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Abstract

We present results from the first assimilation of carbon monoxide (CO) observations
from the Tropospheric Emission Spectrometer (TES) into a global three-dimensional
(3-D) chemistry and transport model (CTM). A sequential sub-optimal Kalman filter
assimilation scheme (Khattatov et al., 2000) was applied to assimilate TES CO pro-5

files during November 2004 into the GEOS-Chem global 3-D CTM. The assimilation
results were compared with MOPITT and MOZAIC observations. The assimilation sig-
nificantly improves model simulation of CO in the middle to upper troposphere, where
the MOPITT versus model bias was reduced by up to two-thirds. Assimilation results
show higher levels of CO in the southern tropics, consistent with MOPITT observa-10

tions. We find good agreement between the TES assimilated model estimates of CO
and in situ measurements from the MOZAIC program, which shows a negative bias of
up to 10 ppbv in middle and upper tropospheric TES CO. The results demonstrate how
assimilation can be used for non-coincident validation of TES CO profile retrievals.

1 Introduction15

Carbon monoxide (CO) is an excellent tracer for pollution transport (Liu et al., 2003).
Global coverage provided by space-based remote sensing of CO, such as from the
Measurements Of Pollution In The Troposphere (MOPITT) (Drummond et al., 1992)
and Atmospheric Infrared Sounder (AIRS) (McMillan et al., 2005) satellite instruments,
has been used to track inter-continental transport of pollution (e.g., Heald et al., 2003).20

Launched in July 2004, the Tropospheric Emission Spectrometer (TES) onboard the
Aura satellite provides global 3-D mapping of both CO and ozone among other trace
gases (Beer et al., 2001). Validation of the TES CO product is critical to understand-
ing its value for further scientific analyses. We demonstrate here a useful method
for conducting validation analyses using non-coincident measurements. We present25

initial intercomparisons of the retrieved TES CO columns with MOPITT observations
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and mixing ratio profiles with MOZAIC observations (Marenco et al., 1998; Nédélec et
al., 2003, 2005). MOPITT CO retrievals of mixing ratios and column amounts have
been extensively validated using coincident in situ aircraft observations (Emmons et
al., 2004).

Chemical data assimilation is a valuable tool for the validation of non-coincident ob-5

servations (e.g., Levelt et al., 1998). Space-time data assimilation techniques pro-
vide the necessary framework to combine different sources of information into a single
product in an optimal manner, taking into account the uncertainties of each component
(Errico, 1999). Khattatov et al. (2000) presented a sequential assimilation approach
to combine UARS MLS stratospheric ozone with results from a global 3-D CTM. The10

assimilation technique consisted of a sub-optimal Kalman filter with explicit calculation
of the evolution of the model error variance. This technique has since been used in
the assimilation of trace gases (e.g., Lamarque et al., 2004; Yudin et al., 2004) and
aerosols (e.g., Yu et al., 2003). This sub-optimal Kalman filter is applied in the present
study to assimilate TES CO mixing ratio profiles during 1–15 November 2004 into the15

GEOS-Chem model (Bey et al., 2001a).

2 TES CO observations

TES is an infrared Fourier transform spectrometer that measures atmospheric thermal
emission over the spectral range 650–2250 cm−1, with a nadir footprint of 5.3 km across
track and 8.5 km along track for the 16-detector average (Beer et al., 2001). It was20

designed to provide simultaneous vertical information on tropospheric ozone, CO and
other trace gases on a global basis. TES has two basic science operating modes:
Global Survey and Special Observations. Global Surveys are conducted every other
day while special observations are taken as needed in between Global Surveys. For
the Global Survey data used in this analysis, the nadir observations have a spacing of25

about 5◦ along the orbit track. Global Surveys taken after 21 May 2005 have increased
nadir sampling, ∼1.6◦ spacing along the orbit track, but no longer include routine limb
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observations. The assimilation described here also ingests data from TES Step &
Stare special observations which consists of a series of nadir measurements taken
at a spacing of 35 km along the Aura orbit track. An overview of the TES retrieval
algorithm and predicted errors are discussed in Bowman et al. (2002) and Worden et
al. (2004). Recent observations with the TES nadir CO measurements are described5

by Rinsland et al. (2005).
During 1–15 November 2004 there were six TES Global Surveys and 10 Step &

Stares special observations. This represents one global coverage cycle for TES and
is the first available continuous set of TES observations. Release V001 TES data are
used in this study. TES CO profiles were assimilated into GEOS-Chem once every10

hour, same as the model chemistry time step. TES CO profiles, averaging kernels, er-
ror covariances, and a priori profiles were mapped down from the original 88 pressure
levels to a reduced 14-level pressure grid for computational considerations. The map-
ping was linear with respect to the logarithm of pressure and the mixing ratio of CO.
This mapping does not significantly affect the assimilation because typical CO profiles15

can be well represented by this reduced grid. The TES data were filtered according
to the quality flags provided (Osterman et al., 2005). Retrievals with surface pressure
less than 825 hPa were removed to avoid complications associated with variable to-
pography. Additionally, data were excluded for latitudes higher than 60 degrees, where
there is little thermal contrast and therefore significantly reduced vertical information.20

3 Model description

GEOS-Chem is driven by assimilated meteorological observations from the Goddard
Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Of-
fice (GMAO). We use here GEOS-Chem version 7.1.1 (http://www-as.harvard.edu/
chemistry/trop/geos/). The simulation of transport in the GEOS-Chem model uses25

archived GEOS-4 data for winds, mixing depths, and convective mass fluxes. In this
study, GEOS-4 data for 2004 are used with a horizontal resolution of 4◦×5◦ and 30
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sigma-pressure hybrid levels in the vertical. CO-only simulations are conducted using
archived OH fields from a full chemistry simulation (Bey et al., 2001b). Global emis-
sions of CO are described in Bey et al. (2001a) with updates, with biomass burning
emissions described by Duncan et al. (2003) and biofuel emissions by Yevich and Lo-
gan (2003). GEOS-Chem simulation and assimilation of CO were conducted for 1–155

November 2004 with a two-month spin-up. We focus our analysis on 15 November.

4 Assimilation Approach

The assimilation scheme employed here is a sub-optimal Kalman filter scheme fol-
lowing Khattatov et al. (2000). A brief description of the assimilation method is given
here. At each assimilation time step (t) the state vector xa

t , whose elements contain10

the estimated global CO concentrations, also called the analysis, is given by:

xa
t = xt + K(y – Hxt) (1)

where x t consists of the model CO field at time t, y contains the observed CO con-
centrations and K is the Kalman Gain matrix and is given by:

K = BtH
T (HBtH

T + O + R)−1 (2)15

where Bt is the model (also known as forecast or background) error covariance at
time t, O is the error covariance matrix of the observations and R is the representative-
ness error covariance. H is known as the observation operator and represents both
the horizontal mapping of model CO profiles to the observation location and the ver-
tical smoothing of model profiles to the resolution of the observations. The horizontal20

mapping is performed using 2-dimensional linear interpolation. In this study, vertical
smoothing and accounting for the TES a priori constraint vector xa are achieved by
applying the TES averaging kernel, A, to GEOS-Chem CO profile xm through the fol-
lowing linear transformation (Rodgers, 2000)

x = xa + A(xm − xa) (3)25
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Consequently, this transformation accounts for both the bias and smoothing in the TES
retrievals (Jones et al., 2003). TES a priori constraints for CO are obtained from a
climatology derived from the MOZART (Brasseur et al., 1998; Park et al., 2004) model
results. The logarithm of TES CO mixing ratio profiles and GEOS-Chem CO fields
are used in Eqs. (1) and (3) since the TES averaging kernels relate to changes in the5

logarithm of CO mixing ratios.
After each assimilation step, xa

t is used as the initial condition for GEOS-Chem to
predict CO concentrations for the next model time step. For this study, the initial GEOS-
Chem model error variance was set to 20%. The time evolution of the GEOS-Chem
model error covariance was modeled by treating the diagonals as a passive tracer10

in the model, with the off-diagonal elements parameterized according to Khattatov et
al. (2000). Horizontal and vertical correlation lengths of 125 km and 0.7 km, respec-
tively, and an error growth term of 18%/day are used in the model error covariance
parameterization. These parameters are consistent with those used by Lamarque et
al. (2004) in the assimilation of MOPITT CO into the MOZART model, who found that15

small variations in these parameters do not significantly affect the results of the assim-
ilation.

5 Results and discussion

Figure 1 shows GEOS-Chem simulated CO concentrations with and without assimi-
lating TES data and the difference between the two at 5.5 km on 15 November 2004,20

the last day of the assimilation. The assimilated and non-assimilated (i.e., free-running
simulation) fields exhibit many of the same large scale features such as the higher CO
concentrations in the northern hemisphere due to anthropogenic emissions and high
CO concentrations over Africa and South America due to biomass burning emissions.
However, the assimilated field shows much higher CO concentrations than the non-25

assimilated field, particularly in the southern tropics where differences of up to 50 ppbv
at 500 mb are evident. It is known that there is widespread biomass burning throughout
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much of the tropics during Austral spring (Duncan et al., 2003). The abovementioned
differences are likely due to underestimated biomass burning emissions in Southern
Africa and South America as prescribed in the model, consistent with previous inverse
studies using MOPITT data (Arellano et al., 2004). The simulations presented here use
climatological biomass burning emission inventories that are not year-specific, thus, the5

time, location and amount of CO released will not represent the actual emissions. A
comparison was also conducted against a GEOS-Chem simulation using year-specific
biomass burning emissions for 2004 from the GFED 2.0 inventory (van der Werf et al.,
2006). We found that the southern tropical biomass burning emissions of CO in GFED
2.0 are 40–90% lower than those in Duncan et al. (2003), resulting in even larger differ-10

ences. Another possible reason for the model underestimation of CO concentrations
in biomass burning regions could be related to the injection height of the emissions
– in our simulation, biomass burning CO is emitted into the boundary layer. A recent
study by Turquety et al. (2006)1 has shown that by releasing a significant fraction of the
biomass burning emissions into the upper troposphere, GEOS-Chem is able to better15

reproduce MOPITT CO observations downwind from the source regions.
The observation minus forecast (OMF) provides a test of the quality of the assimila-

tion and also highlights systematic differences between the assimilated product and the
data. A time series of OMF during the assimilation period is shown in Fig. 1 for three
tropical ocean regions. The OMFs for all three regions decrease with time, indicating20

that the assimilation system is performing well and incorporating information from the
TES observations. Although these differences decrease over time as TES data are
assimilated into the model, the OMF will not reach zero since not only do we not have
perfect observations there is also an underestimation of biomass burning emissions in
the model that is not corrected by the assimilation.25

1Turquety, S., Logan, J. A., Jacob, D. J., et al.: Inventory of boreal fire emissions for North
America in 2004: the importance of peat burning and pyro-convective injection, J. Geophys.
Res., submitted, 2006.
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5.1 Comparison with MOPITT

MOPITT data for 15 November 2005 were compared to the assimilated and non-
assimilated GEOS-Chem results. For the comparison assimilated and non-assimilated
GEOS-Chem profiles were extracted at the time and location of each MOPITT obser-
vation. The MOPITT averaging kernels were then applied to account for the vertical5

smoothing and a priori influence inherent in the retrieved MOPITT profiles (Deeter et
al., 2004). The MOPITT and transformed GEOS-Chem profiles were then binned onto
the GEOS-Chem 4◦×5◦ grid.

Emmons et al. (2004) have shown that the MOPITT Phase 2 CO mixing ratio pro-
files used here exhibit, on average, a positive bias of 1% in the upper troposphere10

with larger biases observed in specific cases. We find that the assimilation of TES
data into GEOS-Chem significantly reduces the model – MOPITT bias throughout the
tropospheric profile by up to two-thirds (Table 1), particularly in the middle to upper
troposphere. Figure 2 shows a scatter-plot of GEOS-Chem and MOPITT CO con-
centrations at 500 hPa. It is clear that by assimilating TES CO into GEOS-Chem the15

comparison with MOPITT is greatly improved with a 60% reduction in the bias. Non-
coincident comparisons between TES and MOPITT have shown that MOPITT has a
small positive bias with respect to TES (Luo et al., 2006), but this type of comparison
can only be conducted with large datasets which must be averaged and interpolated
before comparisons can be made.20

The zonal mean total column of CO from MOPITT and GEOS-Chem simula-
tion/assimilation were calculated and the results are shown in Fig. 2. Both MOPITT
and model results exhibit similar latitudinal distribution. Figure 2 shows that MOPITT
retrieved CO column density in the southern tropics are up to 60% greater than that
from the standard GEOS-Chem simulation. This enhancement of CO as indicated25

by MOPITT retrievals is better reproduced in GEOS-Chem results with assimilation of
TES CO data – the discrepancy is reduced by a factor of 4 to just 13%. The com-
parison here points to an underestimate of the biomass burning emissions as used in
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the GEOS-Chem simulation presented here in the southern tropics, particularly South
America and the Indonesia/Australia region. A previous study of inverse modeling of
MOPITT CO columns using GEOS-Chem has shown an underestimation of biomass
burning emissions of CO in these regions (Arellano et al., 2004).

5.2 Comparison with MOZAIC CO observations5

The MOZAIC program measures CO in the upper troposphere at the aircraft cruising
altitude (between 200–300 hPa) and also profiles during take-off and landing (Nédélec
et al., 2003, 2005). Figure 3 shows two CO profiles obtained by MOZAIC aircraft on
15 November 2004. The first (left panel) was taken during a take-off from Toronto
airport. Both the model and the observations show similar vertical distributions with10

higher concentrations in the boundary layer and an enhanced layer of CO at 400 hPa.
The assimilation does not change the vertical distribution significantly but increases
CO concentrations between 800 and 200 hPa which are now in better agreement with
the observations. The second profile (centre panel) was taken during a descent to
Vienna. The polluted boundary layer is evident in both the observation and model re-15

sults. The profile also shows an enhanced layer of CO between 300 and 400 hPa that
is not captured by the model without assimilation of TES data. Back trajectories (not
shown here) indicate that the enhanced CO layer originated in the boundary layer over
the United States five days earlier, before being lifted to the upper troposphere and
transported across the North Atlantic. Although there were no TES observations that20

were coincident with the aircraft measurements, GEOS-Chem results with the assimi-
lation capture the enhanced CO layer in the upper troposphere. This demonstrates the
usefulness of the assimilation for non-coincident comparisons. The right panel in Fig. 3
shows the mean CO profile differences between MOZAIC and GEOS-Chem with and
without assimilation for all MOZAIC profiles taken on 14 and 15 November 2004, the25

last two days of the assimilation period, by which time the assimilation has ingested
one complete global cycle of TES data. The results show little improvement in the
lower troposphere where TES is less sensitive, whereas in the middle to upper tropo-
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sphere (above 700 mb) the differences between the assimilated and non-assimilated
cases are more substantial with a reduction in the GEOS-Chem – MOZAIC bias of
80% at 300 mb. The assimilation of TES data into GEOS-Chem is able to reduce the
average bias with respect to MOZAIC to less than 10 ppbv in the middle and upper
troposphere. The comparisons suggest that TES CO profiles are consistent with the in5

situ observations of MOZAIC, but exhibit a negative bias of up to 10 ppbv in the middle
troposphere (between 700 and 400 mb).

6 Summary and conclusions

We presented results of the first assimilation of TES CO profile measurements into
the GEOS-Chem global 3-D CTM. The simulation was conducted for 1–15 November10

2004. The decreasing observation minus forecast (OMF) with time suggests that the
assimilation is performing well. By comparing assimilated with non-assimilated GEOS-
Chem simulations we found differences of up to 50 ppbv in the middle troposphere
over the southern tropics. These differences point to a likely underestimation of the
biomass burning emissions as prescribed in the model. The assimilation of TES CO15

significantly improves comparisons with model CO profiles convoluted with MOPITT
averaging kernels, reducing the MOPITT – model bias by up to two thirds in the mid-
dle and upper troposphere. Comparisons of assimilated profiles with MOZAIC aircraft
measurements of CO mixing ratio profiles show that TES exhibits a small negative bias
of up to 10 ppbv in the middle troposphere (between 700 and 400 mb). The assimilation20

is also able to capture a large-scale transport event in the upper troposphere. These
results demonstrate the utility of data assimilation for validation of non-coincident satel-
lite measurements, enabling comparisons to be conducted on a profile by profile basis.
Future improvements in the comparisons are also expected as the TES optical bench
warm up activities in December 2005 improved the TES CO measurement region by25

more that a factor of 2 compared with the 1–15 November 2004 period used in this
research (Rinsland et al., 2006). In addition, planned temperature and cloud retrieval
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refinements in V003 are expected to further improve the TES CO observations used in
the assimilations.
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Table 1. Global mean bias of GEOS-Chem – MOPITT before and after assimilation of TES CO
observations.

Pressure (mb) Bias (No Assim) Bias (Assim)

Surface –16% –16%
850 –32% –16%
150 –16% –5%
250 –18% –6%
350 –19% –7%
500 –20% –8%
700 –26% –13%
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 406 

 407 

         408 
Figure 1. GEOS-Chem non-assimilated (top left) and assimilated (top right) CO at 5.5km 409 
on November 15, 2004, the last day of the assimilation run. Also shown are the difference 410 
between the assimilated and non-assimilated fields (bottom right) and observation minus 411 
forecast (OMF) time series (bottom left) for three southern tropical ocean regions. 412 

Fig. 1. GEOS-Chem non-assimilated (top left) and assimilated (top right) CO at 5.5 km on 15
November 2004, the last day of the assimilation run. Also shown are the difference between
the assimilated and non-assimilated fields (bottom right) and observation minus forecast (OMF)
time series (bottom left) for three southern tropical ocean regions.
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 414 
Figure 2. Comparison of MOPITT with GEOS-Chem non-assimilated (top left) and 415 
assimilated (top right) CO concentrations at 500 mb and zonal mean columns (bottom) 416 
for November 15, 2004. 417 
 418 
 419 
 420 
 421 
 422 
 423 
 424 
 425 
 426 
 427 

Fig. 2. Comparison of MOPITT with GEOS-Chem non-assimilated (top left) and assimilated
(top right) CO concentrations at 500 mb and zonal mean columns (bottom) for 15 November
2004.
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 428 

 429 
 430 
Figure 3. Comparison of GEOS-Chem non-assimilated and assimilated CO profiles with 431 
MOZAIC observed profiles taken over Toronto (top left), Vienna (top right) and the 432 
mean differences between GEOS-Chem and all MOZAIC profiles taken on November 14 433 
and 15, 2004 (bottom). 434 

Fig. 3. Comparison of GEOS-Chem non-assimilated and assimilated CO profiles with MOZAIC
observed profiles taken over Toronto (top left), Vienna (top right) and the mean differences
between GEOS-Chem and all MOZAIC profiles taken on 14 and 15 November 2004 (bottom).
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