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Abstract. This study presents the complementary picture of
the pollution outflow provided by several satellite observa-
tions of carbon monoxide (CO), based on different obser-
vation techniques. This is illustrated by an analysis of the
Asian outflow during the spring of 2005, through compar-
isons with simulations by the LMDz-INCA global chemistry
transport model. The CO observations from the MOPITT
and SCIAMACHY nadir sounders, which provide vertically
integrated information with excellent horizontal sampling,
and from the ACE-FTS solar occultation instrument, which
has limited spatial coverage but allows the retrieval of ver-
tical profiles, are used. Combining observations from MO-
PITT (mainly sensitive to the free troposphere) and SCIA-
MACHY (sensitive to the full column) allows a qualitative
evaluation of the boundary layer CO. The model tends to un-
derestimate this residual compared to the observations, sug-
gesting underestimated emissions, especially in eastern Asia.
However, a better understanding of the consistency and pos-
sible biases between the MOPITT and SCIAMACHY CO
is necessary for a quantitative evaluation. Underestimated
emissions, and possibly too low lofting and underestimated
chemical production in the model, lead to an underestimate
of the export to the free troposphere, as highlighted by com-
parisons with MOPITT and ACE-FTS. Both instruments ob-
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serve large trans-Pacific transport extending from∼20◦ N to
∼60◦ N, with high upper tropospheric CO observed by ACE-
FTS above the eastern Pacific (with values of up to 300 ppbv
around 50◦ N at 500 hPa and up to∼200 ppbv around 30◦ N
at 300 hPa). The low vertical and horizontal resolutions of
the global model do not allow the simulation of the strong
enhancements in the observed plumes. However, the trans-
port patterns are well captured, and are mainly attributed to
export from eastern Asia, with increasing contributions from
South Asia and Indonesia towards the tropics. Additional
measurements of C2H2, C2H6 and HCN by ACE-FTS pro-
vide further information on the plume history. C2H2 and
C2H6 enhancements are well correlated with the CO plumes,
indicating common sources and rapid trans-Pacific transport.
HCN observations show that the biomass burning contributes
mainly at latitudes lower than∼40◦ N. This study provides
a first step towards a full combination of complementary ob-
servations, but also highlights the need for a better evaluation
of consistency between the datasets in order to allow precise
quantitative analyses.

1 Introduction

Asia is one of the most important pollution source regions.
While anthropogenic emissions from North America and Eu-
rope appear to be stabilizing or decreasing, emissions from
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Asia have increased rapidly in the past decade, becoming the
largest contribution (Richter et al., 2005; Akimoto, 2003).
Asian energy consumption has more than doubled since the
1980s due to population growth, rapid industrialization and
increasing transportation, causing significant enhancement in
the emissions over this region (Streets et al., 2000, 2006;
Ohara et al., 2007). In addition to the degradation of regional
air quality, it is now recognized that the long range transport
of pollution from Asia, both from fossil fuel and biomass
burning, has a strong influence on the chemical composi-
tion of the troposphere over the Pacific Ocean and downwind
continents (e.g. Wild and Akimoto, 2001; Jaffe et al., 1999,
2004; Heald et al., 2003; Bertschi et al., 2004; de Gouw et
al., 2004; Hudman et al., 2004). This issue has been the fo-
cus of a number of recent aircraft campaigns (TRACE-P in
2001 (Jacob et al., 2003), ITCT-2k2 in 2002 (Parrish et al.,
2004), INTEX-B in 2006). Satellite measurements have also
been a valuable tool for evaluating Asian emissions (Martin
et al., 2003; Arellano et al., 2004; Pétron et al., 2004; Heald
et al., 2004) and monitoring trans-Pacific transport (Heald et
al., 2003, 2006; Allen et al., 2004; Edwards et al., 2004;
Hudman et al., 2004). Current global model simulations
of carbon monoxide (CO) show a significant underestimate
throughout the Northern Hemisphere compared to satellite
observations from the MOPITT/Terra instrument suggesting
a missing source year round (Shindell et al., 2006), which
could be explained by too low emissions in eastern Asia in
the current inventories.

In this study, we explore the information on the Asian
pollution outflow provided by complementary satellite ob-
servations of CO using comparisons with simulations from
the global chemical transport model LMDz-INCA (Hauglus-
taine et al., 2004). CO is produced as a result of incomplete
combustion and the oxidation of methane and non-methane
hydrocarbons (NMHC) initiated mainly by the hydroxyl rad-
ical (OH). It is principally removed by reaction with OH. It
is a toxic gas at high concentration, currently regulated by air
quality standards worldwide as a major ozone precursor. It
also contributes to climate change through its effect on ozone
and methane chemistry. Furthermore, its relatively long life-
time, of the order of several weeks in the free troposphere,
makes it an ideal tracer of the transport of pollution.

CO is routinely measured by several satellite borne instru-
ments. Nadir looking remote sensors allow the retrieval of
global CO distributions with a good spatio-temporal resolu-
tion, either from measurements in the thermal infrared spec-
tral region, with MOPITT on board the Terra satellite since
2000 (Edwards et al., 2004; Deeter et al., 2003), AIRS on
board Aqua since 2002 (McMillan et al., 2005), TES on
board Aura since 2004 (Rinsland et al., 2006a, Luo et al.,
2007), and IASI on board MetOp since 2006 (Turquety et
al., 2004, Clerbaux et al., 2007), or from measurements in
the near-infrared with SCIAMACHY on board ENVISAT
since 2002 (Buchwitz et al., 2004, Frankenberg et al., 2005;
Gloudemans et al., 2005). However, the nadir geometry pro-

vides vertically integrated information, implying limited ver-
tical resolution. CO retrievals in the thermal infrared spectral
range are characterized by a maximum sensitivity in the free
troposphere with low sensitivity in the boundary layer and
less than two independent pieces of information on the verti-
cal profile, while the near-infrared allow sensitivity down to
the Earth’s surface but provides only total column measure-
ments. Buchwitz et al. (2007) use the difference between
SCIAMACHY and MOPITT CO to infer lower tropospheric
columns, and show clear enhancements close to source re-
gions.

In addition to these nadir observations, instruments using
solar occultation, such as the ACE-FTS on board SCISAT
since 2003 (Bernath et al., 2005; Clerbaux et al., 2005,
2008a), or emission in a limb viewing geometry, such
as MIPAS/ENVISAT (Funke et al., 2007) or MLS/Aura
(Pumphrey et al., 2007), allow the retrieval of CO profiles
with an improved vertical resolution, but with a poorer hor-
izontal coverage than nadir instruments. Of particular inter-
est for this work investigating tropospheric pollution is ACE-
FTS, which allows probing down to the middle troposphere
in cloud free conditions (Clerbaux et al., 2005, 2008a). Sev-
eral recent studies have shown the value of limb and solar
occultation data for tropospheric chemistry studies (Dufour
et al., 2007; Folkins et al., 2006; Rinsland et al., 2006b; Co-
heur et al., 2007; von Clarmann et al., 2008). In particular,
the CO measurements from MLS/Aura and ACE-FTS have
been used to analyze the trapping of pollution in the Asian
monsoon anticyclone (Li et al., 2005; Park et al., 2008). The
MLS/Aura CO measurements have recently been used for the
study of transport from Asia (Jiang et al., 2007). They ana-
lyze the variability in the measured upper tropospheric CO
using emission climatology and meteorological conditions
and show that upper tropospheric CO does not only depend
on the surface emissions but also on the importance of deep-
convection and intensity of horizontal winds. While surface
emissions peak during the boreal spring, they find that the
upper tropospheric CO is largest during the summer due to
stronger convection.

There is increasing interest in the scientific community –
for the definition of future missions in particular – in the
combination of different spectral regions and observation ge-
ometries in order to gain vertical resolution. While previous
studies focused on either nadir or limb observations, we ex-
amine the complementary views of the Asian outflow pro-
vided by different observation techniques using global chem-
istry transport model simulations. Therefore, the solar occul-
tation measurements from the ACE-FTS and the nadir obser-
vations from MOPITT and SCIAMACHY are analyzed.

This analysis is focused on spring 2005. Two reasons mo-
tivated the choice of this time period. First, several stud-
ies have shown that spring corresponds to the maximum in
Asian outflow due to active cyclonic activity and strong west-
erly winds. During this season, the Asian pollution can be
transported across the Pacific in 5 to 10 days (e.g. Jaffe et
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Fig. 1. Anthropogenic (left) and biomass burning (right) CO emissions, mapped onto the LMDz-INCA horizontal resolution
(3.75◦×2.5◦ grid), used for the period March-April-May 2005. The black dashed lines indicate the limits of the regions of Asia used
for the tagged regional CO simulation with LMDz-INCA.

al., 1999; Liang et al., 2004) with the strongest transport in
the middle troposphere (e.g. Bey et al., 2001; Stohl et al.,
2002). Secondly, the mid-latitudes of the Northern Hemi-
sphere were well covered by ACE-FTS during this time pe-
riod.

After a brief description of the global model and a first val-
idation against MOZAIC aircraft measurements, the satellite
observations from ACE-FTS, MOPITT and SCIAMACHY
are presented, as well as an intercomparison of the available
CO measurements over Asia and the Pacific. Asian outflow
and transport is then investigated using the different types
of CO satellite measurements. The origin of the exported
air masses is further explored using ACE-FTS observations
of acetylene (C2H2), ethane (C2H6) and hydrogen cyanide
(HCN).

2 Global CO simulation with the LMDz-INCA model

This analysis of the trans-Pacific transport of CO is based
on comparisons between the available satellite observations
and simulations from the LMDz-INCA global chemistry
transport model. LMDz-INCA couples the general circula-
tion model (GCM) LMDz (Laboratoire de Ḿet́eorologie Dy-
namique, zoom) and the INCA (Interactive Chemistry and
Aerosols) chemistry module (Hauglustaine et al., 2004; Fol-
berth et al., 2006). Here, the LMDz version 4 and INCA ver-
sion 2 are used, in the nudged version of the model, driven
by meteorological fields (winds and temperature) from the
ECMWF reanalyses (ERA15). The simulations were per-
formed with the standard horizontal resolution of 3.75◦ in
longitude 2.5◦ in latitude on 19 vertical levels extending from
the surface to 3 hPa, using Emanuel’s convection scheme
(Emanuel and Zivkovic-Rothman, 1999).

INCA describes the tropospheric oxidation of NMHC
and CH4 through 332 chemical reactions using 86 chemical
species. In addition to the species commonly included in this

chemical scheme, regional CO tracers have been included to
track the origin of CO. In particular, the emissions from five
regions in Asia are transported independently in the model
(Fig. 1). Comparisons between LMDz-INCA and surface
CO observations from the NOAA Earth System Research
Laboratory (ESRL) Global Monitoring Division (GMD) net-
work (Novelli et al., 1992) for a time period extending from
1997 and 2001 has shown the ability of the model to simu-
lated the interannual variability of CO (Szopa et al., 2007).
While meteorology explains most of the variability in the
tropics, it is explained by biomass burning and meteorolog-
ical conditions at high latitude stations. LMDz-INCA par-
ticipated in the CO intercomparison exercise by Shindell et
al. (2006) and gave results close to the global average.

In this study, the anthropogenic emissions from the
EDGAR 3.2 inventory (Olivier and Berdowski, 2001) are
used. Recent analyses have shown that Asian emissions are
too low in current inventories (Arellano et al., 2004; Heald et
al., 2004; Ṕetron et al., 2004; Streets et al., 2006; Ohara et al.,
2007). In order to minimize the effect of this underestimate,
the total Asian emissions of CO have been scaled using the
inverse modeling results of Pétron et al. (2004) for the cor-
responding regions, which was based on the MOPITT obser-
vations for the year 2001. The resulting emissions are shown
in Fig. 1. Total CO emitted above this region is estimated
to 395 Tg CO/year (56% larger than the standard EDGAR
total). The main emission regions are eastern China, Korea,
Japan, and India. Monthly biomass burning emissions from
the Global Fire Emissions Database (GFED) version 2 (van
der Werf et al., 2006) corresponding to the studied time pe-
riod were used. During the spring of 2005, fires were mainly
burning in south-east Asia and, with a smaller contribution,
in southern Siberia and Canada (Fig. 4).

Before using the model simulations as an intermediate to
better understand the information provided by the different
satellite observations on the Asian outflow, we have first
evaluated the CO simulations against in situ measurements.

www.atmos-chem-phys.net/8/5187/2008/ Atmos. Chem. Phys., 8, 5187–5204, 2008



5190 S. Turquety et al.: Analysis of CO outflow from Asia using satellite data

The comparisons with the surface CO data from the GMD
network show good general agreement. For the downwind
sites (Mauna Loa, Midway), the agreement is very good for
background conditions (difference lower than∼2%) and the
model shows enhancements attributed to Asia corresponding
to peaks in the observations. However, LMDz-INCA under-
estimates these peaks by∼18%. For the high latitude sites
(Barrow, Cold Bay, Shemya Island) the difference between
model and observations is lower than 4% in April, but in-
creases as the season progresses to∼20% underestimate at
the end of May. This could be due to an underestimate of
the emissions from the Russian fires which increased at this
time period, or to too high photochemical destruction at high
latitudes in the model. However, the correlation is very good
(r2=0.85) for sites over the Pacific, highlighting the model’s
ability to capture variability in the surface CO, and thus giv-
ing us confidence in our simulation of long-range transport
from Asia during this time period.

Evaluation of the vertical distributions of CO was under-
taken using the vertical profiles from the MOZAIC aircraft
data, measured during take off and landing of commercial
aircraft (Nedelec et al., 2003). Figure 2 shows comparisons
above Asia (Bangkok, Hong-Kong, Shanghai and Tokyo) and
western North America (Vancouver and San Francisco) av-
eraged over the available measurements during the spring
of 2005. The model tends to overestimate CO in the up-
per troposphere and lower stratosphere (UTLS), which could
be due to too low vertical resolution in the model or to too
large exchange between the troposphere and the stratosphere.
The agreement between∼500 hPa and 300 hPa is generally
good, with a small tendency to underestimate CO (up to∼9%
in San Francisco). On the contrary, the model clearly un-
derestimates CO in the middle troposphere (by 10 to 20%
between 850 and 500 hPa), although it remains within the
measured variability, and at the surface (by less than 20%
except above Bangkok, where CO is underestimated by 49%
below 850 hPa). Part of this underestimate is explained by
the relatively low horizontal resolution of the model. Un-
derestimate at the surface may also be explained by the fact
that MOZAIC measures CO above airports, hence in highly
polluted areas which are not well resolved by global models.
In the free troposphere, it is likely due to an underestimate
of the contribution from long-range transport. The variabil-
ity in the model simulation is expected to be lower than in
the observations since the model cannot capture the magni-
tude of strong transport events, due to the lack of vertical
and horizontal resolution, but also to overestimated diffusion
in the model (Hauglustaine et al., 2004). The regional CO
tracers, also shown in Fig. 2, indicate that Asia is the pre-
ponderant contribution at all levels locally, and in the middle
and upper troposphere above western America. In the fol-
lowing sections, we will analyze the additional information
provided by complementary space-borne instruments on the
Asian pollution outflow.

3 Satellite CO observations

3.1 Solar occultation observations from ACE-FTS

ACE-FTS (Atmospheric Chemistry Experiment Fourier
Transform Spectrometer) was launched in August 2003 on
board the Canadian ACE satellite (also known as SCISAT-
1), and measures the infrared (IR) radiation in solar occul-
tation mode (Bernath et al., 2005). Up to thirty occultation
sequences are recorded daily, during fifteen sunrises and fif-
teen sunsets. The solar occultation technique allows the re-
trieval of a wide range of trace species due to the high signal
to noise ratio of the measurements, and the retrieval of ver-
tical profiles with a good vertical resolution from the mid-
troposphere to the thermosphere (Coheur et al., 2007). A
global fit approach is used, described in Boone et al. (2005),
in which all parameters are retrieved simultaneously using
a general non-linear least-squares method. The early ACE-
FTS CO retrievals are described and characterized in Cler-
baux et al. (2005). In this analysis, we use the data from
the version 2.2 of the retrieval algorithm. A full validation
of the CO retrievals is provided in Clerbaux et al. (2008a).
The ACE-FTS vertical sampling is∼2 km in the mid and
upper troposphere, and the accuracy of the CO mixing ratios
was assessed to range between 2% (retrieval error) and 15%
(discrepancy with other observations).

The measurements of CO collected during the spring of
2005 over Asia and the Pacific Ocean correspond to two main
observation time periods: 20 March to 10 April and 20 April
to 25 May. The ACE CO observed in the upper troposphere
above Asia and the Pacific Ocean, averaged over the model
3.75◦×2.5◦ grid, is shown in Fig. 3. Enhanced CO values are
measured above central and eastern Asia, and extend over the
Pacific Ocean to the Western United States, at latitudes rang-
ing from 15◦ N to 60◦ N at 400 hPa, and at slightly lower
latitudes at 300 hPa (with lower CO enhancements). These
signatures, attributed to pollution outflow from Asia, are fur-
ther analyzed in Sect. 5.

Additional measurement of HCN, also routinely provided
by the ACE-FTS standard retrieval algorithm, and of C2H2
and C2H6 from the research version of the retrieval algorithm
(Park et al., 2007), are also used to investigate the origin of
the air masses by the ACE-FTS.

3.2 Nadir observations from MOPITT/Terra

MOPITT (Measurement Of Pollution In The Troposphere)
was launched in December 1999 on board the polar orbit-
ing Terra satellite. At nadir, the ground pixel size of the
MOPITT measurement is 22 km×22 km, and the scan an-
gle of 26.1◦ across the satellite flight track allows a global
coverage in∼3 days. It measures the infrared radiation in
a nadir viewing geometry using gas correlation radiometry.
Here, we use the CO data from the Phase II version 3 of the
retrieval algorithm, described in Deeter et al. (2003). The
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Fig. 2. Comparison between the averaged MOZAIC CO aircraft measurements during March-April-May 2005 (in black) and the corre-
sponding LMDz-INCA simulation (in red) above 4 cities in Asia and 2 in western America. The regional contributions to the model CO are
also plotted (contribution from Asia corresponds to the sum of all regions in Fig. 1), as well as the standard deviation of the measured and
modeled mixing ratios during the time period.

profiles are retrieved on 7 vertical levels, from the surface to
150 hPa using a nonlinear optimal estimation method. How-
ever, the vertical resolution achieved is limited by the obser-
vation technique. Although studies have shown that the MO-
PITT profiles contain information on the CO vertical struc-
ture (Kar et al., 2004), this information is highly correlated.
The number of independent pieces of information character-
izing the profiles (commonly referred to as degrees of free-
dom for signal, DOFS) varies from∼2 in the tropics to less
than 1 at high latitudes, weighted towards the middle tropo-
sphere (Heald et al., 2003; Deeter et al., 2004). The vertical

resolution is estimated to be∼6 km. Retrievals have been
validated against aircraft measurements and shown to be bi-
ased high by∼6% for the Phase II retrievals used here (Em-
mons et al., 2007). As the nighttime measurements have not
been validated and appear to be biased relative to the day-
time measurements (Heald et al., 2004), only daytime data
are considered here.

The total column of CO observed during the spring of
2005, averaged over the model 3.75◦

×2.5◦ grid is mapped
in Fig. 4, together with the associated retrieval error. Here
again, strong CO enhancements are observed above eastern
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Fig. 3. CO retrieved from ACE-FTS measurements at two up-
per tropospheric pressure levels (300 and 400 hPa), averaged
over a 3.75◦×2.5◦ grid (LMDz-INCA model grid used in this
study) for two observation time periods during the spring of 2005
with measurements above the Northern Hemisphere mid-latitudes:
20 March–10 April and 20 April–25 May.

and south-eastern Asia and above the Pacific Ocean. The out-
flow from Asia is clearly identified above the Pacific Ocean,
with a maximum between∼20◦ N to 60◦ N. Note that look-
ing at the individual retrieval vertical levels from MOPITT
does not change the pattern of the export due to the lack of
vertical resolution. The retrieval error is mostly driven by
the vertical sensitivity of MOPITT: DOFS strongly depends
on surface temperature, with larger DOFS (and hence better
vertical resolution) at higher surface temperatures (Deeter et
al., 2004), so that the error rapidly increases towards high
latitudes (lower signal measured, so larger contribution from
the a priori information used during the retrieval).

3.3 Nadir observations from SCIAMACHY/Envisat

SCIAMACHY (SCanning Imaging Absorption spectroMe-
ter for Atmospheric CHartographY) was launched in March
2002 on board the ENVISAT satellite, and allows the obser-
vation of a number of trace gases with a horizontal resolution
of 30 km×60–120 km.

We use the CO total columns retrieved with the Iterative
Maximum Likelihood Method (IMLM) using measurement
in the near infrared between 2324.5–2337.9 nm (Gloude-
mans et al., 2005). This spectral region allows detection
down to the Earth’s surface, with equal sensitivity to all ver-
tical layers, unlike the thermal infrared region which has a
lower sensitivity in the boundary layer. In this paper ver-
sion 7.4 of the IMLM algorithm is used in which the instru-
ment noise is estimated per individual detector pixel using
the dark signal measurements instead of assuming an aver-
age value over the whole spectral range as is done in IMLM
v6.3 used in de Laat et al. (2006, 2007) and Gloudemans

Fig. 4. Total column of CO observed by MOPITT and SCIA-
MACHY, and corresponding LMDz-INCA model simulations, av-
eraged for March, April and May 2005 over the model grid. For
comparison, the INCA profiles collocated with the corresponding
data are averaged, after being smoothed using the MOPITT aver-
aging kernels and a priori for comparison with MOPITT data. The
MOPITT and SCIAMACHY relative retrieval errors are shown in
the bottom panels. White areas correspond to missing or discarded
data.

et al. (2006). In addition, this version includes some mi-
nor improvements on the calculation of the cross sections.
The CO total columns retrieved with IMLM v7.4 are simi-
lar to those of v6.3 presented in de Laat et al. (2007), but
with a smaller spread in the single measurements. The re-
trieval error due to random instrument noise can be large,
typically 10–100% depending on the variations in surface
albedo and solar zenith angle. Especially over sea the
instrument-noise retrieval errors are large, due to the low
sea surface reflectance in the near infrared. Therefore mea-
surements over sea and measurements with instrument-noise
errors>1.5 1018 molec/cm2 are excluded from the analy-
sis. The data are filtered using the same selection crite-
ria as in Gloudemans et al. (2006) and are averaged over
the whole season on the model 3.75◦

×2.5◦ grid as recom-
mended in de Laat et al. (2006), using a weighted average
based on the instrument-noise retrieval error. Whereas de
Laat et al. (2006, 2007) only include data with cloud cover

Atmos. Chem. Phys., 8, 5187–5204, 2008 www.atmos-chem-phys.net/8/5187/2008/
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(a) (b)

(d)(c)

Fig. 5. Examples of ACE-FTS and MOPITT CO profile comparisons for collocated measurements (same day,±2.5◦) above Asia and the
Pacific Ocean in April 2005. For each comparison, the left panel shows the retrieved profiles (MOPITT retrieval in blue, MOPITT a priori
in cyan, ACE-FTS retrieval in green, ACE-FTS retrieval smoothed by MOPITT characteristics in red) and the right one shows the MOPITT
averaging kernels.

<20%, the Gloudemans et al. (2006) selection criteria are
used here, including also data over low clouds. Although
over low clouds the lowest part of the CO total column is
missing, the resulting low bias remains lower than the instru-
mental signal to noise error, and, in practice, no significant
bias is found when comparing the averaged CO total columns
to those based on the de Laat et al. (2006) selection criteria.
This suggests that the observations in March–May 2005 con-
tain mostly clouds well below 1.5 km.

The distribution obtained for March-April-May 2005 is
shown in Fig. 4. Large enhancements are observed above
eastern Asia, reflecting the main source regions. Large val-
ues are also observed at high latitudes, probably associated
with CO from the northern mid-latitudes accumulating dur-
ing the winter. The retrieval error is larger above Indonesia,
and generally along the Coast, as well as at latitudes above
60◦ N.

3.4 Intercomparison of CO satellite observations

In order to compare vertical profiles retrieved from differ-
ent instruments, the specific characteristics of each observ-
ing system needs to be accounted for. The methodology
introduced by Rodgers and Connor (2003) as been used in
order to smooth profiles with the higher vertical resolution
using the characteristics of lower resolution profiles. These

characteristics are represented by the averaging kernel matrix
A=∂x̂/∂x, corresponding to the sensitivity of the retrievalx̂

at each vertical level to the true profilex. A is a critical
quantity; its rows define the vertical resolution of the retrieval
(full width at half maximum), and the trace (sum of diagonal
elements) of the matrix defines the number of independent
elements that can be retrieved, or the number of degrees of
freedom for the signal (DOFS). A smoothed profile is then
obtained as follows:

xsmoothed= xa,low + A low
(
xhigh − xa,low

)
(1)

wherexhigh is the high resolution profile,xa,low is the a priori
profile used for the retrieval of the low resolution profile, and
A low is the averaging kernel matrix characterizing the low
resolution profiles.

The vertical resolution of the solar occultation measure-
ments from ACE is much larger than that of the nadir mea-
surements from MOPITT. We use Eq. 1 for the intercom-
parisons, applying the MOPITT retrieval characteristics to
the higher resolution ACE-FTS profiles. ACE-FTS only
provides retrievals in the middle and upper troposphere, so
that only these levels, and corresponding MOPITT averag-
ing kernels, are used in the comparison. Figure 5 shows
several examples of comparisons, before and after applying
the smoothing (Eq. 1) using the MOPITT averaging kernels
(also plotted in Fig. 5) to the ACE-FTS profiles. Table 1
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Table 1. Comparison (mean relative difference1̄ and absolute difference
∣∣1̄∣∣, standard deviationσ and correlationR2) between MOPITT

and ACE (smoothed with the MOPITT characteristics) at collocated retrieval levels for the period March-April-May 2005.

MOPITT level (hPa) n 1̄∗ (%)
∣∣1̄∣∣ ∗ (%) σ (%) R2

150 591 +18 20 17 0.3
250 433 +18 20 18 0.5
350 255 +18 20 17 0.5
500 41 +16 18 14 0.7
700 1 +48 48 – –

∗ The relative difference is calculated as follows:1=(x̂MOPITT − x̂ACE,smoothed)/x̂ACE,smoothed

summarizes the comparisons at the different levels with col-
located data for March-April-May 2005.

First of all, the comparison between the ACE-FTS re-
trieval and the ACE-FTS smoothed profiles highlights the
advantage of such high resolution measurements which can
capture the vertical structure of pollution plumes in the up-
per troposphere. ACE-FTS smoothed and MOPITT are glob-
ally in very good agreement considering their respective un-
certainty. The relative difference between the two measure-
ments is∼18% for all levels, with MOPITT giving higher
CO values than ACE-FTS. The best agreement is achieved
for MOPITT DOFS≥2 (i.e., more than 2 independent ele-
ments of information contained in the retrieved profile), in
the tropical regions (see Fig. 5.d) because the information in
the upper troposphere is less correlated to CO in the lower
and middle troposphere. On the contrary, when the DOFS
decreases, the MOPITT retrieval levels are all highly corre-
lated, with a maximum sensitivity in the middle troposphere.
CO in the lower/middle troposphere then contributes signifi-
cantly to the upper troposphere MOPITT retrievals. For these
cases, the method used for the comparison becomes ques-
tionable. Since the ACE-FTS data do not cover the lower tro-
posphere, this contribution is not included, and this results in
an artificially low smoothed ACE-FTS profile, explaining the
observed bias. This artifact can be corrected using CO pro-
files in the lower troposphere to complete the ACE-FTS pro-
files at lower altitudes. We verified this using the MOZAIC
in situ measurements. However, coincident measurements
proved difficult to find and a statistical comparison could not
be undertaken.

Since the instrument noise error of single SCIAMACHY
CO total column measurements is typically 10–100%, a spe-
cific comparison of single CO observations could not be un-
dertaken. The distributions averaged over the whole period
without taking into account the exact spatial and temporal
collocations of the SCIAMACHY and MOPITT observations
are shown in Fig. 4. They show good general agreement
in the observed patterns, with CO enhancements over east-
ern Asia and Indonesia associated with anthropogenic and
biomass burning emissions. Over high altitude regions such
as the Himalayas and the Rocky Mountains, MOPITT and

SCIAMACHY agree well. SCIAMACHY observes larger
CO over large source regions (southern and eastern Asia in
particular). This is largely explained by the ability of SCIA-
MACHY to sound the full vertical column, whereas MO-
PITT is mostly sensitive to the free troposphere. SCIA-
MACHY is also larger at high latitudes, which could be
explained by surface emissions from biomass burning in
Siberia and Canada that are not captured by MOPITT (too
low sensitivity), or by transport from Europe at low altitudes
over this region. However, this may not be significant since
both MOPITT and SCIAMACHY show larger retrieval er-
ror at high latitudes. On the contrary, MOPITT CO total
columns are larger than those of SCIAMACHY over western
Siberia and India. This suggests a bias between the datasets.

4 Analysis of the Asian outflow

Pollution is lofted from the Asian boundary layer by three
main processes: rapid transport by convection or slower
transport by frontal lifting ahead of cold fronts and oro-
graphic forcing (Bey et al., 2001; Liang et al., 2004). It
is then rapidly advected in the free troposphere by westerly
winds. We analyzed the ECMWF horizontal wind fields used
to nudge the model simulation as well as the general meteo-
rological conditions. The circulation over the region is driven
by the Siberian high leading to a strong north-westerly flow
over Northern China, Korea and Japan, with associated cold
fronts lifting pollution to the free troposphere. Pollution is
also expected to be transported at lower levels behind cold
fronts. A high pressure area centered over Eastern Asia in-
duces a south-westerly transport of pollution from this re-
gion. It can then be exported to the free troposphere by
strong convection over Southern China, allowing rapid trans-
port, or orographic forcing over the Tibetan plateau. Once in
the free troposphere, pollution is rapidly transported across
the Pacific by westerly winds. The outflow is then driven by
the Pacific high around 30◦ N, and the low pressure area in
the Northern Pacific, centered over western Alaska in March,
and moving south-west towards the Aleutian Islands in May.
During the time period from 20 March to 10 April, air masses
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are transported to the north-east Pacific, while during the
time period from 20 April to 25 May, the transport is con-
fined to lower latitudes,∼30–40◦ N. This is consistent with
the CO observed from MOPITT and ACE during these time
periods (Figs. 3 and 4).

In this section, we first use the CO data from MOPITT and
SCIAMACHY for a general evaluation of the model over
Asia and the Pacific. Comparison between these data and
the model CO are then used to evaluate the Asian emissions.
CO observations from MOPITT and ACE-FTS are then com-
pared to the modeled CO to further analyze the export from
Asia, and its transport across the Pacific. We then study the
origin of the pollution plumes observed by using ACE-FTS
measurements of other tropospheric species (C2H2, C2H6,
HCN).

4.1 Complementary view from MOPITT and SCIA-
MACHY

In order to get a better insight into the complementary in-
formation from the two nadir instruments, we use the model
as an intermediate. The averaged comparison over March-
April-May 2005 is shown in Fig. 4. For comparisons with
MOPITT, the model profiles are smoothed according to
Eq. 1 in order to get comparable distributions. Since SCIA-
MACHY is sensitive to the full vertical column, the spa-
tially and temporally collocated modeled and measured total
columns are compared directly.

Compared to MOPITT, the modeled CO total column is
lower by 8% on average over Asia and the Pacific (∼1%
at latitudes lower than 20◦ N, ∼12% at mid-latitudes and
up to∼16% over Western Siberia). This underestimate ex-
tends to the whole Northern Hemisphere. Although part of
this discrepancy could be due to overestimated MOPITT CO
(since comparisons with aircraft measurements show a bias
of ∼6%; Emmons et al., 2007), comparisons of the model
results to the MOZAIC aircraft data also showed an underes-
timate of CO in the free troposphere of∼10–20%. Such an
underestimate is a common problem in many global models,
as revealed in the intercomparison undertaken by Shindell et
al. (2006), who attribute this to a year-round underestimate
of emissions from Asia.

On the contrary, the model total CO tends to be system-
atically higher than SCIAMACHY (by 24% on average), es-
pecially above eastern India and western Siberia. MOPITT
is also higher than SCIAMACHY over these regions. The
underestimate of the model CO compared to MOPITT and
overestimate compared to SCIAMACHY is partly explained
by inconsistencies between MOPITT and SCIAMACHY
(SCIAMACHY apparently low compared to MOPITT), as
discussed in Sect. 3.4. It could also indicate too large CO at
low altitudes in the model since MOPITT lacks sensitivity in
the boundary layer, and could highlight an underestimate of
pollution lofting. The model CO remains lower than SCIA-
MACHY over the largest emission regions (eastern China or

the Gange Valley in particular), which could be another indi-
cation of too low emissions over Asia. Further evaluation of
the Asian emissions and transport with the satellite observa-
tions is presented in the following sections.

4.2 Evaluation of Asian emissions

As already mentioned, SCIAMACHY and MOPITT CO
retrievals are characterized by different vertical sensitivi-
ties, inherent to the different spectral regions used: SCIA-
MACHY is sensitive to the full column, while MOPITT in
mainly sensitive to the free troposphere, with low sensitiv-
ity in the boundary layer. Clerbaux et al. (2008b) show
that enhancements associated with urban pollution can be
detected by MOPITT under specific conditions. However,
this sensitivity, and hence the contribution from the bound-
ary layer to the MOPITT column, remains low compared to
SCIAMACHY. The difference between SCIAMACHY and
MOPITT total columns therefore provides information about
boundary layer CO, closer to emission sources. Buchwitz et
al. (2007) showed that this difference allows a clear iden-
tification of pollution enhancements associated with urban
areas.

We use these complementary views of the vertical column
to qualitatively evaluate the surface emissions over Asia in
the model. Therefore, we define a boundary layer residual
equal to:

BLR = CTSCIAMACHY − (CTMOPITT − CTa) (2)

where CTSCIAMACHY is the total column retrieval from
SCIAMACHY, CTMOPITT is the total column retrieved from
MOPITT, andCTa is the contribution from the a priori to the
MOPITT total column retrieval. The MOPITT and SCIA-
MACHY data measured during the same day and collocated
within the model horizontal resolution are used. This resid-
ual is also calculated using the model results, with and with-
out applying the MOPITT averaging kernel to the model pro-
files. The contribution from the a priori information on the
CO profilexa,MOPITT in the MOPITT total column retrieval,
CTa = T

(
(I − AMOPITT) xa,MOPITT

)
with T the column

operator, is removed in order to only keep the part of the col-
umn actually observed by MOPITT in the free troposphere.
For fully self consistent observations, the residual then cor-
responds to the additional information on the true statex pro-
vided by SCIAMACHY with respect to MOPITT:

BLR = TASCIAMACHYx − TAMOPITTx

≈ T ((I − AMOPITT) x) (3)

This is true for the model BLR but, since both instruments
rely on different observation techniques and retrieval pro-
cedures, some inconsistency may result in a bias in the ob-
served BLR. Indeed over remote regions the observed BLR
shows a tendency to be lower than the model BLR. We have
attempted to remove this bias by assuming that the observed
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Fig. 6. (SCIAMACHY-MOPITT) boundary layer residual (BLR),
observed by the instruments (left), and simulated by the model
(right) for March-April-May 2005. Only values for the BLR ex-
ceeding the SCIAMACHY and MOPITT errors and at latitudes
below 60◦ N are shown (see text for detail). The model val-
ues have been constructed in the same way as in Fig. 4 using
collocated SCIAMACHY and MOPITT measurements within a
3.75◦×2.5◦ grid box only.

BLR over low CO regions far from the sources (chosen to be
above west-central Asia,∼40◦ N, 85◦ E, a region close to our
region of interest but with no emissions in the model) is equal
to the model BLR. The observed BLR is then corrected by
addition of a constant amount1=6.4×1017 molecules/cm2.
Note that this assumes that the model is correct above west-
central Asia.

The measured and simulated BLR are shown in Fig. 6
for values exceeding the SCIAMACHY and MOPITT er-
rors. Values above 60◦ N are also removed since both in-
struments show larger uncertainty at high latitudes (Fig. 4).
The main pollution source regions are clearly identified in
both the measured and the modeled residual. The observed
BLR allows a better resolved distribution of the emissions,
with large BLR enhancements above the largest cities (par-
ticularly clear over China). The model BLR is lower by
∼0.33 molecules/cm2 over Eastern Asia, which corresponds
to ∼37% on average over this region (see Fig. 1 for region
limits). Considering the strong uncertainty of this approach,
only a qualitative analysis can be undertaken at this point,
but this comparison suggests that emissions are underesti-
mated over this region, particularly over large urban areas.
The model BLR is also too low above Indonesia, Siberia and
south-western Canada, probably due to an underestimate in
biomass burning emissions. On the contrary, the model BLR
is too large over western Siberia. This could be due to too
much transport from Europe at low altitude, as discussed in
Sect. 4.3.

Our model simulation is based on the EDGAR inven-
tory, adjusted for CO using inversion results from Pétron et
al. (2004) based on 2001 MOPITT observations. Recent re-
vision of the Asian emission inventories (Streets et al., 2006;
Ohara et al., 2007) and inverse modeling work (Kopacz et al.,
2008) (allowing higher spatial resolution than previous inver-
sions, including Ṕetron et al.) also recommend an increase of

emissions in Eastern Asia, in eastern and central China in
particular. Further work is required in order to allow a quan-
titative re-evaluation of the emissions: a better understanding
of the apparent bias between SCIAMACHY and MOPITT,
as well as an inverse analysis accounting for the instrument-
noise error of each measurement would be required, which is
beyond the scope of this study.

4.3 Trans-Pacific transport of CO

The good spatial and temporal resolutions of the MOPITT
data are particularly interesting for the analysis of the spa-
tial patterns and temporal variability of the transport. MO-
PITT clearly highlights the importance of trans-Pacific trans-
port of pollution in the free troposphere between∼20◦ N
and∼60◦ N (Fig. 4). As discussed in Sect. 4.1, the differ-
ence between INCA and MOPITT is partially explained by
an overestimate in the MOPITT observations, and by an un-
derestimate in the model. This could reveal an underestimate
of the long range transport of CO in the free troposphere,
which could be explained by too low surface emissions, as
discussed in Sect. 4.2, but also by too low lofting into the
free troposphere or too low lifetime.

The ability of the model to simulate the transport events
was examined by looking at variations in the total averaged
CO columns during the spring over five boxes, plotted in
Fig. 7. The agreement over Eastern Asia is very good, but the
model underestimates CO over the Pacific Ocean and this un-
derestimate tends to increase as the season progresses. This
suggests an underestimate, not only of the export from Asia,
but maybe also of the net chemical production of CO, which
could be due to too large photochemical destruction or too
low NMHC concentrations in the model. The good correla-
tion between the model and observations show that the main
transport events are captured. Regional tracers show that
Asian sources control the temporal variations of CO over the
entire region. The main exporting regions for March–April
2005 are eastern Asia between∼30◦ N and 60◦ N (dominated
by fossil fuel combustion), and India and Indonesia at lower
latitudes (Fig. 8). The large CO enhancement over the North-
Western part of the region (western Siberia) in the MOPITT
data is attributed to transport from Europe. In this region, the
model CO is larger than the SCIAMACHY total CO. This
could reflect a transport at too low altitude of European pol-
lution.

Comparisons between the model and the ACE-FTS CO
allow the analysis of the vertical structure of the transport in
the middle and upper troposphere. As already highlighted
by the comparisons to MOZAIC, the model CO is too high
in the upper troposphere and lower stratosphere (UTLS) re-
sulting in large discrepancies compared to ACE-FTS mea-
surements at 400 hPa and 300 hPa at high latitudes (Fig. 9).
ACE-FTS shows enhanced CO mixing ratios at mid latitudes
corresponding to the location of the Asian outflow.
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Fig. 7. Variation of the average total CO column observed by the
MOPITT instrument (in black) over 5 boxes over Asia and the Pa-
cific Ocean, and corresponding average CO simulated by LMDz-
INCA (in blue). The modeled contribution from Asian regional
emission tracers (sum of all regions in Fig. 1) is plotted in grey
(dashed line). The MOPITT characteristics have been applied to the
model simulations. White spaces correspond to data gaps (e.g. be-
tween 25 April and 5 May 2005).

The vertical distribution of CO is shown on cross sec-
tions for latitudinal bands over Asia and the Pacific Ocean
(Figs. 10 and 11) and illustrates the vertical structure of trans-
port. This representation clearly highlights the lofting of
pollution into the free troposphere over eastern and south-
ern Asia and its transport eastward in the free troposphere,
as well as the underestimate of the model CO in the mid-
troposphere and the overestimate in the UTLS. The main
CO enhancements observed by ACE-FTS are captured by the
model. Note that the individual ACE-FTS profiles were com-
pared to latitudinal averages in order to get a broader picture
of the long range transport, and also to allow for transport er-
rors in the model (plume may not be located in the right grid
box). For the first period (20 March–10 April), large CO
enhancements are observed above the Pacific Ocean at lati-
tudes 30–60◦ N, with CO typically up to∼200 ppbv around
400 hPa and at slightly higher altitude (∼300 hPa) moving
eastward. In the region 15–30◦ N, ACE-FTS enhancements
are found at lower altitude (∼500 hPa), consistent with the
model showing subsidence over the Ocean. Later in April
and May (Fig. 11), large CO values are observed in the 15–
30◦ N latitude band, with two enhancements: one over east-
ern Asia, associated with rapid vertical transport to the upper
troposphere and one further east over the Ocean. The two
export branches are clearly seen in the model in this latitude
band, and also around 30–45◦ N.

Fig. 8. Averaged relative contributions to the total column CO sim-
ulated by INCA, and smoothed using the MOPITT characteristics,
from the main Asian source regions (see Fig. 1) as well as from
Europe and North America for March-April-May 2005.

Fig. 9. CO distributions simulated by LMDz-INCA, and ACE-FTS
measurements (coloured dots) at the corresponding level for the
two ACE measurement periods during the spring of 2005. Note
that only days with ACE measurements are included in the LMDz-
INCA average.
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Fig. 10. Left panels: cross section of the model CO averaged over
three latitude bands: 15◦ N–30◦ N (bottom), 30◦ N–45◦ N (middle)
and 45◦ N–60◦ N (top) for the time period between 20 March and
20 April 2005 (only days with ACE-FTS measurements are used in
the average). The ACE-FTS CO measurements, indicated by the
white dashed bars, are plotted on top of the total CO latitudinal av-
erage with the same colour code. Right panels: Asian contribution
simulated by the model averaged over each latitude band (note the
different colour scale). The black dashed line shows the altitude of
the tropopause computed with LMDz.

4.4 Indications for plume origins in the ACE-FTS data

In addition to a good vertical resolution, ACE provides in-
formation on a series of trace gases. Among the other
species routinely retrieved from the ACE-FTS measurements
are acetylene (C2H2), ethane (C2H6) and hydrogen cyanide
(HCN). Examples of averaged profiles measured above the
Asian outflow are shown in Fig. 12, together with the main
contributions per regions to the total modeled CO.

C2H2, C2H6 and CO have common sources from com-
bustion and are removed by reaction with OH. However, the
mean lifetime of C2H2(∼2 weeks) is much shorter than that
of CO and C2H6 (∼2 months). The relationship between
C2H2 and CO can be used to study the chemical ageing of
air masses (e.g., Smyth et al., 1996; Xiao et al., 2007; Park
et al., 2007). Air masses with C2H2/CO ratio greater than
3 ppt/ppb are considered to correspond to young pollution
plumes, containing recent emissions, while ratios lower than
1 ppt/ppb suggest aged (older than one week) and well mixed
plumes (Russo et al., 1999). CO, C2H2and C2H6 mixing ra-
tios from ACE-FTS, and the corresponding model profiles,
are shown in Fig. 12 for four regions over Asia and the
Pacific. Note that NMHC emissions were not increased in
the simulation presented here, although several studies have
pointed to the need to more than double the emissions of
NMHC from the EDGAR inventory in extratropical regions

Fig. 11. Same as Fig. 10 but for the time period 20 April–
25 May 2005

(Streets et al., 2003; Xiao et al., 2007).
The C2H2, C2H6 and CO profile shapes are well correlated

in the observations and in the model, reflecting their com-
mon sources. Large C2H2/CO ratios are observed within the
CO plumes, typically around 2 ppt/ppb above the ocean, but
reaching more than 3 ppt/ppb for observations above the east-
ern Pacific in the mid-troposphere around 30◦ N. This high-
lights the rapid export and transport across the Pacific Ocean.
The regional tracers of CO indicate that anthropogenic emis-
sions from eastern Asia constitute the main contribution.
Transport from Indonesia also has significant contribution in
the upper troposphere at low latitudes, while transport from
Europe and North America contribute significantly at higher
latitudes in the low and middle troposphere. Transport from
India is located in the middle troposphere and has a strong
impact on the model CO above Asia, especially at the end of
the season, but also above the Pacific.

For C2H6 and CO, the model is of the correct order
of magnitude but underestimates enhancements associated
with transport events and overestimates mixing ratios above
∼300 hPa. The background C2H2 is correct in the model,
but greatly underestimated in the transported plumes, result-
ing in C2H2/CO ratios too low by a factor of 2 compared
to ACE-FTS. This clearly suggests too large diffusion in the
model, as discussed for CO in the previous section. This
could also be partly due to underestimated NMHC emissions
in the model, which would result in an underestimate of the
chemical production of CO.
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(a) (b)

(c) (d)

Fig. 12.Averaged volume mixing ratio profiles measured by ACE-FTS above the North Pacific in the Asian outflow for CO (in black), HCN
(in cyan), C2H6 (in magenta) and C2H2 (in green), and corresponding LMDz-INCA simulation for CO, C2H6 and C2H2(dotted lines). The
observed and modeled C2H2/CO profiles are also plotted (blue solid and dotted lines respectively). The main regional contributions to this
modeled CO are shown on the right panels for each location.

The ACE-FTS HCN can be used as a tracer for the identifi-
cation of biomass burning signatures (Li et al., 2003). Large
HCN mixing ratios were observed between 15◦ N and 30◦ N
in the upper troposphere. Enhanced HCN extends to the
north-eastern Pacific at lower altitudes in March–April 2005
(400 hPa) but with a small magnitude compared to the large
CO enhancements in this region. The level of the HCN max-
ima does not always coincide with the CO enhancements
(Fig. 11); it is generally observed at higher altitudes (which
is consistent with in situ observations; de Gouw et al., 2004).
This indicates that biomass burning is not the most important
contribution, especially at high latitudes. However, the corre-
lation increases at lower latitudes, where the biomass burn-
ing outflow from southern Asia and Indonesia is expected.
Larger HCN mixing ratios are observed during the second
time period, extending across the Pacific. The vertical dis-
tributions are consistent with the simulated biomass burning
signatures of CO (Fig. 12). However, the lower HCN mix-
ing ratios in March–April than in April–May suggest an in-
creased influence of the fire activity during the season that
is not well represented in the model (no such increase in the
biomass burning CO mixing ratios). Figure 12d shows pro-
files measured at mid-latitudes above the eastern Pacific at
the end of April 2005, where CO was clearly underestimated
in the model (Fig. 9). Large HCN values highlight a strong

influence from a biomass burning plume that is not captured
in the model, with no clear enhancement of the measured
C2H2/CO ratios indicating relatively aged air. This could re-
flect a strongly underestimated source, but also too large dif-
fusion of a biomass burning plume or underestimated lofting
of the biomass burning emissions in Southern Asia.

5 Summary

In this study, the export of CO from Asia was analyzed
with the global chemistry and transport model LMDz-INCA
based on the complementary pictures provided by the satel-
lite measurements from MOPITT, SCIAMACHY and ACE-
FTS. In addition to the full NMHC-CH4-O3 chemistry, CO
regional tracers were included in LMDz-INCA in order to
track the signature from the main source regions. The surface
emissions from the EDGAR 3.2 inventory have been updated
for Asia by scaling emissions above this region to the inverse
modeling results by Ṕetron et al. (2004) (which are based
on MOPITT CO for 2001). Evaluation of the model CO
simulation against MOZAIC aircraft observations showed an
underestimate of CO by∼10–20% through the troposphere,
especially below∼500 hPa and above∼300 hPa. Further
analysis of the Asian outflow was undertaken based on the
satellite observations.

www.atmos-chem-phys.net/8/5187/2008/ Atmos. Chem. Phys., 8, 5187–5204, 2008



5200 S. Turquety et al.: Analysis of CO outflow from Asia using satellite data

Fig. 13. Model biomass burning CO cross sections averaged over
three latitude bands: 15◦ N–30◦ N (bottom), 30◦ N–45◦ N (middle)
and 45◦ N–60◦ N (top) for the time periods 20 March–10 April (left
panels) and 20 April–25 May 2005 (right panels). The ACE-FTS
HCN measurements are plotted on top of the cross sections and
indicated by the white dashed bars. The black dashed line shows
the altitude of the tropopause.

MOPITT and SCIAMACHY both use the nadir viewing
geometry and provide global CO distributions with good spa-
tial coverage (typically global every 3 days for MOPITT
and 6 days for SCIAMACHY). However, the nadir geometry
implies vertically integrated information. Between 1 and 2
pieces of independent information are available in the MO-
PITT retrievals, with maximum sensitivity in the free tro-
posphere. SCIAMACHY only allows the retrieval of total
CO columns, averaged temporally and/or spatially in order
to decrease the random instrument-noise error, but equally
sensitive throughout the troposphere. The ACE-FTS solar
occultation observations offer valuable information on the
vertical structure of the transport in the middle and upper
troposphere, in spite of the limited horizontal coverage. An
intercomparison of the CO measurements provided by the
three instruments over Asia and the Pacific Ocean highlights
their complementary nature and shows the good consistency
between the datasets, with an agreement better than 20% be-
tween MOPITT and ACE-FTS in the upper troposphere. Al-
though SCIAMACHY observes larger CO above the largest
source regions, consistent with its better sensitivity to the
lower altitudes, it tends to be systematically lower than MO-
PITT above remote regions, except over very high altitude
regions, such as the Himalayas and the Rocky Mountains,
where the agreement is good. This reveals a bias between
the two datasets, which needs further investigation.

Accounting for this bias, the different sensitivities of MO-
PITT and SCIAMACHY allow the analysis of CO at low al-
titudes. Boundary layer residuals (BLR) were obtained by

subtracting MOPITT columns (with the contribution from
the a priori removed) from the SCIAMACHY total CO. This
BLR provides information on the CO source regions, with,
in particular, large enhancements above the main urban ar-
eas. The comparison with the corresponding model BLR
highlights an underestimate in Asian emissions in the model,
in particular above eastern and central China, even after ad-
justment of the emissions. Recent inventories (Streets et al.,
2006) and inverse modeling work (Kopacz et al., 2008) also
show that these source regions are underestimated in current
inventories, and highlight the rapidly increasing fuel con-
sumption in China (Ohara et al., 2007). Uno et al. (2007)
show that model using updated Asian emissions still underes-
timate sources with respect to the GOME NO2 observations,
particularly over China. A more thorough analysis of the
possible trends in the CO observations would be required to
better understand the recent evolution of the emissions. Our
analysis also suggests an underestimate in emissions over
south-east Asia, as well as Siberia and Canada during 2005,
probably associated with too low biomass burning emissions.
Although the BLR would be an ideal tool for the analysis of
surface emissions, a better understanding of the bias between
the retrievals from measurements in the two spectral regions
(thermal and near IR) is necessary for a quantitative analysis.

The transport of pollution from Asia above the Pacific
is clearly observed by MOPITT, with strong CO enhance-
ments extending from∼20◦ N to ∼60◦ N. This is consistent
with the ACE-FTS observations, with values typically reach-
ing 200 ppb around 400–300 hPa. Although the model un-
derestimates the total CO by∼8% compared to MOPITT,
the transport patterns and temporal variations are reasonably
well captured. The vertical structures simulated by LMDz-
INCA are consistent with the ACE-FTS observations, and the
main pollution features are largely attributed to Asian contri-
butions. However, the model fails to capture the magnitude
of these enhancements probably due to underestimated ex-
port from CO source regions, combined with a lack of verti-
cal and horizontal resolution, leading to too large diffusion.
LMDz-INCA also predicts too large CO in the UTLS.

In addition to a good vertical resolution, the solar occulta-
tion observation mode of the ACE-FTS allows for the detec-
tion of a wide variety of chemical species thanks to a high
signal to noise ratio. Measurements of acetylene (C2H2),
ethane (C2H6) and hydrogen cyanide (HCN) were used in
order to further examine the origin of the observed plumes.
C2H2 and C2H6 are well correlated with the CO profiles,
highlighting common sources and rapid trans-Pacific trans-
port in the upper troposphere. The comparisons between the
modeled and observed C2H6 show the same characteristics as
CO (too high in the UTLS, too low in the transport plumes),
but C2H2 is too low throughout the troposphere, consistent
with too low export and too large diffusion in the model.

HCN is commonly used as a biomass burning tracer.
Comparisons between the HCN observations and the model
biomass burning signature show good agreement in the

Atmos. Chem. Phys., 8, 5187–5204, 2008 www.atmos-chem-phys.net/8/5187/2008/



S. Turquety et al.: Analysis of CO outflow from Asia using satellite data 5201

transport patterns, with strong enhancements in the 15◦ N–
30◦ N latitude band, where the model regional CO tracers
show a large signature from southern Asia and Indonesia, but
reveals a possible underestimate in fire activity at the end of
the season, and/or too large diffusion of the fire plume in the
model. Observed HCN and CO profiles are not well cor-
related for measurements at higher latitudes, indicating that
biomass burning is not the dominant source. This is in agree-
ment with the predominance of the eastern Asian contribu-
tion to the CO over this region in the model, revealed by the
regional CO tracers.

We have shown that combining information from MO-
PITT, SCIAMACHY and ACE-FTS provides a complete
view of the Asian outflow, from surface emissions to trans-
port in the middle and upper troposphere over the Pacific.
Further analysis of the chemical detail provided by the ACE-
FTS measurements would allow a complete study of the
chemical composition of the air masses during export in the
UTLS as well as their impact ozone production over the Pa-
cific and further downwind. Assimilation of the observations
in the model would be needed to allow quantitative analyses
accounting for the specific properties of each dataset, includ-
ing, in particular, their uncertainties, vertical resolution, and
possible biases.
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Ho, S.-P., Yudin, V., Attíe, J.-L., Packman, D., Chen, J., Mao, D.,
and Drummond, J. R.: Operational carbon monoxide retrieval al-
gorithm and selected results for the MOPITT instrument, J. Geo-
phys. Res., 108(D14), 4399, doi:10.1029/2002JD003186, 2003.

Deeter, M. N., Emmons, L. K., Edwards, D. P., Gille, J. C., and
Drummond, J. R.: Vertical resolution and information content
of CO profiles retrieved by MOPITT, Geophys. Res. Lett., 31,
L15112, doi:10.1029/2004GL020235, 2004.

de Gouw, J. A., Cooper, O. R., Warneke, C., et al.: Chemi-
cal composition of air masses transported from Asia to the US
West Coast during ITCT 2K2: Fossil fuel combustion versus
biomass-burning signatures, J. Geophys. Res., 109, D23S20,
doi:10.1029/2003JD004202, 2004.

de Laat, A. T. J., Gloudemans, A. M. S., Schrijver, H., van
den Broek, M. M. P., Meirink, J. F., Aben, I., and Krol, M.:
Quantitative analysis of SCIAMACHY carbon monoxide to-
tal column measurements, Geophys. Res. Lett., 33, L07807,
doi:10.1029/2005GL025530, 2006.

de Laat, A. T. J., Gloudemans, A. M. S., Aben, I., Krol, M., Meirink,
J. F., van der Werf, G. R., and Schrijver, H.: Scanning Imaging
Absorption Spectrometer for Atmospheric Chartography carbon
monoxide total columns: Statistical evaluation and comparison
with chemistry transport model results, J. Geophys. Res., 112,
D12310, doi:10.1029/2006JD008256, 2007.

Dufour, G., Szopa, S., Hauglustaine, D.A., Boone, C. D., Rinsland,
C. P., and Bernath, P. F.: The influence of biogenic emissions
on upper-tropospheric methanol as revealed from space, Atmos.
Chem. Phys., 7, 6119–6129, 2007,
http://www.atmos-chem-phys.net/7/6119/2007/.

Edwards, D. P., Emmons, L. K., Hauglustaine, D. A., et al.: Obser-
vations of carbon monoxide and aerosols from the Terra satellite:
Northern Hemisphere variability, J. Geophys. Res., 109, D24202,
doi:10.1029/2004JD004727, 2004.

Emanuel, K. A. and Zivkovic-Rothman, M.: Development and eval-
uation of a convection scheme for use in climate models. J. At-
mos. Sci., 56, 1766–1782, 1999.

Emmons, L. K., Pfister, G. G., Edwards, D. P., Gille, J. C.,
Sachse, G., Blake, D., Wofsy, S., Gerbig, C., Matross, D.,
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