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Abstract

Carbon monoxide (CO) total column observations from the SCanning Imaging Absorption
SpectroMeter for Atmospheric CHartographY (SCIAMACHY) on board ENVISAT are assimi-
lated into the Global Modeling and Assimilation Office (GMAQ) constituent assimilation system
for the period July 18-October 31, 2004. This is the first assimilation of CO observations from a
near infrared sounder. The impact of the assimilation on CO distribution is evaluated using in-
dependent Measurement of Ozone and Water Vapor by Airbus In-service Aircraft (MOZAIC) in
situ CO profiles. Assimilation of satellite data improves agreement with MOZAIC CO globally,
especially in the upper troposphere. Regional comparisons are made in western Europe, the
northeastern United States and the Arabian Peninsula. SCIAMACHY assimilation improves
CO mixing ratios at pressures < 800 hPa in all three locations. In contrast, the only substan-
tial planetary boundary layer improvements occur over the Arabian Peninsula, with mean error
reduction of 50%.

Model errors (sources and chemistry) are investigated through experiments with increased
surface CO emissions over the Arabian Peninsula and/or globally reduced hydroxyl radical (OH)
concentrations. Both model changes decrease mean errors at all altitudes in the free running
model in comparison to MOZAIC data over Dubai and Abu Dhabi. In contrast, errors in the
assimilated CO are reduced by the increased emissions only near the ground for pressures >
800 hPa and by the reduced OH only for pressure < 600 hPa. Our analysis suggests that
CO emissions over Dubai in 2004 are more than 100% larger than those in the 1998 emissions

inventory.
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1 Introduction

Carbon monoxide (CO) is an important atmospheric trace gas for the global carbon cycle and
air quality. The two largest sources of C'O, biomass burning and fossil fuel combustion, are also
important sources of carbon dioxide (CO2). CO impacts the air quality directly and as a precur-
sor to tropospheric ozone. Several satellite missions carry instruments that measure radiances
at wavelengths sensitive to CO, including the Atmospheric Infrared Sounder (AIRS) [McMillan
et al., 2005], Measurements of Pollution in the Troposphere (MOPITT) [Deeter et al., 2003] and
the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY)
[Buchwitz et al., 2007]. Infrared AIRS and MOPITT radiances are most sensitive to CO between
pressures of 400 and 700 hPa. SCIAMACHY CO is retrieved from reflected solar radiation in
the near infrared band 2324-2335 nm, which is sensitive to variations within the boundary layer.
This is an important distinction for air quality and source inversion applications.

Chemical constituent data assimilation involves combining observations with model forecasts
in order to improve estimation of the constituent distribution or sources (in the case of chemical
inversion). Assimilation provides a useful tool to evaluate the accuracy of retrieved satellite
data relative to models or other measurements. Total column measurements cannot be directly
compared with in situ point observations without a knowledge of the complete atmospheric
profile. Three-dimensional analyzed constituent fields can provide a transfer standard [Lahoz et
al., 2007] for indirect comparisons since they can be judged against both the total column and in
situ observations. If the analysis fields are drawn closer to highly accurate independent data as a
result of assimilating satellite observations, this gives a strong indication that the latter provide
useful information. When direct measurements of CO profiles are available, the correction made
through assimilating total column observations from a satellite can than be evaluated in terms
of whether CO is added (or removed) in the appropriate model level.

In this paper we assess the impact of SCTAMACHY total column CO observations on the
CO assimilation system developed at the Global Modeling and Assimilation Office (GMAO).
This system uses meteorological analyses from the Goddard Earth Observing System (GEOS),
Version 4 [Bloom et al., 2005], [Stajner et al., 2008]. The assimilation is evaluated using in situ
observations from the Measurement of Ozone, water vapor, carbon monoxide and nitrogen oxides
by Airbus in-service airCraft (MOZAIC) observing system [Nedelec, et al., 2003]. We investigate
where SCTAMACHY observations can make the greatest improvements to CO estimation, and
what information the assimilation and comparisons with in situ data can provide about the

source of errors in the model. The assimilation system is run for the period July 18 - October
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31, 2004. The comparison with MOZAIC data is done during September and October.

2 SCIAMACHY Observations

The SCTAMACHY instrument has been operating on board the environmental satellite, EN-
VISAT, of the European Space Agency (ESA) since March 2002. The SCTAMACHY observtions
exhibit seasonal variability expected in global CO fields [Buchwitz et al, 2007]. Figure 1 shows
3 month averaged total column CO from SCIAMACHY for the year 2004. These indicate
hemispheric differences and large scale seasonal patterns, such as biomass burning over South
America and Africa, which are qualitatively consistent with MOPITT observations [Bremer et
al, 2004]. Data assimilation, on the other hand, can determine whether the observations include
any useful information on the vertical structure of the CO fields.

Retrievals of total column CO (denoted cf,.) use the Weighting Function Modified - Differen-
tial Optical Absorption Spectroscopy (WFM-DOAS) algorithm. WFM-DOAS is a least squares
technique that uses the scaling and shifting of pre-selected vertical profiles to fit the ratio of the
measured nadir radiance to the solar irradiance spectrum [Buchwitz et al., 2007]. This approach
is valid only for cloud free pixels, and a cloud detection algorithm using sub-pixel information
generates a cloud mask. The SCIAMACHY c{, observations are supplied with a cloud con-
tamination flag, as well as a quality flag, which depends on the magnitude of the residual of
the least squares fit for each retrieval. The estimated observation error for each total column

scia g calculated from the RMS of the residual and contains contributions from

measurement, o
both random and (unknown) systematic components. These total error values generally range
from 20% to 100% for the observations tagged as “good”. Only the cloud free “good” quality
data are used in the assimilation.

The sensitivity of measured radiation to variations in CO at different levels in the atmosphere
is characterized by the vertical column averaging kernels, shown in Figure 2(a). For a given solar
zenith angle (SZA) the curve represents the sensitivity of the retrievals to changes in CO at each
level. Only data for SZA < 75°, whose averaging kernels very close to unity, are assimilated.
Note that there is slightly more sensitivity to concentrations near 200 hPa than in the lower
Troposphere and that the near-surface sensitivity decreases as solar zenith angle increases. There
is also some dependence of the averaging kernel on surface reflectivity, which tends to be higher
over land than water.

The SCIAMACHY observtions exhibit seasonal variability expected in global CO fields
[Buchwitz et al, 2007] Figure 1 shows 3 month averaged total column CO from SCTAMACHY
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for the year 2004. These indicate hemispheric differences and large scale seasonal patterns, such
as biomass burning over South America and Africa, which are qualitatively consistent with MO-
PITT observations [Bremer et al, 2004]. Data assimilation, on the other hand, can determine
whether the observations include any useful information on the vertical structure of the CO

fields.

3 Assimilation system

The CO assimilation system used here is based on the ozone assimilation system developed at
NASA/Goddard [Stajner et al., 2001,2008] and employs the sequential Physical-space Statistical
Analysis System (PSAS) [Cohn et al., 1998], which is an alternative formulation of 3DVAR. The
CO data assimilation system has the capability to include the effect of the averaging kernel, which
takes into account vertical variations of the sensitivity of the retrieved to actual CO mixing ratios.
Because we limit the observations to those with the averaging kernels near unity, the forward
(or observation) operator from model space to total column observation space simply involves
integrating vertically across each of the pressure layers, multiplying by a constant conversion
factor. The a priori profile that was used in SCIAMACHY retrievals is subtracted out within
each layer, and the total column a priori is added to the final result. For a profile x given on
N = 55 model levels by mixing ratios zy, k = 1, ..., N in kg/kg, we introduce the linear operator

N
H(x) =) ap(AP;)2.12 x 107z, (1)

k=1
where ay, is the SCTAMACHY averaging kernel, AP;, is the k** layer pressure thickness (hPa).

The constant (2.12 x 10%2) converts the total column value to molecules/cm?. In our application

ar = 1. The total column operator that computes the total column CO in molecules/cm? is
H(x) = H(x — x) + ¢;?, (2)

where x? is the a priori CO mixing ratio on model levels and ¢;? is the total column a priori.
Eq. (2) defines the observation operator that allows for the calculation of the observed
minus forecast (O-F) values in observation space needed for the assimilation system. The PSAS

algorithm solves the innovation equation
(HPfHT + R) y = (cf. — H(x)) (3)

for the vector y, in observation space. Here x/ is the forecast CO mixing ratio kg/kg. The

observation operator, H, is the matrix form of the linear operator in (1) and error statistics
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are represented by the forecast error covariance, P/. The observation error covariance, R is
a diagonal matrix with with observation error variances on the diagonal, implying that the

observation errors are uncorrelated. The solution is then transformed to model space via
x* —xf = P/Hy (4)

to obtain the analysis increment x* —x7, where x® is the CO analysis and x7 is the CO forecast.

The forecast error covariance is specified using a separable covariance model
{Pij} = 0i0jpi i, (5)

where {P; ;} is the covariance between locations ¢ and j, o; and o; are the forecast error stan-
dard deviations, p; ; is a non-isotropic horizontal error correlation and y; ; is the vertical error
correlation. Stajner et al. [2001] give further details on this background error covariance model.
Three tunable parameters are used in the error covariance models: a specifies the forecast error
standard deviation as a fraction of the local CO mixing ratio, 0¥ = ax/, L is the background
error correlation length scale, and S is used to specify observation error standard deviation
0° = Bo*°®. Tuning runs covering the period July 18" to October 315! 2004 determined the
following optimal values: @ = 0.2 and 8 = 0.5. The optimal horizontal correlation length scale
(as determined by minimizing the RMS difference with MOZAIC observations) was found to
be 100 km in the meridional direction, and varies from 200 km in the tropics to 100 km in
high latitudes for the zonal direction. These parameter values are used in all the assimilation
experiments presented in the next section. The value of § implies that the observation errors
provided with the CO retrievals are too large (relative to the MOZAIC observations), possibly
due to an overestimation of the systematic component of the error.

The CO forecasts are produced on-line in the GEOS-4 GCM, with linearized chemistry and
imposed sources. The GCM uses the semi-Lagrangian transport finite volume scheme [Lin , 2004]
with 55 levels between the surface and 0.1 hPa. The meteorological analyses are generated using
the GEOS-4 assimilation system [Bloom, et al., 2005], and are then utilized for 6-hour GCM
runs which drive the constituent transport. Meteorological and constituent fields are computed
on a 1deg latitude by 1.25deg longitude grid. The model is employed in two ways. First,
it is used to produce a CO simulation, in which CO transport is constrained by the GEOS-4
meteorological analyses. This run is called the “CO simulation”. Second, it is used to forecast
CO (provide the background fields) for the “CO assimilation”, in which the SCTAMACHY
observations are inserted every six hours to provide new initial conditions (analyses). Transport

fields are identical in both runs.
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The CO production (P) rate and loss (L) frequencies are taken from the GEOS-CHEM
model [Wang et al, 1998; Bey et al, 2001] and a specific description of the coupled oxidant-
aerosol simulation as used in that verion of the model is given by Park et al. [2004]. Monthly
mean climatological hydroxyl radical (OH) concentration is used to specify CO destruction. The

net rate of change in CO mixing ratio on the model grid is then

8[CO]
ot

= P — LIOH][CO). (6)

We use a global anthropogenic emissions inventory for 1998 as described in Bey et al. [2001].
Anthropogenic emissions over the United States are from the 1999 National Emission Inventory
(NEI) with modifications described by Hudman et al. [2007], including a generalized 50% de-
crease in N Oz emissions from power plants and industry reflecting documented changes between
1999-2004, and a 30% decrease in CO emissions to account for overestimate in the transport
sector [Parrish, 2006]. Biogenic emissions of isoprene and monoterpenes are from the Global
Emissions Inventory Activity (GEIA) [Guenther et al., 1995]. We assume an instantaneous
monoterpene yield of 0.2 CO per atom C [Duncan et al.,2007]. Biogenic alkene (C > 3) emis-
sions are assumed to be 10% of isoprene on a per molecule basis. Biogenic acetone emissions
are as in Jacob et al., [2002]. Biofuel emissions are as described in Yevich and Logan [2003].
Biomass burning emissions are climatological means as described in Duncan et al. [2003], with
the addition of fire emissions over North America following Turquety et al. [2007], and we as-
sume that 40% of the biomass burning emissions are released at the surface and 60% are released

in the free troposphere.

4 Assimilation results

The impact of SCTAMACHY data for a single analysis time can be seen in Figure 2(b) in a
vertical slice of the analysis increment (analysis minus forecast) at 25° E and 18UT on September
30, 2004. This increment includes a number of observations, and the most substantial corrections
correspond to three observations in or near the plane of this plot. The corrections continue all
the way to the surface where they reach a maximum. This vertical structure is due to the
assumption that the forecast error standard deviation is proportional to the local CO mixing
ratio, which is typically highest in the boundary layer. The shape of the SCTAMACHY analysis
increments contrasts with the shape of MOPITT increments, which tend to peak around 500
mb, and then decay toward the surface [Lamarque et al., 2004].

Global and regional comparisons with MOZAIC observations are used to evaluate model per-

formance and impact of SCTAMACHY data. Regional comparisons focus on three 10° latitude
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x 10° longitude boxes centered near Frankfurt, Germany; New York, USA; and Dubai, UAE.
Separating the comparisons with independent data in this manner allows us to consider the
impact of the geographic variability of the accuracy of the source estimates on the assimilation.
Jet takeoffs and landings in each region provide CO profiles numbering from around 12 (Dubai
and Abu Dhabi) to about 150 (Frankfurt) from near sea level to about 200 mb for the period
from September 1 to October 31, 2004. Note that the nature of MOZAIC observations means
that spatial coverage and temporal sampling have large geographical differences [Nedelec, et al.
1998].

Global comparisons of the mean and root-mean-square (RMS) differences between MOZAIC
observations the CO simulation (not shown) reveal that CO values in the model are generally
too low at pressures lower than 700 hPa. At higher pressures the model errors are much more
dependent on geographical location, and for this reason we are concerned with a more localized
comparison. Figures 3 - 5 show the relative mean and RMS of the difference between the
MOZAIC observations and the CO simulation (solid) or CO analyses (dash-dot) interpolated
to the MOZAIC observation locations within the boxes centered on Frankfurt, Dubai and New
York City, respectively. Profiles over Dubai show larger errors than over New York or Frankfurt.
Assimilation of SCTAMACHY data provides closer agreement with MOZAIC CO globally (not
shown). The improvement is particularly large near Dubai, where larger analysis increments
counteract large model errors. For example, the mean error reduction above Dubai varies from
50% at the surface to 100% just above the boundary layer. In contrast, the mean errors near
Frankfurt and New York are essentially unchanged by the assimilation in the surface layer. Note
that the mean error in the upper troposphere is subtantially reduced by the assimilation over
all three cities.

Similarly, the RMS errors show a reduction at all levels only over Dubai, where the decrease
varies from 10% at the surface to about 50% in the upper troposphere. Above New York
and Frankfurt, reduction occurs only at pressures below 900 hPa, with a maximum reduction of
about 30%. In all three locations, and for pressures lower than 900 hPa, the analysis RMS errors
vary from 15% to 30%. The forecast RMS errors (not shown) are very similar in magnitude
to the analysis RMS errors, indicating that the estimated forecast error of 20% of the CO
mixing ratio is reasonable outside the boundary layer. contain information on upper troposphere
CO. Over Dubai, assimilation of SCTAMACHY data decreases mean and RMS differences with
MOQOZAIC data in the boundary layer. Over the Arabian Peninsula, favorable conditions for the

assimilation include the frequent availability of cloud-free SCTAMACHY data and the fact that
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the model is consistently too low in the boundary layer and in the total columns. The former
allows requent corrections due to the assimilation and the later ensures that the distribution of
analysis increments in the vertical helps improve the representation of CO in the boundary layer.
Assimilation of SCTAMCHY data leads to a consistent large decrease in the RMS differences
with MOZAIC data globally and in the three regions between about 200 and 700 hPa. At these
levels, which are away from the immediate impact of errors in CO sources, the impact of the
analysis increments can accumulate to produce these substantial corrections.

The impact of the assimilation of SCTAMACHY as a function of pressure can be seen in
Figure 6, which shows the difference between the CO analyses and CO simulation (A-M) aver-
aged over September and October 2004 for the three regions studied. Each plot is for a vertical
slice from the surface to 200 hPa at a latitude that runs through Frankfurt (a), Dubai (b) or
New York (c). In the Frankfurt and New York regions, the correction is largest at pressures
lower than 800 hPa, with little or no correction near the surface. Since the analysis increments
from the assimilated SCTAMACHY observations will generally correct the entire columns in the
same direction [Figure 2(b)], this means that the changes made in the upper troposphere CO
are the result of corrections made elsewhere and transported to these regions. For example,
the upper level increase in CO over New York appears to be transported from the west, where
larger positive corrections to CO were made. The very small or even negative changes nearer
the surface can be attributed to some combination of a more accurate emissions model, and
a relatively small number of cloud free observations. Similar arguments can be made for the
Frankfurt region. Above Dubai the assimilation changes the CO field in a much different way;
the corrections are positive right down to the surface, and gives the appearance of “plumes”
above Riyadh and Dubai. These are really corrections to rising plumes of CO over the two cities,
and they indicate that the specified CO sources are too small in this region.

Because assimilation of SCTAMACHY CO results in correction to the entire plume, it is
interesting to plot the surface layer CO fields in the Arabian Peninsula. Figure 7 shows the
average fields for September-October 2004 in this region. The assimilation increases surface
layer CO throughout the peninsula. This indicates a substantial underestimation of CO surface
layer concentration in the model. In particular the concentrations around the two largest sources,
Kuwait city and Jeddah, increase substantially. The only two cities with MOZAIC data in the
Arabian Peninsula region during this time period are Dubai and Abu Dhabi, and there the
increase in CO due to the assimilation improves the agreement with MOZAIC data (Figure

4). Two possible causes for low bias in the model are considered: underestimated CO surface
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sources and overestimated CO loss due to its reaction with OH aloft.

Additional experiments provide insight on how the model and assimilation respond to changes
in emissions and/or OH concentrations. Doubling the CO emissions in the Arabian Peninsula
increased CO (and reduced errors) at all levels in the free running model, but only for pressures
above 800 mb in the assimilation. Similarly a global 10% reduction in OH reduced errors at all
levels in the free running model, but only upper tropospheric errors (p < 600 hPa) were reduced
in the assimilation. We show the mean errors with and without these changes to emission and
global OH in Figure 8. Combining increased Arabian emission with a global 10% decrease in
OH provides the best agreement with MOZAIC data for both the model and the assimilation.
At the surface in Dubai, doubled regional emissions and globally 10% reduced OH decrease the
mean error in comparison with MOZAIC by about 30% (from 0.39 to 0.27 ppmv). Note that
the assimilation of SCTAMACHY data into this model further reduces the error by about 50%
(from 0.27 to 0.13 ppmv). This relative error reduction is very similar to the improvement from
assimilation of SCTAMACHY into the original model.

The spatial impact of these changes to the chemistry model can be seen in Figure 9, which
shows the total column differences between SCIAMACHY observations and model simulations
averaged over the month of October 2004, using standard chemistry (Figure 9a) and chemistry
with doubled Middle East emissions and OH reduced globally by 10% (Figure 9b). These plots
indicate that the higher levels of CO that result from this enhanced chemistry draw the total
column CO closer to SCTAMACHY observations. For example in the region near Dubai and Abu
Dhabi (where the MOZAIC profile measurements are made), the total column differences are
reduced from about 1.0 x 108 to about 0.6 x 10'8. Total column O-F values for the assimation
run using both the original and enhanced chemistry (not shown) are smaller than those in Figure
9 and show little dependence on the chemistry model used. This is due to the fact that the

assimilation draws the CO total columns strongly towards the observed values.

5 Concluding Remarks

The assimilation of SCIAMACHY total column CO observations is found to draw the CO
analyses closer to an independent data set both globally and in the localized regions of the
northeastern United States, the Arabian Peninsula and Western Europe. The mean CO mixing
ratio is drawn toward MOZAIC profiles from 200 mb down to the surface. RMS differences with
MOZAIC are also substantially reduced by the assimilation, though error reduction from the

surface to the 850 mb level is less consistent. We conclude that SCIAMACHY observations are

10
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most useful in regions with frequent cloud free days, and particularly when the CO production
in the model is less accurate. For example, mean surface errors over Dubai were reduced by
about 50%. The observations have less impact in regions with more accurate CO sources or
with fewer cloud-free SCIAMACHY observations. The RMS errors in the assimilation show
that the assumption of a forecast error standard deviation of about 20% is justifiable in the
free troposphere. Nearer the surface, it is more reasonable to consider the mean O — A values
(because of subgrid variability in the MOZAIC data), and these indicate that the surface layer
forecast errors have substantial spatial variability, and that future improvements to any CO
assimilation system would need to take this into account.

Assimilation experiments reveal that SCTAMACHY total column observation error standard
deviations may be 50 % smaller than the values obtained from the retrieval error estimates. The
observation error can be decomposed into random and systematic components. The former rep-
resents measurement accuracy and cannot be reduced, while the latter represents the systematic
component, and is more likely to be overestimated.

The basic driving force behind data assimilation is the observation minus forecast, or (O—F),
which represents the difference between the total columns of CO as seen by the satellite and
predicted by the model. These (O — F')s represent the sum of forecast and observation errors,
without explict information on which error source predominates, or what level in the atmosphere
should be corrected the most. This partition is specified through the error covariance estimates
and the averaging kernel. For SCIAMACHY, it results in corrections to the CO field occur at
all levels in the troposphere.

Over the Arabian Peninsula assimilation of SCTAMACHY data has a large impact on the CO
field, which improves comparisons with MOZAIC data (Figure 4). Large model errors in this
region motivated sensitivity experiments to investigate their origin. The errors in the CO field
relative to MOZAIC data decrease substantially in CO simulation experiments with enhanced
CO emissions over the Arabian Peninsula and/or global reduction of OH, indicating that both
are important components of the model errors in this region. Even after these changes in the
model, the assimilation of SCTAMACHY data further reduces CO errors near the surface by
about 50% over Dubai. This indicates the robustness of the beneficial impact of SCTAMACHY
data. Other components of the model error that could be investigated in the future include
errors in the boundary layer height (which impact mixing of CO into the free Troposphere),
parameterization of the convective transport (e.g. Ott et al., 2008) and underestimation of

distant or unspecified CO sources (e.g. Kar et al., 2006).
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Figure 1: Total Column CO from SCTAMACHY averaged over three month periods during 2004.
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Figure 2: (a) The SCIAMACHY CO averaging kernel and (b) Analysis increment at 25E over
Southern Africa on September 30, 2004. Units are ppmv
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Figure 3: Relative mean (a) and RMS (b) O-A in the box containing MOZAIC observations
within 5 degrees longitude or latitude of Frankfurt, where O refers to the MOZAIC observations,
A to the analysis field and M to the CO simulations interpolated to MOZAIC locations. Solid
lines refer to the free model run and dash-dot lines refer to the analyses.
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Figure 4: As in Figure 3 except for Dubai
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Figure 5: As in Figure 3 except for New York City
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Figure 6: Difference between analysis and free running model in ppbv, averaged over the period
September 1 - October 31, 2004 for vertical slices at (a) 51 N, Frankfurt, denoted by open circle;
(b) 25 N, Dubai, denoted by square, and (¢) 41 N, New York, denoted by solid circle.
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Figure 7: CO field in ppmv for the lowest model layer averaged over the period September 1 -
October 31, 2004 for the free running model (left panels) and analysis (right panels) using cloud
free observations in the Middle East. The cities marked are Kuwait City (diamond), Jeddah
(square), Riyadh (triangle), Abu Dhabi (plus) and Dubai (circle).
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Figure 8: Relative mean O - M (panel a) and O - A (panel b) in the box containing MOZAIC
observations within 5 degrees longitude or latitude of Dubai, where O refers to the MOZAIC
observations, M refers to the free model run and A is the analysis field interpolated to MOZAIC
locations. The black lines (with triangles) use the standard (GEOS-CHEM) anthropogenic
emissions, the blue lines use a chemistry model with doubled CO emission in the Arabian
peninsula, the green lines contain a 10% global reduction in OH and the red lines (with squares)
use both model adjustments.
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Figure 9: Total Column observed minus (O-F) values (molecules/cm?/1.0 x 10'8) averaged over
the month of October 2004, for the Arabian Peninsula using standard chemistry (a) and using
doubled Middle East emissions and a global 10% reduction in OH (b). Symbols for cities are
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Assimilation of SCIAMACHY total column CO:
Regional analysis of data impact

Tangborn, A., I. Stajner, M. Buchwitz, I. Khlystova,
J. Burrows, S. Pawson, R. Hudman, P. Nedelec

Abstract

Carbon monoxide (CO) total column observations from the SCanning Imaging Absorption
SpectroMeter for Atmospheric CHartographY (SCIAMACHY) on board ENVISAT are assimi-
lated into the Global Modeling and Assimilation Office (GMAO) constituent assimilation system
for the period July 18-October 31, 2004. This is the first assimilation of CO observations from a
near infrared sounder. The impact of the assimilation on CO distribution is evaluated using in-
dependent Measurement of Ozone and Water Vapor by Airbus In-service Aircraft (MOZAIC) in
situ CO profiles. Assimilation of satellite data improves agreement with MOZAIC CO globally,
especially in the upper troposphere. Regional comparisons are made in western Europe, the
northeastern United States and the Arabian Peninsula. SCIAMACHY assimilation improves
CO mixing ratios at pressures < 800 hPa in all three locations. In contrast, the only substan-
tial planetary boundary layer improvements occur over the Arabian Peninsula, with mean error
reduction of 50%.

Model errors (sources and chemistry) are investigated through experiments with increased
surface CO emissions over the Arabian Peninsula and /or globally reduced hydroxyl radical (OH)
concentrations. Both model changes decrease mean errors at all altitudes in the free running
model in comparison to MOZAIC data over Dubai and Abu Dhabi. In contrast, errors in the
assimilated CO are reduced by the increased emissions only near the ground for pressures >
800 hPa and by the reduced OH only for pressure < 600 hPa. Our analysis suggests that
CO emissions over Dubai in 2004 are more than 100% larger than those in the 1998 emissions

inventory.
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