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[1] Using both thermal infrared (TIR) and near infrared (NIR) channels of MOPITT
(Measurements of Pollution in the Troposphere) on EOS‐Terra, we demonstrate the first
coincident multispectral retrievals of carbon monoxide (CO) from space. Exploiting both
TIR and NIR channels has been possible due to recent progress in characterizing NIR
channel radiance errors. This has allowed us to trade off sensitivity to near surface CO for
larger random errors in the combined retrieval. By examining retrieval diagnostics such
as DFS (degrees of freedom for signal) and averaging kernels for the multispectral retrieval
(TIR + NIR) as compared to the TIR‐only retrieval, we find that adding the NIR channel to
the retrieval significantly increases sensitivity to CO, especially near the surface, but with
high spatial variability due to surface albedo variations. The cases with the largest
increases in DFS are over regions with low thermal contrast between the surface and lower
atmosphere. In the tropics (23.4°S–23.4°N), the fraction of daytime land cases with at
least 0.4 DFS in the surface layer (surface to 800 hPa) is 20% for TIR‐only retrievals
compared to 59% for multispectral retrievals. Vertical resolution for the surface layer is
also improved, in some cases from around 6 km for TIR‐only to roughly 1 km for
TIR + NIR. Since we apply a single a priori CO profile (unlike MOPITT V4) and
error covariance in all the retrievals reported here, these increases are due solely to the
addition of the NIR channel. Enhanced sensitivity to near surface CO is especially evident
in a case study for central/east Asia where source regions for urban areas with high
population density are clearly identifiable. Although these retrievals are still a research
product and require further validation and scientific evaluation, they demonstrate the
increased sensitivity to CO in the lowermost troposphere that can be obtained from
multispectral MOPITT data.
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1. Introduction

[2] Observations of tropospheric carbon monoxide (CO)
from space over the last decade have greatly advanced the
understanding of atmospheric composition and dynamics and
the capability to model processes from global pollution
transport [e.g., Turquety et al., 2008; Edwards et al., 2006] to
continental scale source emissions [e.g., Arellano et al., 2004;
Pfister et al., 2005a; Jones et al., 2009; Kopacz et al., 2010].
Several satellite sensors now measure CO in the troposphere.

MOPITT (Measurement of Pollution in the Troposphere) on
EOS‐Terra, launched December 1999 [e.g., Drummond,
1992; Deeter et al., 2003], AIRS (Atmospheric Infrared
Sounder), on EOS‐Aqua, launched May 2002 [Warner et al.,
2007], TES (Tropospheric Emission Spectrometer), on
EOS‐Aura, launched July 2004 [Luo et al., 2007], and
IASI (Infrared Atmospheric Sounding Interferometer) on
METOP‐A, launched October 2006 [George et al., 2009],
all use thermal infrared (TIR) absorption around 4.7 mm to
retrieve vertical profiles of CO abundance. MOPITT and
SCIAMACHY (Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography, on Envisat), launched March
2002 [Buchwitz et al., 2004], both use solar reflection in the
near‐infrared (NIR) with CO absorption around 2.3 mm to
retrieve a CO column abundance.
[3] Current operational remote sensing measurements

of CO are typically most sensitive to the middle troposphere
for TIR measurements [Deeter et al., 2004; Warner et al.,
2007; Luo et al., 2007; George et al., 2009] and to a total

1Atmospheric Chemistry Division, National Center for Atmospheric
Research, Boulder, Colorado, USA.

2Department of Physics and Atmospheric Science, Dalhousie
University, Halifax, Nova Scotia, Canada.

3Laboratoire d’Aérologie, University P. Sabatier, Centre National de la
Recherche Scientifique, Observatoire Midi‐Pyrénées, Toulouse, France.

Copyright 2010 by the American Geophysical Union.
0148‐0227/10/2010JD014242

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 115, D18314, doi:10.1029/2010JD014242, 2010

D18314 1 of 12

http://dx.doi.org/10.1029/2010JD014242


column for NIR measurements [Deeter et al., 2009; Buchwitz
et al., 2004, 2007]. Under conditions with good thermal
contrast (usually found in arid regions), sensitivity close to
the surface is obtainable with TIR measurements [Deeter
et al., 2007a; Clerbaux et al., 2008]. Turquety et al. [2008]
combined postretrieval MOPITT CO profiles and SCIA-
MACHY column CO to infer boundary layer residual CO but
showed that measurement errors and instrument incon-
sistencies precluded a quantitative result. As we will dem-
onstrate, combining the TIR and NIR measurements in a
common retrieval allows a significant increase in sensitivity
to CO in the lowermost troposphere.
[4] Retrieval sensitivity to the lowermost troposphere is

critical for the operational use of satellite data in air
quality and climate applications and has motivated pre-
vious investigations on the use of multispectral data for
measuring CO and other species. Increased sensitivity to
near surface CO from the TIR + NIR retrieval was predicted
using MOPITT preflight simulations [Pan et al., 1995] and
also shown by recent satellite Observation System Simulation
Experiment (OSSE) analyses [Edwards et al., 2009]. Using
both thermal and near‐infrared frequencies should provide
sensitivity to near surface CO2 [Christi and Stephens, 2004]
and preliminary results from IASI [Razavi et al., 2009] for
multispectral retrievals of methane using bands at 7.7 and
3.7 mm have suggested enhanced sensitivity to near surface
concentrations. Similar behavior has also been predicted for
multispectral retrievals of ozone profiles from simulated
TIR and ultraviolet (UV) radiances [Worden et al., 2007;
Landgraf and Hasekamp, 2007]. Both of these studies
found increased sensitivity in the averaging kernel (AK)
near the surface when combining radiances that provide
column information (UV measurements for the case of
ozone) with TIR radiances that provide profile information,
especially in cases with small thermal contrast, as we show
here for CO.
[5] Because of its relatively long chemical lifetime (∼2

months), CO is a very useful tracer for pollution transport, but
using presently available satellite CO measurements for
inverse modeling or assimilation, transport from the bound-
ary layer to the free troposphere must be inferred from other
information such as meteorological data or model fields.With
their added information in the lowermost troposphere, these
multispectral retrievals have important implications for
understanding surface emissions and their subsequent trans-
port to the free troposphere.
[6] This paper is organized as follows. Section 2 describes

the MOPITT TIR and NIR measurements and retrieval
methodology using the existing MOPITT algorithms for
optimal estimation. Section 2 also discusses the character-
ization of NIR geophysical noise and shows examples of
the resulting vertical sensitivity (averaging kernel) for a
multispectral retrieval. Section 3 presents global maps
of seasonal averages from the combined TIR and NIR
retrievals (TIR + NIR) as compared to retrievals from TIR
channels only (TIR only). Section 4 gives a case study over
China as an example of the increase in information for
surface CO from the TIR + NIR retrievals, and section 5
gives conclusions and our plans for future work and new

MOPITT data products. A list of acronyms is provided after
section 5.

2. MOPITT Measurements and CO Retrievals

2.1. Measurements

[7] MOPITT is a multichannel instrument that uses corre-
lation radiometry [Drummond, 1992; Tolton and Drummond,
1997; Edwards et al., 1999; Drummond et al., 2009] to
detect atmospheric CO absorption at 4.7 mm (TIR channels)
and 2.3 mm (NIR channels). The transmission through gas
cells containing CO is modulated by varying gas cell
pressure or path length, with gas cells designated as PMC
(pressure modulated cell) or LMC (length modulated cell).
Modulations in the gas cell change the observed radiance
only near the spectral positions of CO lines. Since the
widths of absorption lines vary with cell length or pressure,
TOA (top of atmosphere) radiances measured by different
cells have sensitivity to the pressure broadened absorption
of CO at different altitudes in the atmosphere. TIR channels
1 and 5 incorporate LMCs; TIR channels 3 and 7 incor-
porate PMCs and NIR channels 2 and 6 both incorporate
LMCs. (Methane channels 4 and 8 are not discussed here
[see Pfister et al., 2005b]). In this paper, we are considering
data from 2004 to 2008, which were taken after the loss of
MOPITT channels 1–4 in May 2001 [Deeter et al., 2004],
i.e., only channels 5, 6, and 7 are utilized here.
[8] Using the radiances transmitted through the cells for

low and high absorption, we compute average (A) signals
for the mean radiance and difference (D) signals for low‐
high cell absorption radiances. For TIR signals, the A signals
provide more information about surface temperature and
emissivity, while D signals respond more to differences in
the atmospheric profile of CO [Edwards et al., 1999]. For
NIR measurements, we use the radiance ratio R = D/A to
estimate CO column abundance [Deeter et al., 2009]. To
first‐order approximation, this allows the cancellation of
surface reflectance in the NIR retrieval, since CO absorption
lines have a nearly uniform spectral distribution and the
spectral dependence of reflectivity across the relatively
narrow filter band pass (∼2.32–2.35 mm) is spectrally flat in
most cases [Pfister et al., 2005b]. For the combined TIR and
NIR retrievals, we use radiances 5A, 5D, and 7D for TIR
and radiance ratios 6R = 6D/6A for NIR. Corresponding
instrument noise estimates are computed from calibration
measurements for the cold‐space view.
[9] Since the NIR signals depend on reflected solar radi-

ance from the surface [Deeter et al., 2009], we can only use
daytime land observations, taken around 10:30 am local
time, for these combined retrievals. (Although some ocean
solar reflection occurs under “Sun‐glint” conditions, polar-
ization effects would have to be characterized for this to be a
reliable source of NIR signal for MOPITT, as discussed by
Pfister et al. [2005b]). We also use only cloud‐free scenes,
applying the same cloud screening approach used for stan-
dard MOPITT data processing, which combines the MODIS
(Moderate‐Resolution Imaging Spectroradiometer) cloud
mask [Ackerman et al., 1998] with MOPITT cloud detection
[Warner et al., 2001].
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2.2. Optimal Estimation Retrievals

[10] The combined TIR and NIR retrievals use the exist-
ing MOPITT forward model [Edwards et al., 1999] and
retrieval [Pan et al., 1998; Deeter et al., 2003, 2009, 2010]
algorithms, with the same assumptions for parameters such as
atmospheric temperature and water vapor and their related
errors. The forward model produces synthetic A, D, and R
signals for a given atmospheric state, along with weighting
functions K, which are then inverted in a maximum a pos-
teriori (MAP) solution, following Rodgers [2000], to update
the estimated state vector,

x̂ ¼ xa þ SaK
T KSaK

T þ Se
� ��1

y�Kxað Þ; ð1Þ
where xa is the a priori state vector, Sa is the a priori error
covariance, Se is the measurement error covariance, and y is
the measurement vector. Here we use the same retrieval state
vector developed for MOPITT V4 processing with CO
parameters specified in log VMR (volume mixing ratio)
[Deeter et al., 2010].
[11] We can characterize the ability of the retrieval to

measure the true state vector x, by writing the estimate in
terms of a gain matrix G and averaging kernel matrix A,

x̂ ¼ xa þ A x� xað Þ þGe; ð2Þ

where e is the measurement error vector, G = (KT Se
−1 K +

Sa
−1)−1 KT Se

−1 and A = GK. The averaging kernel (AK)
matrix A represents the sensitivity of the retrieved para-
meters to the true state, giving a quantitative measure of the
vertical sensitivity and resolution for each retrieval. As
evident in equation (2), our estimate at a given pressure level
will be close to the true state, within measurement error,
when the corresponding row of A is close to unity for the
diagonal. Likewise, the estimate will be dominated by the a
priori profile if the averaging kernel row at that pressure
becomes negligible. In this study, we use DFS, computed as
the trace of A, as well as the surface layer DFS (trace of A
for the lowest levels), to compare relative measurement
sensitivity to CO at different geographic locations.
2.2.1. Characterizing MOPITT NIR Errors
[12] In the MOPITT optimal estimation‐based retrieval

algorithm, expected radiance error statistics are represented
by the radiance error covariance matrix Se. This matrix is
formed by summing the forward model error covariance
matrix Sf and the instrument noise covariance matrix Sy.
Methods for determining Sf and Sy are described in the work
of Deeter et al. [2003]. For the work reported here, the
geophysical noise term for channel 6 (NIR) is incorporated
into the instrument noise covariance matrix Sy.
[13] As shown in Deeter et al. [2009], the instrumental

measurement uncertainty for NIR ratio 6D/6A, sR, can be
approximated by,

�2
R � �D

A

� �2
; ð3Þ

where sD is the uncertainty in D measured during calibra-
tion. In addition to the instrumental uncertainty, there is an
important radiance error contribution due to the changing
field of view (FOV) caused by satellite motion during the
time taken to make a single measurement. For the MOPITT
NIR channel, this “geophysical noise” is generally larger

than the estimated noise from calibration. In the work of
Deeter et al. [2009], the NIR calibration noise was scaled by
a factor of 5 to account for geophysical noise; however, for
the multispectral retrievals, this approach allowed only
minimal information from the NIR channel to contribute in
the combined retrievals (e.g., DFS increases < 0.05). For
this study, we assume that the geophysical noise for 6R,
sgeo, is added in quadrature to the instrument noise, i.e.,

�2
R � �D

A

� �2
þ�2

geo: ð4Þ

In order to maximize the impact of the NIR observations in
the combined retrieval, we select a value for sgeo in equation
(4), which is close to the minimum value required to regu-
larize the retrievals and limit the number of nonconvergent
cases. The value added for sgeo for the NIR is nearly
equivalent to the NIR calibration noise, thereby increasing
this noise by a factor ∼

ffiffiffi
2

p
. This is less than the factor

assumed in the work of Deeter et al. [2009], but it allows
the information from the NIR observations to propagate
into the combined retrievals, as measured by retrieval DFS,
at the expense of increased random errors that will be un-
derestimated in the retrieval error covariance. The effects of
these random errors can be seen in Figure 1 where we
compare single MOPITT TIR + NIR observations of sur-
face CO taken over a week with 1° × 1° binned averages,
with a mean of N = 10.7 observations per bin. Figure 1 also
shows that the average estimated surface CO error from the
retrieval is often much smaller than the standard deviation
for the same latitude/longitude bin, due to underestimated
retrieval errors along with actual CO variability. In order to
mitigate the effects of random error for this study, we use
both spatial and temporal averages to show the persistent
features that are observable with multispectral MOPITT
retrievals.
[14] Although the added noise term for geophysical error

described above is sufficient for multispectral retrievals that
demonstrate boundary layer sensitivity, the retrievals would
not provide an accurate estimate of the a posteriori error
covariance and they do not account for spectral variability
of the surface reflectance or aerosol interference. Work to
improve the characterization of NIR radiance errors is in
progress. For SCIAMACHY column CO measurements
(2.3 mm), Gloudemans et al. [2008], find errors due to
aerosols that depend mainly on AOD (aerosol optical depth),
aerosol type, and surface albedo. They found that for most
albedo types (albedo < 0.2), aerosol scattering reduces the
effective optical path and results in a smaller retrieved col-
umn, with errors around ∼2% for industrial aerosols and up to
9% for biomass burning and mineral dust aerosols. Over
bright surfaces (high albedo), aerosols can enhance the
apparent column, with errors up to 10% for mineral dust
aerosols over deserts. Previous studies by the MOPITT team
on the effects of fine mode AOD on MOPITT NIR signals
found that the gas correlation technique along with the use of
a radiance ratio significantly reduces errors due to aerosols
with a relatively flat spectral dependence, but this needs
further analysis for other aerosol types including dust.
2.2.2. A priori
[15] All of the MOPITT retrieval types discussed in this

paper use the same global, static a priori vector xa as dis-
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tinguished from the spatially and temporally variable a priori
based on a CO climatology from the MOZART model used
in MOPITT V4 retrievals [Deeter et al., 2010]. The purpose
of using a common a priori profile in this new multispectral
retrieval is to demonstrate differences from the TIR‐only
case due to the NIR measurements alone, without having to
account for spatial/temporal differences in the a priori as
well. The a priori profile assumed for these retrievals is
shown in Figures 2d–2f and is the result of applying a
lognormal average to the same global distribution of CO
profiles used for the MOPITT V3 a priori [Deeter et al.,
2007b]. The a priori error covariance Sa used to con-
strain the retrievals has the same specification as used for
MOPITT V4 data with 30% variance in VMR and a ver-
tical correlation distance specified in pressure coordinates
of 100 hPa. Since the reported values of DFS depend on
both measurement signal‐to‐noise and retrieval specifica-

tions, our choice of a priori covariance affects the values of
DFS, making absolute values somewhat difficult to com-
pare with retrievals for other instruments. However, for
this study, the relative increase in DFS from TIR‐only to
TIR‐NIR retrievals is significant since the same a priori
covariance is applied in both.

2.3. Vertical Sensitivity

[16] Figures 2a–2c show the averaging kernel (AK) rows
for the same average of profiles observed over Delhi, India
on 4 September 2004 for the TIR‐only, NIR‐only, and TIR +
NIR retrievals. The average DFS for each retrieval type is
also given. This case clearly demonstrates the advantage of a
multispectral retrieval with increased sensitivity to CO near
the surface as well as in the upper troposphere. Although
the increase in total DFS from 1.5 to 2.0 may seem modest,
by examining the TIR + NIR AK we can see significant

Figure 1. Example of MOPITT TIR + NIR Asian observations for 1 week: 9–15 September 2005.
(a) Individual retrievals of surface CO. (b) The same retrievals binned by 1° × 1°. (c) The average surface
CO retrieval error. (d) The standard deviation of surface CO in each bin. (e) The number of observations
per bin. All panels indicate longitude and latitude in degrees.
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improvements in the measurement ability to resolve CO in
the lowermost troposphere. In particular, the AK row for
the surface CO parameter is now peaked at the surface
and the vertical resolution at this level improves from around
6 km for TIR‐only to around 1 km for TIR +NIR. In the upper
troposphere (200 hPa), the vertical resolution also improves
from around 7 to 6 km. To compute the vertical resolution, we
interpolate each AK row to a fine scale altitude grid (in km)
and find the full‐width at half maximum (FWHM). Note that
this calculation is limited by the vertical spacing of the
retrieval grid (100 hPa), which only allows a rough estimate.
[17] For these same retrievals we compared to an in situ

profile from MOZAIC (Measurements of Ozone and Water
Vapor by Airbus In‐Service Aircraft) [Nedelec et al., 2003].
Allowing for 100 km, 24 h coincidence, there were 17 profiles
that converged for all three retrieval types. Similar to previous
MOPITT validation studies [e.g., Emmons et al., 2007], we
follow the convention of Rodgers and Conners [2003] for
applying the averaging kernel and a priori to the in situ profile
in order to derive the profile that would be estimated by the
MOPITT measurement and retrieval process,

x̂MOZAIC ¼ xa þ A xMOZAIC � xa½ �; ð5Þ

where xMOZAIC is the in situ profile from MOZAIC interpo-
lated to the MOPITT pressure grid. In order to apply the full
MOPITT AK, we augment the profile above the available
MOZAIC data (∼250 hPa) using a profile from MOZART
climatology scaled to the last in situ value. Figures 2d–2f
show the resulting comparisons for the retrieval types from
Figures 2a–2c. The MOPITT estimate of the in situ profile,
along with the average of retrieved profiles, showmuch better
agreement with the MOZAIC profile in the TIR + NIR case.
The increased standard deviations in the TIR + NIR case are
due to larger random errors along with real variability in the
CO profiles.

3. Seasonal Averages

[18] For this analysis, we have processed 5 years of
MOPITT data, January 2004 to December 2008 with both
TIR only and TIR + NIR retrievals, using the single a priori
described above. In addition to examining total DFS and
retrieved surface CO, we define the surface layer DFS as a
figure of merit for evaluating lowermost troposphere sen-
sitivity for the two retrieval types. To compute the surface
layer DFS, we sum the AK diagonal elements from the

Figure 2. (top) Averaging kernel (AK) rows for MOPITT retrieval types (a) TIR only, (b) NIR only, and
(c) multispectral TIR + NIR. (bottom) Corresponding retrieval averages (standard deviations shown as
error bars) with comparisons to a MOZAIC in situ profile (augmented above ∼250 hPa using MOZART
climatology) and the MOPITT estimate of the in situ profile from applying the MOPITT AK for each
retrieval type and the common a priori (also shown). The same 17 profile locations are averaged in each
case and were observed on 3 September 2004 within 100 km of the MOZAIC profile sampled over New
Delhi, India.
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surface to 800 hPa. This calculation does not apply to high
altitudes with surface pressure < 800 hPa, and these areas
are shown in grey for Figure 3. Some of the variations seen
in surface layer DFS are due to changes in the pressure
depth of the lowest atmospheric layer; however, this is only
significant where the topography has large variations in
elevation. Values of surface layer DFS vary significantly
with geography with global/annual averages of 0.25 for
TIR‐only cases and 0.40 for TIR + NIR cases.

3.1. Maps of Retrieval Sensitivity

[19] Figure 3 shows the comparison of surface layer DFS
values for TIR only and TIR + NIR retrievals for the
September/October/November (SON) seasonal average.
Other seasons have somewhat different locations for
maxima, but the SON average is representative of the com-
mon overall pattern and values. Deeter et al. [2007a] showed
that the sensitivity to CO near the surface is highly variable in
the TIR only case. The largest sensitivities in these retrievals
occur in day‐time land scenes with high thermal contrast
between skin and air temperatures resulting from absorbed
solar radiation at the surface. Scenes with moist vegetation or
soil do not provide high thermal contrast due to more thermal
inertia, with evapotranspiration or evaporation processes
which tend to equilibrate surface and air temperatures. For
NIR retrievals, sensitivity to CO is more a function of sur-
face albedo, which can also vary significantly over different
land types. As described in section 2.1, exact knowledge of
the surface albedo is not necessary for the retrieval since the
albedo term will cancel to first order in the radiance ratio of
difference to average. However, the signal‐to‐noise value
of 6R depends on albedo since the 6A term in equation
(1) increases with increasing albedo. In particular, values
of reflectivity for moist vegetation are ∼8%–13% in the
2.3 mm range (from the ASTER database for surface
reflectivity at http://speclib.jpl.nasa.gov), which can provide
substantial NIR signals.
[20] For Figure 3, we make the general observation that

areas with significant sensitivity to surface CO in the TIR‐
only case do not show much improvement in the combined
retrieval, e.g., much of the Sahara Desert and Australia. It

appears that areas of low thermal contrast demonstrate the
most significant improvements, for example, areas associ-
ated with rainforests and other vegetation, as well as some
populated regions such as China. This behavior is expected
after considering the separate TIR‐only weighting functions
and AKs [Deeter et al., 2007a] and the NIR‐only AKs
[Deeter et al., 2009]. For the TIR‐only cases with high
thermal contrast, there is already near‐surface measurement
sensitivity available and adding the total column informa-
tion from the NIR will tend to be redundant at low altitudes
but complementary in the upper troposphere. For moist
vegetation cases with small thermal contrast, AK values for
the TIR‐only retrievals are close to zero at the surface. In
these cases, the added information from the NIR is signifi-
cant and since it is not redundant, the surface AK values in
the combined TIR + NIR retrieval can be enhanced.
[21] Although the surface sensitivity for the combined

retrieval is highly variable, as seen in Figure 3, we note
that it is always the same or higher than the sensitivity for
TIR‐only retrievals. This is also true of total retrieval DFS
values, shown in Figure 4, indicating that the NIR channel
always adds some information in the combined TIR + NIR
retrievals. The global/annual average increase in DFS is
32% for TIR‐only to TIR + NIR retrievals. Statistics for each
seasonal 2004–2008 average (land only, binned 1° × 1°) are
given in Table 1 for the increase in DFS and surface DFS, as
well as the increase in percentage of cases with surface layer
DFS > 0.4.

3.2. Maps of Estimated Surface CO

[22] Maps of the seasonal averages for MOPITT observa-
tions of surface CO are shown in Figure 5, where we have
selected only those data with surface layer DFS > 0.4, which
is an arbitrary threshold. The TIR‐only retrievals on the left
show results only over areas with high thermal contrast, as
expected, while the TIR + NIR retrievals on the right have
much higher coverage. The TIR + NIR maps show persistent
high concentrations of CO for known source regions such as
areas of biomass burning in South America, Africa, and
Southeast Asia, and areas with high CO emissions from fossil
fuel combustion as seen in China and the Indo‐Gangetic

Figure 3. September/October/November (SON) average for 2004–2008 in 1° × 1° bins for the surface
layer degrees of freedom for signal (DFS), defined as the trace of the averaging kernel (AK) from 800 hPa
to the surface. Gray areas indicate surfaces with pressure < 800 hPa. (left) TIR‐only retrieval results and
(right) multispectral TIR + NIR retrieval results.

WORDEN ET AL.: MOPITT MULTISPECTRAL CO D18314D18314

6 of 12



plane [Edwards et al., 2006; Clerbaux et al., 2008]. Seasonal
variations in CO distributions depend on local CO sources
and on solar radiation since this is a primary factor control-
ling hydroxyl (OH) concentrations, the main chemical sink
for CO [Holloway et al., 2000]. In Figure 5, we see expected
seasonal CO variations with high latitude late winter/early
spring maxima due to less chemical destruction by OH and
tropical distributions corresponding to known biomass
burning patterns [Giglio et al., 2006].

4. Improved Sensitivity to Surface CO in China

[23] With a rapidly expanding economy and several high‐
density population centers, China now leads the world in
emissions from fossil fuel burning, primarily from an
increase in coal use [Boden et al., 2009; Gregg et al., 2008;
Tie et al., 2006], but also from a growing number of vehicles
[Cai and Xie, 2007]. Clerbaux et al. [2008] show how CO
emission inventories and a long‐term (7.5 year) average of
CO mixing ratio observations from MOPITT correspond to
areas of high population density in China. This study and
others, such as Buchwitz et al. [2007] using SCIAMACHY
CO column data, NO2 observations from Richter et al.
[2005], and multisatellite observations of improved air
quality during the 2008 Olympics in Beijing [Witte et al.,
2009] have demonstrated the ability to observe regional
pollution distributions over China from space.

[24] In Figure 6, we show significant improvements in
MOPITT sensitivity to surface CO in China. This shows the
comparison of TIR‐only versus TIR + NIR retrievals of
surface CO for the September‐October‐November (SON)
seasonal average over 75°E–135°E, 10°N–40°N. Compared
to TIR‐only, the TIR + NIR retrievals show clear patterns of
surface CO corresponding to high density population areas
in Central/East Asia. For this plot, we did not filter with a
surface layer DFS threshold. For the TIR‐only case, the
surface DFS values vary from 0 to 0.4 so that most areas
have surface CO near the a priori values, (e.g., 100 ppbv at
1000 hPa). In the TIR + NIR case, most of this region had
high sensitivity, e.g., surface layer DFS > 0.5 (except the
Tibetan plateau). Although the TIR + NIR surface CO
VMRs are high near the urban areas, the retrieved values are
affected by both vertical smoothing and the a priori and will
still tend to be lower than in situ surface measurements. For
example, from the MOZAIC data used in the comparisons
for this paper, the Shanghai area has surface CO values up to
650 ppbv. Although using a common, static a priori clearly
demonstrates the differences due only to adding the NIR
channels, with a realistic a priori, we could obtain more
accurate surface CO values. Multispectral retrievals with a
variable climatological a priori would better compare with
surface in situ measurements since sensitivity to the surface
is enhanced, but still not perfect. TIR + NIR retrievals with
the MOPITT V4 variable a priori will be tested in future
work, however, since the a priori and AK are provided with

Table 1. Seasonal Average Statistics for Differences Between TIR + NIR and TIR‐Only Retrievals for DFS and Surface Layer DFS
Valuesa

Season
Average
DDFS

Std. Dev.
DDFS

Max.
DDFS

Average
DDFS_srf

Std. Dev.
DDFS_srf

%TIR‐only
srfDFS>0.4

%TIR + NIR
srfDFS>0.4

DJF 0.41 0.20 1.18 0.19 0.13 9.0 37.1
MAM 0.35 0.18 0.92 0.13 0.10 15.0 35.3
JJA 0.25 0.09 1.10 0.11 0.09 16.8 52.8
SON 0.35 0.17 0.95 0.15 0.11 12.8 36.7
Annual average (all latitudes) 13.2 39.8
Annual average (tropics: 23.4°S–23.4°N) 19.7 59.0

aDDFS = DFS_TIR + NIR − DFS_TIR_only and DDFS_srf = srfDFS_TIR + NIR − srfDFS_TIR_only. Also given are the percentage of retrievals with surface
layer DFS values at least 0.4.

Figure 4. September/October/November (SON) averages for 2004–2008 in 1° × 1° bins for the degrees
of freedom for signal (DFS). (left) TIR‐only retrieval results and (right) multispectral TIR + NIR
retrieval results.
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Figure 6. Surface CO seasonal averages for 2004–2008, September/October/November (SON) in
Central/East Asia. (left) TIR‐only retrieval results and (right) multispectral TIR + NIR retrieval results.

Figure 5. Surface CO mixing ratios for seasonal averages, 2004–2008, where we have selected only
those data with surface layer DFS > 0.4. (left) TIR‐only retrieval results and (right) multispectral
TIR + NIR retrieval results. Gray areas indicate surface layer DFS below the threshold (which includes
surfaces with pressure < 800 hPa).
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each retrieval, a static, global a priori can be substituted, if
needed, to make the comparisons as shown here.
[25] We note that the previous study by Clerbaux et al.

[2008] analyzed MOPITT V3 (TIR‐only) data, which used
an a priori covariance error with a larger effective correla-
tion distance than used for MOPITT V4 data [Deeter et al.,
2010], or for this study. Because of the larger correlation
distance, the CO values at the surface in the V3 retrievals
were strongly influenced by free tropospheric retrieval levels
where MOPITT sensitivity is much higher in the TIR‐only
case. The smaller correlation distance used in the retrievals
for this study explains why the TIR‐only result for surface
CO shown here, which displays only weak enhancements
over China, is different from the Clerbaux et al. [2008]
MOPITT V3 result.
[26] To provide an initial evaluation of these retrievals,

we use MOZAIC profiles from Beijing and Shanghai
shown in Figures 7 and 8, respectively. These figures
show averaged profiles for 4 h, 100 km coincidence with

MOZAIC data, where both TIR‐only and TIR + NIR
MOPITT estimates were available. For these averages, we
selected observations where adding the NIR channel pro-
vided an increase in DFS. In the cases where the NIR
channel does not increase sensitivity, the retrievals are
identical to the TIR‐only retrievals. As in Figure 2, the
MOPITT estimates of the in situ profiles, along with the
averages of retrieved profiles, are in much better agree-
ment with the MOZAIC data in the TIR + NIR cases
compared to the TIR‐only cases, for both the values near
the surface and the overall profile shape. However, in both
cities, we fall short of estimating the CO VMR values at
the surface measured by MOZAIC. Some of the difference
is to be expected given the a priori and AK values; how-
ever, there is always a potential difference caused by the
spatial representativeness of the MOPITT footprint (22 km)
compared to the in situ profile, even with close coincidence
criteria for the comparison. As suggested above, with a
more realistic a priori, MOPITT multispectral retrievals

Figure 7. MOZAIC data and comparisons with MOPITT retrievals for Beijing, summer 2005. (a) The
individual MOZAIC profiles (augmented above ∼250 hPa using MOZART climatology) in different
colors and the average MOZAIC profile in black. (b) TIR‐only and (c) TIR + NIR show retrieval
averages (standard deviations shown as error bars) with comparisons to the average MOZAIC in situ
profile and the MOPITT estimate of the in situ profile from applying the MOPITT AK for each
retrieval type and the common a priori (also shown). (d) TIR‐only and (e) TIR + NIR show the
corresponding AK row averages. Profiles and AKs are averages of 41 MOPITT observations with 4 h,
100 km coincidence of three MOZAIC profiles sampled over Beijing. Comparison dates are 15 June
2005 and 2 August 2005 (two MOZAIC profiles).
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with surface layer sensitivity should be closer to the in situ
measurements, but more precise comparisons would still be
limited by MOPITT horizontal resolution and improve-
ments to this will have to await new satellite instruments.

5. Conclusions

[27] By analyzing the retrieval degrees of freedom for
signal (DFS) for the surface to 800 hPa, we have demon-
strated the increased sensitivity of MOPITT multispectral
retrievals to CO in the lowest part of the atmosphere. Sea-
sonal averages on global and continental scales illustrate the
improvements in surface CO estimates. Since we have used
a single a priori in all the retrievals, we show that the relative
increase in estimated surface CO is due only to applying
a multispectral (TIR + NIR) retrieval as compared to a
TIR‐only retrieval.
[28] Future MOPITT data products will include TIR +

NIR retrievals while retaining the TIR‐only capability for
night and ocean coverage. Work to better characterize the
geophysical variability in the NIR measurements is ongoing
and should result in a scene‐dependent noise value for
future retrievals. This would be more accurate than the
single value for geophysical noise assumed for this study
and would allow better filtering based on individual scene

quality. Results presented in this paper achieve increased
sensitivity to CO by effectively underestimating the radiance
error covariance matrix. This is equivalent to the suboptimal
estimation method described by equation (4.52) of Rodgers
[2000], which will be applied to derive a more realistic a
posteriori covariance matrix in future studies. Analysis to
quantify errors due to aerosol contamination will also be
performed. The improved representation of errors along
with more extensive validation with surface and aircraft CO
measurements and scientific evaluation using models will be
topics of future publications.
[29] Currently available TIR‐only and NIR‐only data

provide very limited information about near‐surface CO.
Although the MOPITT multispectral retrievals do not have
sensitivity to the lowermost troposphere everywhere, they
represent a significant increase in measurement capability.
When properly exploited with the AK to account for
information from the measurement versus the a priori,
these multispectral CO data should provide a direct con-
straint for the transport of CO from source regions into the
troposphere. This will add significant information about the
lowest layer of the atmosphere in data assimilation and
should allow improved emissions estimates. Since MOPITT
data spans over 10 years, the multispectral retrievals will
provide a new perspective on the evolution of CO sources

Figure 8. Same as Figure 7 but for Shanghai, spring 2005. Profiles and AKs are averages of 75 MOPITT
observations with 4 h, 100 km coincidence of 8 MOZAIC profiles sampled over Shanghai. Comparison
dates are 15, 17, 24, and 31 March 2005 and 2, 7 (two MOZAIC profiles), and 16 April 2005.
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over the past decade. This demonstration of the MOPITT
multispectral capability is also very relevant to future
satellite missions, especially for carbon‐cycle and air quality
applications.

Acronyms

AIRS Atmospheric Infrared Sounder
AK Averaging Kernel

AOD aerosol optical depth
DFS Degrees of Freedom for Signal
DJF December/January/February
EOS Earth Observing System
hPa hecto‐Pascal
IASI Infrared Atmospheric Sounding

Interferometer
JJA June/July/August

LMC length modulated cell
MAM March/April/May

MODIS Moderate‐Resolution Imaging
Spectroradiometer

MOPITT Measurement of Pollution in the
Troposphere

MOZAIC Measurements of Ozone and Water Vapor
by Airbus In‐Service Aircraft

NIR near infrared
OSSE Observation System Simulation Experiment
PMC pressure modulated cell
ppp parts per billion

SCIAMACHY Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography

SON September/October/November
TES tropospheric emission spectrometer
TIR thermal infrared
TOA top of atmosphere
UV ultraviolet

VMR volume mixing ratio
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