, and the instrument, measurement,
and retrieval techniques are described in detail byDrummond
[1992], Edwards et al. [1999], and Deeter et al. [2003],
respectively. MOPITT uses a cross-track scan which allows
for almost complete coverage of the Earth’s surface in about
3 days, with individual pixels of 22 km � 22 km horizontal
resolution. We use the retrieved CO mixing ratio profiles and
total column from data Version 3, which are reported at seven
levels through the troposphere. Extensive validation, for a
wide variety of locations and environments, has been
performed between MOPITT CO retrievals and in situ mea-
surements from aircraft, both as part of a regular sampling
program conducted by the NOAA Climate Monitoring and
Diagnostics Laboratory (CMDL), and during intensive field
campaigns. Results indicate good quantitative agreement
between MOPITT and in situ profiles, with the bias mean
and standard deviation for the CO column being 4.9 ± 10.8%
during the first year phase 1 of the mission (discussed in the
next section) and �0.5 ± 12.1% in the subsequent years of
mission phase 2 [Emmons et al., 2004]. The MOPITT
retrieval uses a maximum likelihood approach, and it is
important to note that the mixing ratio at a given level reflects
the vertical sensitivity of the measurement as defined by the
retrieval averaging kernel and a priori profile [Rodgers, 2000;
Deeter et al., 2003]. These are also reported as part of the
standard product. The measurement technique relies on
thermal contrast between the surface and atmosphere, leading
to a retrieval dependence on surface temperature, and little
sensitivity to CO in the boundary layer. In general, the
MOPITT retrieval can separately resolve CO in a relatively
broad layer of the atmosphere from about 700–500 hPa, and
in an upper tropospheric layer from about 350–200 hPa
[Deeter et al., 2003]. In this respect, it differs from the
MODIS AOD retrieval. MOPITT observes CO plumes after
they have been vented from the boundary layer, and depend-
ing on the prevailing meteorology, this may or may not be
close to the emission source. Detailed reports on validation
exercises are given byDeeter et al. [2004] and Emmons et al.
[2004].
[8] Figure 1 shows the global annual mean distributions of

MOPITT CO total column and MODIS fine mode AOD,
referenced to 0.55 mm, for the first full year of Terra
operations. The dominant sources of CO are related to
incomplete combustion, and emissions arise from the burn-
ing of fossil fuels in urban and industrial areas, the use of
biofuels in developing countries, and by biomass burning in
the tropics. Northern hemisphere CO loadings are generally
higher than those in the SH since the primary sources are
associated with human activity and the greater NH popula-
tion. High CO, due primarily to urban and industrial pollu-
tion, is evident over east China, India, eastern United States
and Western Europe. Dry season biomass burning in Africa
and South America also leads to pronounced CO plumes.
The global average CO lifetime is about 2 months and varies
with season and location [Cicerone, 1988]. This makes CO
an excellent tracer for tropospheric transport processes, and
plumes from strong emission sources are observed extending
great distances. Fine mode aerosols are composed mainly of
sulfate and carbonaceous particles, organic carbon (OC) and

black carbon (BC). Since these are also produced primarily
as a result of anthropogenic combustion processes, there is
often good correlation between regions of high fine partic-
ulate loading and strong CO sources. Conversely, the dis-
tributions of coarse mode AOD (not shown) and CO column
do not show similarities, which serves to support the ability
of MODIS to distinguish between the two aerosol classes.
AOD retrievals are not possible at low solar elevations with
zenith angles less than about 72�, or for geographical regions
of high surface reflectivity such as deserts and areas covered
by snow and ice.
[9] In the remainder of this paper we concentrate on the

comparison of retrieved CO total column, units (molecules/
cm2), and fine mode AOD, which is dimensionless. These
quantities are obviously different physical measures,
although both depend on the total number of molecules,
or particles, in the vertical column. For comparison of
pollutant burdens, the total column mass for both CO and
aerosol, in units of (g/cm2), would be the relevant quantity
to consider. This is a straightforward conversion in the case
of CO, but is more complicated for aerosol. Aerosol dry
mass is related to AOD through the mass extinction effi-
ciency. Calculation of this parameter requires assumptions
about aerosol type, size distributions, and hydroscopic
properties. The way in which this conversion is performed
in a chemical transport model (CTM) is described well by
Chin et al. [2002]. In their calculations, the globally
averaged mass extinction efficiencies for the principal fine
mode particle types, sulfate, OC and BC, are within a factor
of 2 of each other. Even though this difference is not large, it
is clear that care must be exercised when inferring the
presence of a given aerosol type from the overall AOD
distribution. There is also some variation of extinction
efficiency with geographical location and changing relative
humidity, and assumptions about aerosol type and
corresponding optical properties are implicit in the MODIS
retrieval process. However, even given these considerations,
an analysis of the changing AOD geographical distribution
over time should serve as an excellent indication of seasonal
and interannual variability of atmospheric aerosol loading,
since the global distribution patterns of aerosol mass and
AOD are similar [Chin et al., 2002]. In addition, the
identification of the aerosol type dominating the MODIS
fine mode AOD is one of the goals of the comparison with
the MOPITT CO data. This study, based mostly on obser-
vational data from satellite instruments, should therefore
provide a basis for future work using a CTM to quantify the
atmospheric burdens of CO and the various fine mode
aerosol types. We also note that in using total column
quantities, the effect of topography is reflected in the
geographical distributions of both CO and AOD. This is
evident in Figure 1, especially in mountainous regions and
at the ocean/continent boundaries. In the case of the
MOPITT CO retrieval where profile quantities are also
available, the latter distinction is much less noticeable
higher in the troposphere.

3. Seasonal Variability of Terra CO and
AOD Measurements

[10] Now that the Terra satellite has been operational for
over 4 years, it is possible to present the first multiyear view

D24202 EDWARDS ET AL.: SATELLITE OBSERVATIONS OF CO AND AEROSOL

3 of 17

D24202



of global air quality from satellite observations. This allows
us to examine both the seasonal and interannual variability
of CO total column and fine mode AOD, and to compare
and contrast the two records. Although Figure 1 shows good
correlation between these distributions close to regions of
intense emission associated with biomass burning, there are
in fact some large differences when the CO loading and
AOD are considered in a zonal sense. Even though CO and
fine mode aerosol production generally share the same
primary sources related to anthropogenic combustion,
explaining the seasonal differences requires a closer
examination of sinks and the different aerosol formation
mechanisms.

3.1. Seasonal Variation of Terra//MOPITT CO Column

[11] The atmospheric loading of CO shows a pronounced
seasonal variation in each hemisphere. Figure 2 shows the
recent interannual variation of the zonally averaged CO total

column as measured by MOPITT since March 2000, when
the instrument first started taking data, to October 2003.
Data for both day and nighttime measurements are included
in this average. Intervals where no data are shown corre-
spond to calibration events, or times when the instrument
was experiencing problems, such as the period from May to
August 2001, during which the instrument experienced a
cooler failure and the loss of 4 of the 8 channels. The period
prior to this event, referred to as mission phase 1, used
information from different channels, and a different retrieval
configuration, to the subsequent mission phase 2. The data
comparison for the two periods is described by Emmons et
al. [2004]. Validation suggests that the retrieval quality is
not significantly different for the two phases of the mission.
[12] It is well known that biomass burning is a major

forcing of tropical tropospheric photochemistry [Andreae,
1991]. Emissions depend on biomass type, meteorology and
combustion stage, with large amounts of CO, CH4, and

Figure 1. Global annual mean distributions for the first year of Terra operations, April 2000 to
March 2001, for (a) Terra/MOPITT CO total column and (b) Terra/MODIS fine mode AOD. Data
resolution is 1� longitude � 1� latitude.
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other hydrocarbons being emitted in the later smoldering
stages of a fire [Cautenet et al., 1999; Nielsen, 1999]. The
recurrent high values of CO during September and October
in the SH between the Equator and 40�S are associated with
biomass burning in South America, southern Africa, Indo-
nesia, and northwestern Australia. Of the four burning
seasons, 2000–2003, 2001 showed relatively weak emis-
sions while 2002 was particularly strong. Analysis of zonal
averages similar to Figure 2, but for particular longitude
ranges, shows that for these three years the emissions from
southern Africa were the most intense and of similar
magnitude each year. Although generally not as intense,
the emissions from Indonesia showed the most variation
with 2002 showing the strongest emissions, thus leading to
the observed zonal interannual variability. In Africa, bio-
mass burning moves northward to the Sahel region and
equatorial West Africa with the changing dry season, and
this is responsible for the high pollution recorded just north
of the equator each year between December and February.
The chemistry and transport of emissions from these fires as
revealed from an analysis of the available satellite data is
discussed in detail by Edwards et al. [2003].
[13] Compared to the SH, the relatively high CO values in

the NH indicate the larger anthropogenic emissions. Indus-
trial/urban emissions from Europe, North America, and Asia
peak in the early spring due to fossil fuel burning for
heating and increased power requirements, although inver-
sion of the MOPITT CO measurements suggest that the
seasonal variation in industrial sources for these regions is
not large, about ±15% of the yearly mean (G. Pétron et al.,
manuscript in preparation, 2004). The seasonal cycle in
zonal CO loading is determined primarily by hydroxyl
radical (OH) oxidation, which accounts for about 90% of
the loss, the remainder being mainly due to dry deposition
[Thompson, 1992]. The sink is strongest during the summer
months under conditions of high solar illumination, since
OH is produced mainly through O3 photolysis and subse-

quent reaction with H2O. This seasonality was previously
investigated by Novelli et al. [1998] using ground-based in
situ measurements. Also important are the timing and
distribution of other sporadic sources such as fires, and
the effects of large-scale transport. The zonal impact of a
particular emission event will depend on when it occurs in
relation to the OH annual cycle. In terms of zonal CO
burden, the importance of wintertime emissions is usually
greater than those during summer, and these may result in
high CO concentrations that persist for several weeks after
the emissions themselves have ceased. This is examined
further in section 5 with a modeling study to illustrate how,
after an intense emission event, the persistence of CO in the
atmosphere depends on the month in which the emission
takes place.

3.2. Seasonal Variation of Terra//MODIS AOD

[14] The interannual variability in the fine mode AOD is
shown in Figure 3 for the period from March 2000 to
October 2003. Since the MODIS AOD retrieval is only
made during daytime and not for low-Sun conditions, the
corresponding seasonal variation in the solar elevation
limits the latitudinal data coverage. Data gaps are again
due to calibration and instrument events.
[15] The MODIS fine mode AOD peak loading in the NH

occurs during the summer, and is out of phase with the
maximum CO by several months. Before discussing
the seasonal variability of AOD, we need to consider the
specific production mechanisms of the principal fine mode
aerosol types along with the seasonal variation of their
individual atmospheric loadings. The principal tropospheric
aerosols with median radii usually smaller than 0.5 mm are
sulfate, OC, and BC (Tie et al., submitted manuscript,
2004). In a zonal sense, NH fine mode AOD is usually
dominated by sulfate (SO4

2�) aerosol, and this results
primarily from anthropogenic emission of SO2 from fossil
fuel use. Other sources of SO2 include volcanic activity,

Figure 2. Terra/MOPITT CO zonal mean total column for the period March 2000 to October 2003.
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biomass burning, and oceanic emissions of dimethyl sulfide
(DMS), which is a significant sulfate precursor in the SH
[Barth et al., 2000]. The global distribution and seasonality
of SO2 and sulfate production is described in detail by
Rasch et al. [2000]. As with industrial CO emissions, NH
emissions of SO2 are somewhat higher during the winter
months, although the seasonal variation is only about ±15%
of the yearly mean [Benkovitz et al., 1996]. Modeling
studies suggest that the seasonal cycle of sulfate species
are controlled by a complex interplay between transport,
chemistry, and deposition processes [Rasch et al., 2000].
The SO2 burden shows a significant winter maximum,
while the maximum in sulfate occurs in the summer, about
half a year out of phase. SO2 oxidation by OH in the gas
phase and by H2O2 in the aqueous phase are the primary
sulfate sources, and in the lower troposphere, both processes
are more efficient during summer, because of more clouds
in the liquid phase and higher oxidant levels. Wet deposition
is the primary sulfate sink, and although this has a strong
seasonal variation in the boundary layer, there is little
variation in the lower troposphere above. This leads on
balance to higher sulfate burdens during summer in this part
of the atmosphere. The atmospheric lifetime of anthropo-
genic sulfate aerosol varies from 2–5 days depending on
geographical region [Rasch et al., 2000].
[16] The most important sources of carbonaceous aerosol,

OC and BC, are direct emissions related to biomass and
fossil fuel burning [Liousse et al., 1996]. Smoke from
vegetation fires is dominated by fine OC, with varying
amounts of BC, which is emitted primarily in the hot
flaming stage of the fire. In forest fires, the flaming stage
is followed by a longer, cooler, smoldering stage, in which
OC, rather then BC, is emitted together with large amounts
of CO [Ward et al., 1996; Ferek et al., 1998]. The ratio of
emissions between biomass and fossil fuel burning are 1.6
and 0.8 for OC and BC, respectively, suggesting that
biomass burning plays the most important role in control-

ling the OC budget [Liousse et al., 1996]. Carbonaceous
aerosols are composed of hydrophobic and hydrophilic
particles. Within a few days, hydrophobic carbonaceous
aerosols undergo aging processes to become hydrophilic.
The main sinks of carbonaceous aerosols are dry deposition
(for both hydrophobic and hydrophilic particles) and wet
deposition (for hydrophilic particles). Lifetime is about
5 days for OC and 6 days for BC [Chin et al., 2002].
[17] In the SH, Figure 3 shows high AOD values which

correlate well in terms of geographical position and timing
with the corresponding high CO columns in Figure 2 that
can be attributed to biomass burning. In this case we expect
the AOD to be determined by carbonaceous aerosol, which
is directly emitted, mainly in the form of OC, from the fires.
The SH biomass-burning features are the subject of a
separate paper, and will not be discussed further here. The
NH wintertime African biomass burning between the equa-
tor and 10�N is also very evident and makes a significant
impact on the global zonal mean, in addition to correlating
well with the high CO emissions from these fires. Com-
pared to the average CO lifetime of several weeks in this
region, the much shorter OC lifetime of a few days, and the
greater sensitivity of MODIS measurement to the boundary
layer, means that the high AOD retrievals are a more
reliable indication of biomass-burning source regions than
the CO, where the signature tends to ‘smear out’ in the time
it takes for CO to be transported to the free troposphere.
[18] There is a pronounced increase in AOD northward of

30�N. This latitude coincides with the southern boundary of
the NH industrial regions: the southern borders of the
United States and Europe, and with industrial regions of
eastern China near Shanghai. There is also a very pro-
nounced maximum to the AOD through the spring and
summer months, April–August, an increase by a factor of
about 4 over the wintertime values. This is most likely due
to increased NH sulfate aerosol production from industrially
emitted SO2. However, the summer months are also a time

Figure 3. Terra/MODIS fine mode zonal mean AOD for the period March 2000 to October 2003.
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of wildfires throughout North America, Europe, and Asia,
and, in addition to sulfate, we also expect carbonaceous
aerosol to contribute to the AOD. Indeed, the isolated high
AOD values that occur during the summer months are
probably associated with fire events. This is investigated
further in the next section.

4. Interannual Variability of Air Quality by
Region

[19] It is clear from Figure 2 that the CO loading during
the winter-spring of 2002–2003 was considerably greater
than that of the previous two winter seasons. In addition to
this, the NH CO started increasing much sooner after the
previous summer minimum, during August 2002, in com-
parison to November 2001 in the previous year. Before
investigating potential causes for this, it is important to first
rule out instrument effects or changes in conditions that
might affect the retrieval, especially given the history of
MOPITT instrument problems. However, relative to the
previous year, the same spring, 2003, increase is seen in
the MODIS fine mode AOD, Figure 3, so lending support to
this being an indication of significant interannual variability.
[20] In this section we consider the recent interannual

variability of CO column and fine mode AOD within the
6 geographic regions shown in Figure 4. Region 1 covers all
longitudes, 180�W to 180�E, and latitudes 20�–70�N. The
other regions have been chosen to be representative of
different emission regimes, and include the following:
2, the eastern United States (30�–50�N, 100�–70�W);
3, western Europe (40�–60�N, 10�–20�E); 4, western
Russia (50�–70�N, 30�–80�E); 5, Siberia (50�–70�N,
90�–170�E); and 6, eastern China (20�–70�N, 110�–
130�E). The variation of the MOPITT CO total column
and MODIS fine mode AOD averaged over each of these
regions is shown in Figure 5. These data have been
smoothed with a running 3 day average to reduce the
synoptic noise and improve readability. The traces of
region 1, N. Hemisphere, reproduce for CO column and
AOD the average behavior of Figures 2 and 3 within the

20�–70�N latitude band. Clear seasonal cycles are evident.
The maximum CO loading occurs in April and reaches a
minimum in September, with a springtime decline that is
faster than the buildup during the fall and winter. The AOD,
which on this scale is determined primarily by the sulfate
aerosol loading, shows a broad maximum from April to
August, with a minimum in December. As noted in the
previous section, the primary NH seasonal cycles of both
CO column and AOD are determined by the fairly constant
anthropogenic emissions of CO and SO2 from urban regions
and industry, in conjunction with the seasonality of atmo-
spheric oxidant loading.
[21] Although the other regions show the same underly-

ing, oxidant-driven, seasonal variation in CO column and
AOD as the zonal means of region 1, they do so to differing
degrees. In general, eastern United States and western
Europe, regions 2 and 3, show a clear seasonality. The
summer-to-winter ratio for AOD is about 3, slightly higher
than the factor of 2 suggested by the modeling study of
Rasch et al. [2000]. The ratio for CO column appears to be
less than 2. The seasonality is progressively less pro-
nounced for western Russia, Siberia, and eastern China,
regions 4–6, and occurs in both the CO column and AOD
traces. We start with an examination of western Russia,
region 4. During 2000 and 2001, the CO column follows a
variation similar to that of western Europe, region 3. Then
in July, August and September 2002 there is a marked
increase in the CO loading over this region, in exactly those
months that marked the minimum in 2000. In the next
section, we show that this was due to wildfires whose
emissions were sufficiently high to prevent the zonal CO
loading from reaching its usual minimum in September, and
resulted in an early buildup of NH CO during the winter of
2002–2003. In addition to high CO emissions, these fires
also emit large amounts of carbonaceous aerosol into the
atmosphere, and a corresponding peak is seen at this time in
the AOD.
[22] In general, we find that the main perturbations from

the usual seasonal cycles of CO column and AOD are
consistent with sporadic fire emissions. The location and

Figure 4. Borders of six regions over which Terra/MOPITT average CO total column and Terra/MODIS
fine mode AOD time series are calculated.
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timing of burning is identified in this work using fire counts
from Terra/MODIS, and is described in the next section. In
region 2, the eastern United States, increased CO loading is
observed in August 2000. This resulted from pollution
transported from wildfires in the western states of Montana
and Idaho [Lamarque et al., 2003]. The CO peak in July

2002 was again due to transport of wildfire emissions into
the eastern United States, this time from burning in Ontario,
Canada. Unfortunately, MODIS AOD data are not available
for some of these times. The relatively long CO lifetime also
means that intense fire emissions can significantly affect the
air quality on a global scale. The particularly high CO

Figure 5. Time series of the Terra/MOPITT average CO total column, left axis in red, and Terra/MODIS
fine mode AOD, right axis in blue, for the geographical regions defined in Figure 4. Note changes in
scale.
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columns seen over the eastern United States in the spring of
2003 were due to long-range transport of fire emissions
from southeastern Russia. This is discussed in the next
section. However, we note here that high CO columns were
observed over Siberia, region 5, because of this widespread
burning in the region throughout the spring and summer
months. Emissions were sufficient to delay the onset of the
summer CO minimum and to produce very high zonal
springtime CO loadings, as indicated by the NH trace,
region 1. A similar seasonal variation is obtained from
CO surface in situ measurements. The flask sample data
obtained by the NOAA CMDL from the station in Ulaan
Uul, Mongolia, which can be easily displayed on the CMDL
website (http://www.cmdl.noaa.gov/ccgg/), show an almost
identical pattern to the MOPITT CO column trace for
Siberia, region 5. Because the lifetime of carbonaceous
aerosol is only a few days, we do not see a corresponding
springtime, 2003, increase in the AOD over the eastern
United States, region 2, above that observed during the
previous year which can be attributed to the local seasonal
production of sulfate aerosol. However, in Siberia, region 5,
where the fires are burning, there is a marked increase in the
AOD at this time. The signature of these springtime fires is
followed by a second peak in the AOD due to Siberian fires
during July and August 2003. This later burning also has a
local impact on the CO column, but because the OH loading
is higher at this time of year compared to the springtime, the
CO does not persist long enough to have such a marked
effect on the zonal loading. Further signatures of regional
fire emissions can be seen in the traces for the eastern
United States and western Europe, regions 2 and 3, respec-
tively, during August 2003. These are more evident in the
AOD than in the CO column because of the high oxidant
concentration at this time.
[23] Emissions from eastern China, region 6, are partic-

ularly intense because of the rapidly growing industrializa-
tion and heavy reliance on coal and biofuel burning
compared to the developed western countries. Compared
with the others, this region exhibits a relatively small
seasonal variation, in agreement with modeling studies
[Rasch et al., 2000]. A significant fraction of the AOD in
this region might be due to direct industrial emissions of OC
(Tie et al., submitted manuscript, 2004).

5. Impact on Air Quality of Russian Fires

[24] The CO column and fine mode AOD records of
the recent interannual variability shown in Figures 2, 3, and
5 point to significantly enhanced levels of NH pollution
from fall 2002 through the summer of 2003. The analysis of
the previous section suggests that fire emissions from
western Russia and Siberia were responsible.
[25] To investigate further the onset of the poor air quality

period during winter-spring 2002–2003, we look in more
detail at the CO and AOD records of September 2002. As
noted in the previous section, it is at the end of August and
beginning of September that the NH CO, as shown in the
MOPITT zonal mean of Figure 2, first shows significant
accumulation, at a time that marked the minimum loading in
the previous year. Examination of Figure 3 also indicates
high ‘‘spikes’’ of fine mode AOD around this time. In
September 2002 both fine mode AOD and CO column were

almost double the values of the same month of 2000.
Figure 6 shows the 1–15 September 2002 mean distribu-
tions of MOPITT CO total column and MODIS fine mode
AOD, and the August 2002 MODIS fire counts over
northern Europe and western Russia. All these products
come from the Terra satellite. The identification of wildfires
and biomass-burning source regions over such large, and
often remote, geographical regions is made possible by
satellite observations. Fire pixels are identified according
to absolute and relative difference criteria between various
MODIS channels [Giglio et al., 2003]. The 0.5� �

0.5� monthly gridded fire counts are corrected for spatial
variability in the frequency of satellite overpasses and
missing observations. To perform such a correction, and
to reduce the effect of day-to-day variation in fire counts
due to cloud obscuration, it is most reliable to generate
composite fire count maps for periods of several weeks.
Although satellite observations are capable of detecting the
presence of a fire, care must be exercised when using
fire counts alone to define emissions. Count information
alone does not contain information about the fire intensity,
biomass burned, or the specific emissions.
[26] For northern latitudes at this time, the region shown

in Figure 6 had the highest combination of fire counts, CO
column, and fine mode AOD, and was the cause of the high
values recorded in the zonal mean. The pollutant concen-
tration reached a maximum in early September. This
resulted from fires that had been burning through August,
and a better correlation was found with the August fire
count distribution than with that of September. The number
of fires decreased sharply during September and October
and were effectively finished by November. In the figure,
the correlation between CO and AOD, and fire counts, is
generally very good, and it is clear that burning in eastern
Europe and western Russia, rather than industrial or urban
sources, were responsible for the pollutant emissions. High
values of AOD are a better indication of fire locations than
the CO column because of the high sensitivity of the
MODIS measurement to the boundary layer. The develop-
ment of a distinct plume from the emissions is also evident
in both the MOPITT and MODIS measurements, and high
pollution levels can be seen north of the Russia-Kazakhstan
border around 60�N, 70�E.
[27] The smoke pollution in the region around Moscow

between July and September 2002 caused a dramatic
reduction in visibility, to less than 100 m in the capital,
and also had detrimental impacts on the health of the
Moscovite population [International Forest Fire News
(IFFN), 2003]. The fires reached a peak on 6 September
with a large increase in the number of peat and forest fires.
The high pollution levels are shown in the retrievals of total
CO column, Figure 7, from ground-based infrared grating
spectrometer measurements [Dianov-Klokov et al., 1989],
both in Moscow itself and at the research station at
Zvenigorod, at a distance of 60 km West of the capital.
These measurements are discussed in detail by Fokeeva et
al. [2004]. The figure shows high CO levels in Moscow
during the spring which are not reflected in the Zvenigorod
data, suggesting that they were due to urban pollution from
within the city. High CO values were captured at both sites
at the end of August and beginning of September. The mean
CO column values at Zvenigorod for the years 1993–1997
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are also shown in the figure. This indicates higher winter
CO values as expected from the NH seasonal cycle of the
OH sink, and does not show high summer loadings. This
suggests that the fires of 2002 had an anomalous affect on
the local air quality. The peatlands in western Russia were
drained some 2 centuries ago and used for agriculture. In
recent years, they have received inadequate management
because of the poor economic situation [IFFN, 2003].

During summer, western Russia experiences periods of
prolonged hot, dry weather which dry the upper layers of
the drained peat soils. Fires often start outside of the
peatlands, either unintentionally or as a result of agricultural
activities, and later spread [IFFN, 2003]. Peat fire emissions
of CO and particulates, mainly in the form of OC, are about
twice as high as emissions from forest burning [Levine,
1999]. Figure 7 also shows the daily average of MOPITT

Figure 6. Mean distributions of (a) Terra/MOPITT CO total column, (b) Terra/MODIS fine mode AOD,
for 1–15 September 2002, and (c) Terra/MODIS fire counts for August 2002.
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CO total column measurements within a 200 km radius of
Zvenigorod. In general, the agreement is very good between
the spectrometer and MOPITT data considering the very
different measurement sensitivities. In contrast to the
MOPITT measurements, the spectrometer data are sensitive
to the boundary layer. They also represent local conditions,
whereas a larger area must be considered to obtain sufficient
MOPITT data for comparison purposes (see Emmons et al.
[2004] for a discussion of MOPITT data comparison criteria
with localized measurements). As a result, the spectrometer
measurements are able to capture the very high CO column
values, greater than 6 � 1018 molecules/cm2, which prob-
ably represent the very polluted condition of the local
boundary layer in the vicinity of the peat fires. Although
such high values are not seen at MOPITT resolution, a
pronounced increase in the CO column is also observed at
this time.
[28] For these fire events, the correlation between the

CO column and fine mode AOD was also high. This is
shown in Figure 8, where the MODIS fine mode AOD and
MOPITT CO column daily 1� horizontal mean values are
compared as scatterplots for all measurements during the
periods 1–10 September of 2000 and 2002. This has been
done for a new region (35�–65�N, 0�–60�E) that includes
part of industrialized Europe in addition to part of western
Russia. In 2000, the correlation between the measurements
was poor, whereas it was very good in 2002 with a
coefficient of 0.74. In the former case, the principal aerosol
contributing to the regional fine mode AOD was most likely
sulfate arising from industrial SO2 emissions. In 2002, the
aerosols would be a combination of industrial sulfate and
primary carbonaceous particles from the fires. Good corre-
lation between the pollutants is only to be expected when
direct emissions of both CO and aerosol from a common
source dominate the local fields, as is the case with the fires

in 2002. Correlation of CO and sulfate over industrial
sources is much weaker because of the fact that the SO2

requires chemical processing before sulfate aerosol is
formed. Transport also likely plays a role since a component
of the measured CO, because of its longer lifetime, might
have originated very far away. Consideration of the corre-
lation between AOD and CO column in similar scatterplots
for other regions (not shown) support these conclusions.
Good correlation is obtained over wildfire and biomass-
burning regions, while the correlation is generally poor over
purely industrial regions. This suggests that a high degree of
correlation between the fine mode AOD and CO is
indicative of carbonaceous particles composing a significant
fraction of the fine mode.
[29] Our analysis of fire count data over Russia shows that

fires are common events throughout the summer months.
Thesemake a significant contribution to the variability of fine
mode AOD zonal mean, Figure 3, each summer at latitudes
around 50�N. Given the relatively short aerosol lifetime,
these fires have only a short-term, local to regional, effect on
the AOD loading, even though the perturbation may be
considerable. As noted above, Russian fires decease from
August and are absent during the winter months. The effect of
late summer fires on the wintertime CO levels is important
however. During the summer months, the CO from the fires is
relatively shorter lived because of the high atmospheric OH
concentrations. The latter begin to decrease after July and
August [Spivakovsky et al., 2000], and if this coincides with
strong fires, the resultant CO has a significant impact on the
zonal loading for several months.
[30] We have performed a study using Model of Ozone

and Related Tracers 2 (MOZART-2) [Horowitz et al., 2003]
to investigate this further. A ‘‘tagged’’ pulse of CO [Granier
et al., 1999] was released in the model from an area in
western Russia (52�–57�N, 30�–35�E) close to the fires of
September 2002, with the aim of quantifying how long
the CO persisted. The same pulse was released during
4 separate months, July to October, with the emission being
constant during the test month. The resulting CO total
atmospheric loading as a function of time for each case is
shown in Figure 9. This shows the buildup of CO in the
model during the emission month and the subsequent decay
of the loading according to the seasonally changing OH
sink. The concentrations of OH are close to their peak
values in July, and the buildup of CO for a given total
emission is only half that produced for a pulse during
October. In addition to this, the duration of the CO loading
depends critically on the emission month. The e-folding CO
lifetime varies from about 1.5 months for the July pulse, to
about 3.6 months for the October pulse. Given the high
resultant burden and long relative lifetime of CO emitted
from the late season fires, it is evident that these will have a
significant effect on the zonal loading throughout the winter
months. We conclude that the eastern European and western
Russian fires of August and September 2002 were thus well
timed to bring about the early start to the winter 2002–2003
CO maximum in the NH.
[31] We turn now to consideration of the 2003 Russian

fires of the following spring and summer. Spring fires in
eastern Russia occur first in the southern areas bordering
China and Mongolia, and then move northward through
Siberia during the summer. They start with snowmelt and

Figure 7. Ground-based infrared grating spectrometer
measurements of CO column from Zvenigorod (55.71�N,
36.59�E) and Moscow (55.75�N, 37.70�E) during 2002.
Also shown are the Zvenigorod CO column averaged over
the years 1993–1997 and the daily MOPITT measurements
during 2002 averaged over a 200 km radius of Zvenigorod.
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rapid drying of forest fuel at the onset of dry weather in
March and April [IFFN, 2003]. The most intense fires
burned in the Baikal region. The average distributions of
CO, AOD and MODIS fire counts over Russia, the Pacific
Ocean and North America in May 2003 are shown in

Figure 10. Good correlation is seen between the fire regions
and areas of high aerosol and CO loading. There is also
clear indication that the plumes generated by these fires
were transported eastward, over northern China, and con-
tinued out into the Pacific Ocean. These plumes are also

Figure 8. Scatterplot of MODIS fine mode AOD and MOPITT CO total column over eastern Europe/
western Russia (35�–65�N, 0�–60�E), for 1–10 September for the years (a) 2000 and (b) 2002.
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enhanced by the residual contribution of emissions from the
yearly biomass burning that takes pace further south in
southeast Asia from February to April. In the case of CO,
the plume can be traced to North America. The MOPITT
CO data often show plumes from Asia following the Jet
Stream, and high levels of CO are seen stretching from
western Canada, down through the Midwest to the east
coast of the United States. Wildfires in British Columbia,
Canada, also contributed. This transport pattern resulted in
the high CO columns observed over the eastern United
States at this time as discussed in the previous section. The
summer fire season produced large numbers of fires in far
eastern Russia and Siberia during July and August 2003.
The Russian Emergencies Ministry was quoted in news
reports as saying that this may have been the worst year on
record for forest fires in the region (http://english.pravda.ru/
society/2001/07/24/10858.html). The impact of such intense
emissions on the zonal pollutant loadings is significant, and
as consideration of Figures 2 and 3 shows, both the zonal
fine mode AOD and CO loadings were particularly high
compared to the previous years.

6. Conclusions

[32] The combination of measurements from the new
tropospheric satellite sensors will play an increasingly
important role in explaining chemistry and transport pro-
cesses in the lower atmosphere. Recent developments in
aerosol retrieval techniques allow a distinction between fine
and coarse mode particles. The fine mode particles are
produced predominantly by anthropogenic combustion pro-
cesses, which also lead to the emission of CO into the

atmosphere. In this paper, we have presented the first
comparison of the Terra/MODIS fine mode AOD and
Terra/MOPITT CO column global distributions, seasonal
cycles, and recent interannual variability. Although not a
direct measure of atmospheric burden, the AOD is related to
the aerosol column and serves as a good indicator of aerosol
loading. This work is important for quantifying the effect of
local emissions on the larger-scale pollution distribution,
and also for providing a regional or global context to
measurements taken at a specific time and location.
[33] The main conclusions of this study are detailed

below.
[34] 1. In general, both the CO column and AOD show

highest concentrations in the NH. This reflects the greater
population and the fact that the primary sources are anthro-
pogenic. In urban regions, sulfate aerosol is the dominant
contributor to the NH fine mode AOD zonal mean. In the
SH, large emission events such as biomass burning are the
dominant sources and punctuate the seasonal cycle each
year. Carbonaceous particles form the principal fine mode
aerosol type in smoke from fires. The shifting latitudinal
pattern of dry season burning dominates the observed
pollutant distributions.
[35] 2. When considering the usual NH zonal values,

both the CO and AOD seasonal cycles are driven primarily
by the atmospheric oxidant loading, which is greatest during
the summer months. This determines the primary sink of
CO and the production of sulfate aerosol. As a consequence,
the seasonal cycles are several months out of phase. CO
loading usually peaks in April and reaches a minimum in
September. AOD shows a broad summer maximum from
April to August and a minimum in December. Perturbations

Figure 9. MOZART-2 calculations of the total atmospheric CO loadings resulting from the same
constant monthlong emission pulse set off in either July, August, September, or October. In each case, the
emissions were evenly distributed over a region in western Russia (52�–57�N, 30�–35�E).
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in these cycles are usually a direct result of sporadic wildfire
or biomass-burning emissions.
[36] 3. Wildfires and biomass burning generally provide

the best correlation between CO column and AOD. This is
because direct emissions of both CO and aerosol from a
common source dominate the measurements. Correlation of
CO and sulfate over industrial sources is weaker because of
the fact that the SO2 must be chemically processed to form
sulfate, and because of transport of the longer-lived CO into

the measurement area from other regions. Put another way,
a high degree of correlation between the fine mode AOD
and CO is indicative of carbonaceous particles composing a
significant fraction of the fine mode aerosol.
[37] 4. The MODIS AOD measurement is more sensitive

to the boundary layer than the MOPITT CO measurement.
This, combined with the fact that the average CO lifetime, at
a couple of months, is much longer than the several day
lifetime of the predominant OC aerosol emitted by fires

Figure 10. May 2003 mean distributions of (a) Terra/MOPITT CO total column, (b) Terra/MODIS fine
mode AOD, and (c) Terra/MODIS fire counts.
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means that high AOD retrievals are a more reliable indica-
tion of wildfire and biomass-burning locations than the CO,
which tends to ‘smear out’ the signature. Conversely, the
MOPITT CO measurement is more useful for tracing long-
range transport of fire emissions. The two measurements are
therefore complementary in building up the overall picture
of plume evolution.
[38] 5. Of the 4 years of data available from the Terra

satellite, the winter and spring of 2002–2003 showed
anomalously high NH pollutant loadings compared to the
previous years. Eastern European and western Russian peat
and forest fires in the late summer and fall of 2002 resulted
in high emissions of both CO and carbonaceous aerosol.
This produced an early buildup of the NH winter CO, and
concentrations reached a minimum in July 2002, two
months earlier than the previous year. Our model sensitivity
studies indicate that such high emissions, late in the year
when the OH concentrations are falling, can produce a
particularly high CO loading all through the winter months.
The high pollutant levels of both CO and AOD measured in
the spring of 2003 were again much higher than the
previous years and resulted from agricultural and wildfire
emissions from southeastern Russia. These produced high
AOD out over the Pacific Ocean and significantly affected
the CO loading as far away as the eastern United States.
[39] It is clear that boreal fires can have a significant

impact on NH pollutant loadings. It is also clear that there
are large changes, year-to-year, in these emissions. This is in
contrast to the relatively constant industrial emissions of CO
and SO2. Despite the large impact on NH air quality shown
here and by others [Crutzen et al., 1998; Wotawa and
Trainer, 2000; Forster et al., 2001], there is considerable
uncertainty in the fire emission inventories for the boreal
forest regions of Russia and Canada [Wotawa et al., 2001;
IFFN, 2003]. Studies in northern Canada show that the
burnt area has almost doubled in the 1980s compared to the
period 1930–1960 [Weber and Stocks, 1998], and that this
is consistent with modeling studies that suggest an increase
in the number of fires with higher temperatures [Stocks et
al., 1998]. In Russia, fire statistics are known to be
systematically too low [Conard and Ivanova, 1998], and
the statistical study of Wotawa et al. [2001] using CO data
from CMDL in situ sites for the period 1991–1999,
suggests that the number of fires is underreported by a
factor of about 3. They find that the CO source term from
the statistically corrected burnt area in Russia and North
America approaches the anthropogenic emissions of the
United States and Europe. Given the difficulties in obtaining
a ‘‘bottom-up’’ estimate of the emissions from Russian fires,
there is clearly a role for satellite data. This was done
previously in the case of the western U.S. wildfires of 2000
by Lamarque et al. [2003], who used satellite-derived
estimates of burnt area in conjunction with MOPITT CO
data and the MOZART-2 CTM to estimate the total fire CO
emissions.
[40] The observations presented here point to the utility of

the satellite measurements in providing global distributions
of the emission fields within a few days, indications of fires
as they occur, and characterization of the impact of these
fires on both the seasonal variations and interannual vari-
ability. With the current 4-year record from the Terra
satellite it is too soon to look for significant trends in CO

and aerosol loading, as opposed to short-term variations
which may or may not be part of a trend. Within a few
years, the growing satellite data set should contribute
significantly to this debate. The work described in this
paper provides an investigation of the available satellite
data and a basis for future modeling studies. The MOPITT
CO and MODIS AOD products could be combined in an
inverse modeling scheme to mutually improve emission
estimates of each. The better MODIS characterization of
source regions applicable to both fine mode aerosol and CO,
should help deconvolve the transport uncertainties from the
estimation of CO emissions. Correlations between CO and
AOD would also help distinguish carbonaceous and sulfate
fine mode particles. With the aid of these measurements, the
improved model characterization of the CO and aerosol
fields should pave the way for better estimates of the effect
of anthropogenic emissions on photolysis, heterogeneous
chemistry, and the regional budget of key tropospheric
oxidants.
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