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[1] The Tropospheric Emission Spectrometer (TES) on board NASA’s Aura satellite
(to be launched in 2004) will provide measurements of global distributions of ozone, CO,
and other key chemical species in the troposphere. In order for TES to meet a design lifetime
of 5 years, it has been determined that a global survey strategy with �50% duty cycle must
be identified. In this study, simulated concentrations of ozone and CO from the GEOS-
CHEM global three-dimensional (3-D) model of troposphere chemistry are used as a time-
varying synthetic atmosphere for demonstrating and assessing the capabilities of TES nadir
observations. Autocorrelation analyses of the model species fields for different time lags
identify a significant 1-day correlation and support a 1-day-on/1-day-off observation
strategy. Three major steps are then taken to demonstrate and evaluate TES products: (1)
species profiles along the TES orbit track are sampled from the model 3-D time-varying
fields with cloudy scenes (50-60% of total scenes) removed; (2) nadir-retrieved profiles
(‘‘level 2 products’’) are obtained from these ‘‘true’’ synthetic profiles using TES retrieval
characteristic functions; (3) interpolated daily global maps (‘‘level 3 products’’) are
generated to compare with the original model fields. The latter comparison indicates that the
error in the level 3 products relative to the true fields for ozone and CO is <10% in�70% of
cases and <20% in 80–90% of cases. The three major sources of error lie in the asynoptic
orbital sampling, the retrieval, and the level 3 global mapping. INDEX TERMS: 0365

Atmospheric Composition and Structure: Troposphere—composition and chemistry; 0368 Atmospheric

Composition and Structure: Troposphere—constituent transport and chemistry; 3360 Meteorology and

Atmospheric Dynamics: Remote sensing; KEYWORDS: TES, tropospheric emission spectrometer, ozone, carbon

monoxide, tropospheric chemistry, satellite remote sensing

1. Introduction

[2] The Tropospheric Emission Spectrometer (TES) is
one of four instruments on the NASA EOS Aura satellite
scheduled for launch in 2004. TES is an infrared, high
spectral resolution Fourier transform spectrometer (FTS)
and will operate in both nadir and limb modes to measure
atmospheric profiles [Beer et al., 2001]. One of the primary
science objectives of TES observations is to provide con-
current measurements of vertically resolved global distribu-
tions of tropospheric ozone and some of its key precursors
(CO, H2O, NO, and HNO3). Tropospheric ozone has been
measured from space by the Global Ozone Monitoring
Experiment (GOME) [Munro et al., 1998]. Fishman et al.
[1990] have reported derived tropospheric ozone columns

by differencing the results from the Total Ozone Mapping
Spectrometer (TOMS) and Stratospheric Aerosol and Gas
Experiment (SAGE) experiments. Global CO distributions
were measured four times briefly from the space shuttle by
the Measurement of Air Pollution From Satellites (MAPS)
experiment [Reichle et al., 1999]. The Interferometric
Monitor for Greenhouse Gases (IMG) instrument on board
ADEOS launched in 1996 provided limited CO column
measurements [Hadji-Lazaro et al., 1999]. The Measure-
ment of Pollution in the Troposphere (MOPITT) experiment
on the NASA EOS Terra satellite launched in December
1999 will soon provide tropospheric CO measurements
[Drummond and Mand, 1996].
[3] In addition to obtaining climatological data for the

above-mentioned tropospheric species fields (e.g., monthly
global maps) an important science goal for TES is to capture
the temporal evolutions of the fields on synoptic scales, such
as the export of CO from industrialized continents and the
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evolution of large-scale ozone episodes in the troposphere.
The mechanical movement of the FTS scanning mirrors
imposes a limitation on the total number of scans that TES
can perform and therefore its operating lifetime. To spread
the estimated total number of scans of the interferometer to
its design lifetime of 5 years, the TES science team needs
to develop a sampling strategy allowing the instrument to
operate in roughly a 50% duty cycle. An optimal cycle
frequency must be defined. Fowler et al. [2000] previously
used the CSU GCM model to explore the sampling issues
associated with remote sensing of the Earth radiation
budget from multiplatform instruments. In a similar man-
ner we use here results from the GEOS-CHEM global 3-D
model of tropospheric chemistry [Bey et al., 2001] to provide
quantitative information about the scales of variability of the
chemical fields of interest to TES and to allow us to simulate
and evaluate the TES product. Our focus is on nadir
observations, but the concept and the conclusions can be
readily extended to the limb observations.
[4] Our approach is to use the GEOS-CHEM model to

generate a synthetic ‘‘true’’ atmosphere and then to examine
the capability of TES to retrieve this atmosphere. The
advantage of using a global 3-D model to define the true
atmosphere is that it provides a continuous and internally
consistent global view of atmospheric composition includ-
ing altitude-dependent clouds (which TES cannot see
through) and variability, at least on synoptic scales. Section
2 provides an autocorrelation analysis of the GEOS-CHEM
model fields, which leads to the selection of a 1-day-on/1-
day-off observation pattern as the optimal way of meeting
the 50% duty cycle requirement. The TES products are then
simulated and evaluated in sections 3 to 5. Section 3
describes the TES-sampled profiles obtained with TES
flying through the true model atmosphere. Similar to other
satellite projects, TES data processing consists of levels 1,
2, and 3. Level 1 processing generates radiometric and
spectrally calibrated infrared spectra from measured inter-
ferograms. Level 2 processing extracts species profiles in
the atmosphere at the TES targets by fitting the spectral
radiance of level 1 output with a radiative transfer model,
considering the measurement errors and the reasonable
physical constraints (a priori) applied in the retrievals. The
level 3 processing is a step to generate global/regional
images of the level 2 profiles. Section 4 describes the ‘‘fast’’
retrieval results (level 2 data) using TES characteristic
functions with the a priori information obtained from the
model yearlong data. The retrieval errors are also presented.
Section 5 presents the level 3 global maps and the compar-
isons of these maps with the model true atmospheres.
Section 6 offers a summary and some conclusions.

2. The GEOS-CHEM Model Fields

[5] The GEOS-CHEM model provides a synthetic true
atmosphere for retrieval by the TES algorithm. The model is
described by Bey et al. [2001], who also present a detailed
global evaluation of model results with observations for
tropospheric ozone, CO, and related species. The GEOS-
CHEM model is driven by assimilated meteorological
observations from the Global Earth Observing System
(GEOS) of the NASA Data Assimilation Office and repre-
sents the latest generation of global 3-D models of tropo-

spheric chemistry developed at Harvard University (earlier
generations are described by Wang et al. [1998a, 1998b],
Horowitz and Jacob [1999], and Mickley et al. [1999]). It
simulates the evolution of 120 chemical species describing
tropospheric ozone-NOx-hydrocarbon chemistry. For the
present application the horizontal resolution is 4� latitude
� 5� longitude, with 14 vertical levels on a sigma (terrain-
following) coordinate from the surface to 150 hPa. The
simulation is conducted for the full year of 1994, and global
fields of ozone and CO concentrations are archived every 4
hours. To facilitate the retrieval process, the model results
were mapped on to 21 pressure levels between the surface
and 100 hPa. As an example, Figure 1a shows a daily
average ozone field from the model at 500 hPa for 15
August 1994. The simulated summertime ozone maximum
in the middle troposphere over the Middle East is discussed
by Li et al. [2001] and appears consistent with the few
aircraft observations available. The ability of the TES
retrieval algorithm to reproduce the concentration field in
Figure 1a will be discussed in section 3.
[6] The temporal evolution of the model fields provides

information toward deciding the sampling frequency needed
for TES global survey observations in the context of the
limitation of 50% observation duty cycle. Since TES is a
polar Sun-synchronous orbit, it requires 1 day to cover the
entire globe. A design requirement of TES on Aura is that it
provides global survey data; therefore the limitation of 50%
observation duty cycle should still allow for continuous 24-
hour observation, with such observation to take place on
50% of the days. As an objective guide to design the
optimal sampling strategy, we examined the autocorrelation
at fixed locations of the model O3 and CO fields for
different time lags (1 day, 2 days, etc.). The autocorrelation
coefficient rk for a species at a given location for a time lag
of k days is defined as

rk ¼
XN�k

t¼1

ðxt � �xÞðxtþk � �xÞ
XN
t¼1

ðxt � �xÞ2
" #�1

; ð1Þ

where xt is the model daily average O3 or CO concentration
for day t, N is the number of days considered, and x is the
mean value of xt for the N days. The relationship of 1 day’s
species field to that of a kth earlier day is measured by rk.
[7] We calculated the monthly autocorrelation coeffi-

cients (N is the number of days in the month) of model
ozone and CO at 800 and 500 hPa for time lags of 1, 2, and
3 days. The coefficients displayed latitudinal dependencies,
compared to the global average values, �30% higher in the
tropics and 20% lower in high latitudes. At 800 hPa the
global averaged monthly autocorrelation coefficients for
both ozone and CO are 0.57 ± 0.04 for a 1-day time lag,
0.27 ± 0.03 for a 2-day time lag, and 0.21 ± 0.03 for a 3-day
time lag. At 500 hPa the global averaged coefficients for
ozone become 0.51 ± 0.04 for a 1-day time lag, 0.25 ± 0.03
for a 2-day time lag, and 0.20 ± 0.03 for a 3-day time lag,
and the coefficients for CO are �0.01 larger. These results
are very close to those for afternoon ozone measurements
from rural areas of the eastern United States [Logan, 1989].
[8] As expected, the autocorrelation coefficient for the

species fields drops as the time lag becomes longer, with the
largest drop from a 1-day to a 2-day lag. The correlation of
the ozone and CO fields with 2–3 or more days apart
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becomes small. This analysis suggests that with the limi-
tation of the satellite orbit progression and the required 50%
observation time for TES a sampling strategy of mapping
the global ozone and CO fields every 2–3 days would be
appropriate.
[9] The above global model field analysis suggests a 1-

day-on followed by a 1-day-off pattern for TES global
survey observations, producing ozone and CO daily global
maps every other day. This global survey does not preclude

targeted observations for specific regions on the off days to
address special events or intense regional survey modes.
The planned validation campaigns can also be accommo-
dated in the off days. In the next three sections we follow
three steps to simulate TES final products, the daily global
species fields, and to compare them with the model true
atmospheres.

3. Sampling the Troposphere
Along the TES Orbit Track

[10] The EOS Aura polar orbit is Sun synchronous at 705
km with 98.2� inclination. Each TES observation sequence
includes two nadir scans pointing at the same ground
location and three trailing limb scans. For observations taken
equatorward of 70� latitude the local solar times are within 3
hours after noontime for the ascending track and within 3
hours after midnight for the descending track. There are 73
observation sequences per orbit and �14.5 orbits per day.
The size of 1 pixel at nadir is �5 km � 0.5 km, and the size
of 16 stacked pixels at nadir is �5 km � 8 km.
[11] The TES nadir footprints along the orbit track are

used to sample the species profiles from the model fields.
The model profiles adjacent to the footprints are linearly
interpolated in time and bilinearly interpolated in space to
obtain the sampling profile at a TES footprint. Figure 1b
shows the TES nadir location for 1 day (14.56 orbit) colored
by the sampled ozone volume mixing ratio at 500 hPa. This
plot clearly illustrates the limitations of the spatial resolu-
tion of the TES observations. Small features in the species
fields (less than �15� longitude and �5� latitude) are
unlikely to be captured by TES observations. Careful
examination of the animations of the model fields shows
that small features tend to move fast. Considering that
Figure 1b is not a snapshot of the field, the low temporal
resolution of the observations also limits the ability of TES
to capture the rapidly evolving small-scale features in a
field.
[12] The presence of clouds in the TES field of view is an

issue in profile retrieval. Although the TES science team has
developed algorithms to retrieve profiles down to the cloud
top in the nadir viewing case, the retrieval results will need
careful validation when data become available. Partial cloud
cover in 1 or all 16 pixels is especially hard to deal with. In
this paper, we assume therefore that there is no retrieved
profile at the TES footprint when a cloud is in the field of
view as indicated by the GEOS total cloud fraction [Takacs et
al., 1994]. We treat the GEOS cloud fraction as a probability
that the TES field of view in a given grid square samples a
cloudy scene. As an example, Figure 2 shows the cloud
probabilities above three specified levels for 15 August at
0000 UT. Removing all cloudy scenes (Figure 2c) filters out
55% of the observations for this day, which is a significant
reduction. However, large-scale structures in ozone volume
mixing ratios are still captured in the samples retained, as
shown in Figure 1c.

4. Simulated Retrievals and Error Estimate
on the Sampled Profiles

[13] The model fields, temporally and spatially sampled
along the TES orbit track footprints, become the true

Figure 1. Global ozone volume mixing ratio field at 500
hPa for 15 August 1994 from the GEOS-CHEM model. (a)
The daily average field. (b) The Tropospheric Emission
Spectrometer (TES) nadir observation ground track ob-
tained via temporal-spatial sampling through the model
fields (total of 1063 observations). (c) The TES nadir
observation ground track locations with those having clouds
in the view removed (total of 476 observations). The actual
nadir footprint is �5 � 8 km.
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profiles for evaluating TES retrieval products. For opera-
tional processing, atmospheric profiles will be retrieved
from the spectral radiances according to the process
described in the TES Algorithm Theoretical Basis Docu-
ment (available at the EOS Aura project home page, http://
aura.gsfc.nasa.gov/) using a nonlinear least squares process.
Ideally, to simulate the observing system, we would calcu-
late the spectra to be measured, including noise, and then

carry out the operational retrieval. However, this would be
expensive in processor time at the current stage of develop-
ment of the operational retrieval. An alternative process is to
simulate the combination of measurement and retrieval by
means of a linear characterization. Although the retrieval
process is nonlinear, this should give a qualitative evalua-
tion of the effect of retrieval on global maps.
[14] Rodgers [1990] presents a suitable formalism for this

purpose. The retrieved profile x̂ is related to the true profile
x to first order by a relation of the form

x̂ ¼ Axþ ðI � AÞxa þ Ge; ð2Þ

where I is the unit matrix, G is the retrieval gain (contribu-
tion function), e is the measurement noise, and A is the
averaging kernel matrix. A describes the sensitivity of the
retrieval to the true state. Equation (2) describes the retrieval
as a linear combination of the true profile smoothed by the
averaging kernel and the prior profile xa weighted by I � A,
together with the contribution from measurement error Ge.
Systematic errors in the forward model can be included as a
component of e, but we have not done so in this study. The
averaging kernel matrix is computed as A = GK. The
Jacobian matrix K (the derivative of the model spectrum
with respect to the species profile), the retrieval gain G, and
the measurement noise covariance Sm are the key character-
istics of TES observations that determine the vertical
resolution and the error of the retrieved profiles. The
retrieval gain G depends upon the covariance Sa of the
prior state about its expected value xa, according to Rodgers
[1976].

G ¼ ðKTS�1
m K þ S�1

a Þ�1
KTS�1

m ð3Þ

We have taken Sm to be diagonal.
[15] The advantage of the high throughput (adequate

signal-to-noise ratio) of a Fourier transform spectrometer
makes high spectral resolution measurement of a large
spectral range possible, which is ideal for tropospheric/
stratospheric species profile measurements. Detailed dis-
cussions of the TES radiative transfer forward model, nadir
retrieval simulations, and error analyses are given by
Clough et al. [1995] and Bowman et al. [2002]. Here the
TES forward model is used to evaluate the Jacobian matrix
K at xa using spectral regions centered near 9.6 mm for
ozone and 4.7 mm for CO. The use of a priori covariance Sa
or other implicit constraints for retrieval are necessary to
obtain physically meaningful results for the ill-posed profile
retrieval problem.
[16] For our simulations the appropriate sources of xa and

Sa are the annual statistics of the three-dimensional model
results. We chose not to include seasonal information in the
prior state as this may be misleading, e.g., with regard to the
timing of biomass burning events. Gross latitudinal varia-
tion was included, however. We chose four latitude bands
for which to calculate the annual mean state xa and the
covariance Sa about it, namely, 90�S–20�S, 45�S–10�N,
10�S–45�N, and 20�N–90�N. These were used as a priori
for profile retrievals for 90�S–30�S, 30�S–0�, 0�–30�N,
and 30�N–90�N, respectively. The four tropospheric pro-
files are extended smoothly to the upper stratosphere using
latitudinal dependent ozone profiles from the Air Force

  

(a)  GEOS-CHEM Model:   Cloud Probability σ =0.22, ~230 hPa
Month:  Aug         Day:  15         Hr:  0 

Figure 2. Global cloud fractions above a given level as
diagnosed by the Global Earth Observing System (GEOS)-
assimilated meteorological observations for 15 August
1994. (a) Above s = 0.22, �230 hPa. (b) Above s =
0.66, �670 hPa. (c) Above s = 1.0, the surface of the earth.
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Geophysics Laboratory reference atmospheric model pro-
files [Anderson et al., 1986].
[17] Figures 3a and 3b show the annual averages of the

ozone profiles from the GEOS-CHEM model for the four
latitude bands and an example of a covariance matrix.
Retrieval in terms of the logarithm of the mixing ratio q
is currently under consideration for the TES retrieval
algorithm, so in this study the state vector elements xa are
taken to be ln(q). The element jk of the covariance matrix Sa
is the covariance of the logarithm of the mixing ratios at
level j with that at level k, and it is

Sjk ¼ ðn� 1Þ�1
Xn
i¼1

ðxij � xajÞðxik � xakÞ: ð4Þ

The summation is over all model profiles within the latitude
band, and n is the total number of data points. It might be
expected that, as the model has 14 levels and the retrieval is
at 21 levels, the prior covariance would be of rank 14, and
therefore singular. However, since the model uses sigma
levels, which vary in pressure from one profile to another
and in ln(q) is performed on ln(p) before the data is used,
this is not the case. However, variability at scales smaller
than the model resolution cannot be well captured by this
Sa. In the stratosphere, Sa is assumed to be diagonal with
constant values at the tropopause.
[18] The prior information for the four latitude bands is

used to calculate the parameters of the simulated retrieval, (2)
and (3). The measurement error is an important factor in
demonstrating the capability of the TES measurements. We
have used the current best estimate for a single-pixel meas-
urement, namely 2.24 � 10�4 W m�2 sr�1 cm�1 for all the
simulations. If measurements from up to 16 pixels are
averaged for nadir retrievals, the random measurement error
will be reduced by a factor of 4. The Jacobian matrices K are
calculated for the four latitude bands using the appropriate xa.
[19] Figure 3c illustrates an example of the averaging

kernel matrix, A = KG, used for retrieval simulations in (2).
The rows of A matrix are plotted against pressure for every
other retrieval pressure levels between 1000 and 100 hPa.
Each averaging kernel profile is used to vertically smooth
the true profile for a given retrieval level as indicated in (2).
[20] The total retrieval error covariance is estimated

according to Rodgers [1976].

Ŝ ¼ ðKTS�1
m K þ S�1

a Þ�1 ð5Þ

This error includes the contribution from measurement
noise together with the smoothing error corresponding to
the variability of the profile that can be represented in the
model data but cannot be determined from the observations.
Other sources of errors are not considered here. The effect
of temperature profile error on the ozone retrieval is
discussed by Clough et al. [1995].
[21] The fast retrieval (2) is applied to all of the sampled

profiles at TES footprints that are cloud free. A total of over
170,000 ‘‘retrievals’’ per species per year were performed in
this way to become our simulated level 2 products. To
validate the process we also carried out ‘‘real’’ simulated
retrievals using the TES prototype retrieval code for a small
sample of profiles. The majority of the results agree very

Figure 3. A priori information obtained from the GEOS-
CHEM yearlong model data for ozone. (a) Annual average
profiles for the four latitude bands (used as a priori states xa
for the simulated retrievals). (b) Linear correlation coeffi-
cients for the covariance matrix obtained from the vertical
ozone profiles in the latitude band 20�N–90�N (Sa). (c)
Averaging kernels (rows of the A matrix) for the ozone
retrieval at 20�N–90�N. This plot only shows alternate
rows of the averaging kernel matrix, while the retrievals are
performed at all levels (total of 21 levels).
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well with the simulations. More profile retrieval simulations
for the TES instrument are given by Clough et al. [1995]
and Bowman et al. [2002].
[22] Figures 4a–4d demonstrate the comparison between

the retrieval error and the a priori variance for the four latitude
bands. The retrieval errors are calculated in two ways, (5) and
the RMS of the departures of the retrieved profiles x̂ from
their true profiles x. The RMS is calculated using over
170,000 retrievals. As expected, the agreement between the
RMS error and the estimated S is excellent. In general, the
retrieval error for annual averaged ozone in a wide latitude
band is 8–15% from �800 to 200 hPa, with higher values
near the surface and the tropopause. Using 16 pixel-averaged
measurements, this retrieval error can be reduced to 5–10%
in most parts of the troposphere. Clough et al. [1995]
estimated 5% retrieval error in the middle-upper troposphere
for a 32 pixel-averaged measurement and a slightly different
Sm. This value is in good agreement with this study.
[23] Knowledge of the vertical resolution or the number of

vertically independent pieces of information in the retrieved
species profile is important to understand the TES products

and the estimated errors. This vertical resolution can be
described as the width of the row of the averaging kernel
matrix A. Equation (2) indicates that the retrieved profile is
the sum of the smoothed true profile via the rows of A and
other two terms. As illustrated in Figure 3c, the width of the
averaging kernel for the simulated ozone retrieval here is
�5–8 km in the troposphere. We therefore estimate that
among the 21 levels used to represent the ozone profile in the
troposphere, there are only 2–3 pieces of independent
information.
[24] The above-described retrieval simulation was also

performed for carbon monoxide for the Southern and North-
ern Hemispheres. With similar retrieval errors (�10% in the
lower-middle troposphere for a single pixel), �2 pieces of
vertically independent information can be obtained for CO.

5. Level 3 Mapping and Comparison
to the Model Fields

[25] Global image maps of the species field at a constant
pressure level (or constant potential temperature level) will

Figure 4. Fractional errors for ozone retrieval in the four latitude bands, (a) 90�S–30�S, (b) 30�S–0�S,
(c) 0�N–30�N, and (d) 30�N–90�N. There are three profiles in each panel: the RMS of the retrieval
errors obtained from the departures of the retrieved profiles from the ‘‘true’’ profiles, the square root of
the diagonals of the estimated retrieval error covariance matrix Ŝ, and the square root of the diagonals of
the a priori covariance matrix Sa.
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be the core products from TES level 3 processing. These
level 3 maps are mainly for data browsing. Similar to all the
remote-sensing observations from a polar-orbit satellite,
TES footprints cover most latitudes in �1 day. Studies in
section 3 show that the TES nadir coverage in the lower
troposphere is complicated by �50–60% of data being lost
due to clouds in the view. As an example, Figure 5a shows
the TES nadir footprints for the 15 August model fields,
with colors representing the retrieved ozone mixing as
described in section 4. An important consideration in
producing a global image from the data in Figure 5a is that
there is an offset of up to 1 day between the different data

points. Several techniques exist to generate quasisynoptic
maps from the above-described asynoptic observations
[Salby, 1982]. They can be generalized as time/space
interpolations. This step of processing imposes smoothing
to the time/space evolutions of the fields and has difficulty
in dealing with data gaps. Data assimilation with a global
3-D tropospheric chemistry model such as GEOS-CHEM
would provide a solution, but it is a complex undertaking
and is inappropriate for a browse product. In this study we
use a simple mapping algorithm described below to gen-
erate daily gridded level 3 data, ignoring timing offsets.
The level 3 grid is defined to sample the field structures

Figure 5. The global ozone volume mixing ratio fields at 500 hPa for 15 August 1994. (a) Retrieved
ozone volume mixing ratio at TES nadir footprints using a fast retrieval algorithm described in section 3.
(b) Global level 3 map obtained using a simple Gaussian weight-binning method. This figure is the
continuation of Figure 1. Some statistics comparing the level 3 image (Figure 5b) and the original model
image (Figure 1a) are given in Table 1.
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captured by the orbit footprints, for example, a 5� longitude
� 2� latitude grid is a reasonable selection for a daily map
considering the TES sampling spatial resolution. First, level
2 data are accumulated for a period of time, e.g., 1-day
observations shown in Figure 5a. Then a bin box centered at
the specified level 3 grid is defined. The size of the bin box is
determined by the spatial distribution of the data, and it
represents the area of influence of a given data point. The
level 2 data within the range of the bin are used for
averaging, and each data point is weighted by a 2-D
Gaussian function centered at the level 3 grid point. In the
case of no data for level 2 in the bin box, there will be no
level 3 data at that grid point. As an example, Figure 5b
shows the level 3 map for ozone mixing ratio at 500 hPa
using the 1-day level 2 data shown in Figure 5a.
[26] The difference between the binned data and the model

fields should give us a semiquantitative idea of the magni-
tude of the errors due to three major sources: the TES orbit
sampling, the level 2 retrieval, and the level 3 mapping. As
an example, the percent differences of the level 3 global map
(Figure 5b) from the model daily average field (Figure 1a)
for the ozone field at 500 hPa on 15 August is shown in
Figure 6. It is important to point out that the error field seems
to be random; it shows no significant patterns, such as the
orbit track, nor does it correlate with the original field.
Table 1 presents more quantitative analyses of the three error
sources in this field. To account for the model field varia-
bility in its daily map, we have calculated the percent RMS of
the departure of the 6 daily 4-hour fields from the daily
average field (Table 1). For �90% of the global area this
RMS difference is <10%, while for�8% of the global area it
is 10–20%. These values perhaps represent the maximum
error due to the TES orbit sampling of the ozone field and the
assumption of a constant field. Table 1 examines the error in
level 3 mapping when the simple mapping method described
above is applied to the orbit sampled true atmosphere

profiles. This error is <10% for 78% of the domains. This
drop in area represents the error due to the level 3 interpo-
lation. The effects of the retrieval with approximate 10%
error at 500 hPa (Figure 4) are included in Table 1. The
simulated retrieval profiles are used to generate level 3 maps.
With all three error sources included, Table 1 shows that for
75% of the global area the percent difference between level 3
and the model is <10%, and for another 15% of the global
area the percent difference is 10–20%.
[27] Two more examples of the comparisons of the level

3 maps and the true model fields are shown in Figure 7, and
the statistical errors are included in Table 1. Figures 7a and
7b and Table 1 show the simulation for the ozone field at
800 hPa on 15 August. Although the macrostructures of the
field are captured by the global level 3 map, the strength of
the ozone sources due to biomass burning in the two
southern continents are underestimated by the simulated
TES data. The high retrieval error near the surface (Figure 4)
is the major reason. With only two to three pieces of

Figure 6. Percent difference of level 3 data from the model daily average data for the ozone field at 500
hPa on 15 August 1994. The level 3 data is displayed in Figure 5b, and the model data is displayed in
Figure 1a.

Table 1. Error Estimates for Three Sample Fieldsa

O3 for 15 August 1994 CO for 20 February 1994,
700 hPa, %500 hPa, % 800 hPa, %

Area, %
�0 < 10 90 85 93
10 < �0 < 20 8 12 6.5
�1 < 10 78 72 81
10 < �1 < 20 14 14 11
�2 < 10 75 67 75
10 < �2 < 20 15 12 14

Retrieval error 10 15 10
a�0, RMS of departures of model species volume mixing ratio (VMR)

from the daily mean. �1, departure of level 3 map generated from orbit
sampled ‘‘true atmosphere’’ and the model daily mean VMR. �2, departure
of level 3 map generated from retrieved level 2 daily data and the model
daily mean VMR.
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information vertically in the tropospheric retrieved profiles
the variability represented in the model profiles is vertically
smoothed in the retrieval process of the observations. Such
ozone profiles departing from the regional climatology
impose challenges to TES retrieval algorithms, including
the proper ways of using a priori profiles and the smoothness
constraints to the profiles. Another example shown in
Figures 7c and 7d and Table 1 is the level 3 map versus
model field for CO at 700 hPa on 20 February 1994. Again,
the large global features are captured well by the level 3 map,
while the magnitudes of the high-CO regions due to pollu-
tion sources are not reproduced well. Note that in this case
the evolution of the CO fields in East Asia and North Africa
is rapid, and the percent RMS of the departure of the model
4-hour fields (not shown here) from the daily mean in these
regions is as high as 35%. This sampling error has major
contributions to the departure of the level 3 field from the
model daily field.
[28] The error due to the level 3 mapping described here

seems to be significant, but it can be reduced using smaller
bin size while sacrificing the visual appearance. Other
local interpolation algorithms are under consideration for

producing level 3 browse products. However, with such
sparse observations globally and a similar influence area
for a given data point the mapping error is predictable.
TES data assimilation with a global dynamic chemistry
model should provide the most probable global time-
varying state for ozone, CO, and other tropospheric
species. Such data assimilation using models has been
reported for other satellite observations, e.g., the MAPS
and MOPITT CO observations [Lamarque et al., 1999]
and the global total ozone column from GOME (available
at http://auc.dfd.dlr.de/GOME/products/). We propose to
produce assimilated data as TES future higher-level products.
[29] The tools and analyses described in this paper allow

the TES science team to make decisions on the sampling
strategies for the global survey observations. A 1-day global
map seems to capture adequately the macrofeatures in the
ozone and other slowly varying fields such as CO, H2O, and
temperature, even with �55% data missing due to clouds.
Although the measurement accumulated for a longer period
(e.g., 2 days or more) should fill some of the empty areas, it
will increase the error in these level 3 maps due to the
temporal variation of the true field.

Figure 7. Comparisons of the GEOS-CHEM fields and the simulated TES level 3 maps. (a and b)
Ozone volume mixing ratio at 800 hPa for 15 August. (c and d) CO volume mixing ratio field at 700 hPa
for 20 February 1994.
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6. Summary and Conclusions

[30] This paper uses results from the GEOS-CHEM
global 3-D model of tropospheric chemistry as a synthetic
atmosphere to define the TES global observational strategy
and to investigate the ability of TES observations to capture
the tropospheric structure of ozone and CO. A significant
autocorrelation at 1 day is identified from the model fields
in the troposphere (coefficient = 0.5–0.6). This coefficient
is a factor of 2 smaller for 2-day or longer time lags.
Considering the limitation of a 50% duty cycle, this study
suggests a sampling strategy of 1-day-on followed by 1-
day-off for TES global survey observations.
[31] The GEOS-CHEM model fields along with the

corresponding cloud information were used as a synthetic
‘‘true’’ atmosphere to generate simulated TES products and
to evaluate the TES observation capability. First, the model
fields were sampled along the TES orbit track. Then the
model cloud fields are used to screen and reject cloudy
footprints in the field of view of the instrument. Although
the cloud top levels for those footprints are also known, in
the examples shown in this paper we simply remove all
cloudy profiles. This conservative approach is based on the
expectation that retrieval in cloudy atmosphere will need
extensive validation after launch. The next step is to
perform a retrieval of the clear-sky GEOS-CHEM model
profiles to generate global level 2 products. An approximate
retrieval based on those true profiles and the TES character-
istic functions is performed for a whole year’s data. This
procedure is basically to smooth the true profile vertically
by the averaging kernels and to add the effect of the
instrument noise. The application of necessary smoothing
results in two to three pieces of independent information for
a retrieved ozone profile in the troposphere. An error
analysis is also provided, and for most of the troposphere
this error is �10–15% using the single pixel noise. The last
step is to produce level 3 species maps and to compare with
the true time-varying model field. A simple Gaussian
function weighted-binning method is used to generate level
3 data. The daily global level 3 maps for the ozone and CO
fields are compared to the model fields. The comparisons
show that the error is <10% in �70% global area and <20%
in 80–90% area.
[32] The prelaunch quantitative assessments of simu-

lated TES final products compared to global atmospheric
chemistry model fields used as true atmosphere are useful
in planning the observation strategy. This study also offers
an example for future TES data users to better understand
the limitations and the error sources of the data and the
global maps. On the basis of this study and other sources
of inputs, an alternating 1-day-on and 1-day-off mode has
been identified as the TES primary sampling strategy for
global surveys. Global daily maps for tropospheric species
such as ozone, CO, and H2O will be generated every other
day.
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