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1 Abstract

Carbon monoxide total column observations from
SCIAMACHY (Scanning Imaging Absorption Spec-
trometer for Atmospheric Chartography) on board
ENVISAT are assimilated into the Global Modeling
and Assimilation Office (GMAO) constituent assimi-
lation system for the period April 1-October 31, 2004.
SCIAMACHY is a near infrared spectrometer with
nearly constant sensitivity to CO in the Troposphere.
As such, retrievals should contain significant informa-
tion on variability of CO in the boundary layer, where
concentrations are significantly higher.

Carbon monoxide is retrieved from the 2324-2335
nm wavelength band (channel 8), in which the CO line
is relatively weak, and is superimposed by stronger wa-
ter vapor and temperature lines. This results in a large
fraction of retrievals that are rejected as poor fits to
the pre-selected vertical profiles. In addition, a signif-
icant portion of the retrievals are cloud contaminated
and the retrievals use a correction factor from the ratio
of retrieved to a priori methane column. The effect of
this correction factor on the retrieval error statistics
is not yet well understood.

In spite of these limitations, initial assimilation
results have demonstrated that significant improve-
ments to estimated CO fields can be made using SCIA-
MACHY observations. In this work we assimilate
cloud free observations and compare changes to the
CO field with in situ observations. Errors in the field
are found to decrease globally above 800 hPa, and in
some locations nearer the surface. We focus on three
regions: Western Europe, Eastern North America and
the Arabian peninsula.

2 Introduction

Carbon monoxide is an important atmospheric trace
gas for the global carbon cycle and air quality. A
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number of recent satellite missions carry spectrome-
ters 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 (SCIA-
MACHY) [Buchwitz et al., 2007]. Infrared AIRS and
MOPITT radiances are most sensitive to CO between
pressures of 400 and 700 hPa. In contrast, the near
infrared waveband from which SCTAMACHY CO is
retrieved is sensitive to variations within the bound-
ary layer.

Chemical constituent data assimilation involves
combining observations with chemical transport mod-
els in order to improve estimation of the distribution
or sources (in the case of chemical inversion). Assimi-
lation provides a useful tool to evaluate the accuracy of
retrieved satellite data. Total column measurements
cannot be directly compared with in situ point ob-
servations without a knowledge of the complete at-
mospheric profile. However, if the analysis fields are
drawn closer to highly accurate independent data as a
result of assimilating satellite observations, it gives a
strong indication that the latter provide useful infor-
mation.

In this paper we evaluate the impact of SCIA-
MACHY total column CO observations on the CO
assimilation system developed at the Global Modeling
and Assimilation Office (GMAO) within NASA’s God-
dard Space Flight Center. The assimilation is evalu-
ated using in situ observations from the Measurement
of Ozone, water vapor, carbon monoxide and nitro-
gen oxides by Airbus in-service airCraft (MOZAIC)
observing system [Nedelec,et al., 2003]. We also con-
sider what the assimilation and comparisons with in
situ data can tell us about the source of errors in the
model. The assimilation system is run for the period
July 18 - October 31, 2004, with the last 2 months
used for comparison with MOZAIC data.



3 SCIAMACHY observations

Total column carbon monoxide observations are re-
trieved from SCIAMACHY using the WFEM-DOAS al-
gorithm, which is a least squares technique that uses
the scaling and shifting of pre-selected vertical pro-
files to fit the ratio of the measured nadir radiance to
the solar irradiance spectrum [Buchwitz et al, 2007].
The sensitivity of measured radiation to variations in
CO at different levels in the atmosphere is character-
ized by the vertical column averaging kernels, shown
in Figure 1). Each curve represents the sensitivity of
the retrievals to changes in CO at each level, for dif-
ferent solar zenith angles (SZA). For SZA < 75°, the
averaging kernels are very close to unity, which means
that SCTAMACHY is equally sensitive to CO near the
ground as it is higher in the Troposphere. The obser-
vation data includes a cloud contamination flag, and
in this work we only consider cloud free observations.

4 Assimilation system

The CO assimilation, developed at NASA/Goddard,
uses the Physical-space Statistical Analysis System
(PSAS) sequential algorithm , [Cohn, eta al, 1998].
The forecast error covariance is specified using a sepa-
rable model with anisotropic horizontal error correla-
tion (See [Stajner et al, 2001] for details). The forecast
error standard deviation is assumed to be proportional
to the the local CO mixing ratio. Tuning runs have
been used to determine optimal parameter values of
20% for the standard deviation proportionality con-
stant and 100 km for the correlation length scale.

The GCM uses the semi-Lagrangian transport fi-
nite volume scheme [Lin , 2004] with 55 vertical lev-
els. The meteorological analyses are generated using
the GEOS-4 assimilation system [Bloom, et al, 2005].
CO production and loss estimates use monthly clima-
tological anthropogenic and biomass burning except
for North America, where biomass burning specific
to 2004 are used [Turquety et al., 2007]. Monthly
mean climatological OH concentration fields are used
to specify CO destruction.

5 Results

The vertical distribution of the analysis increment
from a single observation is shown in Figure 2. The
large correction near the surface is due to the higher
CO concentrations, which increases the estimated
forecast errors in the boundary layer. This leads to
the question as to whether the boundary layer cor-
rections actually improve estimates of CO near the

surface. Comparisons with MOZAIC data is particu-
larly useful because it allows the calculation of error
profiles in many different regions. Regional compar-
isons focus on three 10° latitude x 10° longitude boxes
centered near Frankfurt, Germany; New York, USA;
and Dubai, UAE. Separating the comparisons with in-
dependent data in this manner allows us to consider
the impact of the geographic variability of the accu-
racy of the source estimates on the assimilation. The
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 September 1 to Octo-
ber 31, 2004.

Global comparisons indicate that the free running
model (without assimilation) produces CO values that
are too low in the mid to upper troposphere, possibly
due to OH values that are too large. Errors in the
model are less consistent nearer the surface, and are
dependent on the accuracy of emissions inventories in
each region. Figures 3-5 show the relative mean (left
panels) and RMS (right panels) errors with respect
to MOZAIC observations for regions near Frankfurt,
New York City and Dubai, respectively. In all three re-
gions, the assimilation is seen to reduce the mean and
RMS errors in the free troposphere. However, near
the surface the errors are reduced by the assimilation
only over Dubai, where they are much larger.

Figures 6-8 show the two month average CO fields
(ppmv) for the layer at around 700 hPa, over West-
ern Europe, Eastern United States and the Arabian
peninsula, respectively. The left panel in each is from
the free running model and the right panel is from the
analyzed CO fields. In this layer the assimilation is
observed to substantially increase CO in all three re-
gions, consistent with the fact that the model is gen-
erally too low at this level.

In the model surface layer the two month average
CO values increase over the Arabian peninsula (Fig-
ure 9), but are essentially unchanged over Europe and
eastern United States (not shown). This reflects the
smaller errors in the free running model for the latter
two locations. It may also be the result of far fewer
cloud free observations over these regions. In fact, the
biggest correction in the Arabian peninsula occurs at
its center where the largest number of observations
occur.

6 Conclusions

Assimilating SCIAMACHY carbon monoxide observa-
tions into an on-line chemical transport model is found
to draw the CO fields closer to MOZAIC in situ ob-



servations. Improvements are most apparent above
800 mb in all three regions studied, but improvements
near the surface are only significant in the Arabian
peninsula. We have not found any regions where the
assimilation SCTAMACHY CO substantially increases
errors relative to MOZAIC observations.

The improvements found in the middle east raise
the question as to whether SCIAMACHY observations
can be used to determine which regions in the model
have large emissions errors. The difference between
the observation and forecast represents the difference
between the total amount of CO seen by the satellite
in the column and the projection of the model solution
onto the observation space. These (O — F)s represent
the sum of forecast and observation error, without ex-
plicit information on which error source predominates,
or what level in the atmosphere should be corrected
the most. The partition of these errors is specified
through the error covariance estimates and in the aver-
aging kernel. For SCTAMACHY this results in correc-
tions to the CO field at all levels in the Troposphere.
The large corrections and improved comparisons with
MOZAIC shown in Figure 5 indicate that model errors
in the middle east are larger than other regions. The
improvements in the upper troposphere that are found
in all regions could then be interpreted as a combina-
tion of low emissions estimates transported globally
and values OH that are too high. Resolution of these
issues will require sensitivity studies with different CO
emissions and OH estimates.
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Figure 1: SCIAMACHY averaging kernel for Solar
Zenith Angles (SZA) of 20, 40, 60 and 70 degrees.
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Figure 2: Vertical distribution of SCIAMACHY anal-
ysis Increment for a single observation in ppmv

0 bl

© —Freg running mode!
0 0 . - Analysis
0 Ll
50 500

Pressure (hPa)
=
Pressure (hPa)

) 0
0 80
0 / ‘ —Free running mode 0

p = Andlysis

A ) e —_ .
10%.1 A6 0 05 0 05 02 0% g.T 05 02 05 03 0%

Average (0-M) 0 or (0-A)0 RNS (0-H)0or (0-A)0
(a) (b)

Figure 3: Relative mean (a) and RMS (b) errors for
CO compared with MOZAIC data, for all flights into
Frankfurt airport during Sept.-Oct. 2004. The solid
line is for the free running model and the dashed line
is for the analysis field.
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Figure 4: Relative mean (a) and RMS (b) errors
for CO compared with MOZAIC data, for all flights
into New York area airports airport during Sept.-Oct.
2004. The solid line is for the free running model and
the dashed line is for the analysis field.
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Figure 5: Relative mean (a) and RMS (b) errors for
CO compared with MOZAIC data, for all flights into
Dubai and Abu Dhabi airports airport during Sept.
and Oct. 2004. The solid line is for the free running
model and the dashed line is for the analysis field.
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Figure 6: Mean CO field at model layer near 700 mb
over western Europe for the months of Sept. and
Oct, from free model run (left panel) and Assimila-
tion (right panel).
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Figure 7: Mean CO field at model layer near 700 mb
over eastern United States for the months of Sept. and
Oct, from free model run (left panel) and Assimilation
(right panel).
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Figure 8: Mean CO field at model layer near 700 mb
over the Middle East for the months of Sept. and
Oct, from free model run (left panel) and Assimilation
(right panel).
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Figure 9: Mean CO field in the model surface layer
over the Middle East for the months of Sept. and
Oct, from free model run (left panel) and Assimilation
(right panel).



