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[1] The Tropospheric Emission Spectrometer (TES) is an infrared, high-resolution
Fourier transform spectrometer which was launched onboard NASA’s Aura satellite in
2004 and is providing global, vertically resolved measurements of ozone in the
troposphere. TES version 2 (V002) data profiles have been validated in the troposphere
and lower stratosphere by way of comparison to ozonesondes and aircraft measurements.
TES measurements also have sensitivity throughout the stratosphere, and therefore TES
ozone profiles can be integrated to determine the total and stratospheric column in addition
to the tropospheric column ozone values. In this work we compare the ozone in the
stratosphere measured by TES to observations from the Microwave Limb Sounder (MLS)
instrument in order to show the quality of the TES measurements in the stratosphere. We
also compare the determination of a total column value for ozone based on the TES
profiles to the column measured by the Ozone Monitoring Instrument (OMI). The TES
tropospheric ozone column value is also calculated from the TES profiles and
compared with column values determined from ozonesonde data. Column
measurements are useful because the errors are markedly reduced from errors at the
profile levels and can be used to assess both biases and quality of the TES ozone
retrievals. TES observations of total or partial column ozone compare well with the
other instruments but tend toward higher values than the other measurements.
Specifically, TES is higher than OMI by ~10 Dobson units (DU) for the total ozone
column. TES measures higher values in the stratosphere (above 100 hPa) by ~3 DU

and measures higher ozone column values (~4 DU) in the troposphere than
ozonesondes. While the strength of the TES nadir ozone product is the vertical
resolution it provides in the troposphere, a tropospheric column value derived from
TES have utility in analyses using or validating tropospheric ozone residual products.

Citation: Osterman, G. B., et al. (2008), Validation of Tropospheric Emission Spectrometer (TES) measurements of the total,
stratospheric, and tropospheric column abundance of ozone, J. Geophys. Res., 113, D15S16, doi:10.1029/2007JD008801.

1. Introduction

[2] The Tropospheric Emission Spectrometer (TES) has
been making measurement of ozone and other atmospheric
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constituents from the Aura satellite since late September
2004 [Beer, 2006]. TES measurements are sensitive to
ozone in both the troposphere and stratosphere and therefore
can be used to make an accurate determination of the total
ozone column. TES measurements have undergone exten-
sive validation; however TES sensitivity to ozone in the
stratosphere has not been widely demonstrated. The study
described in this work will provide a preliminary evaluation
of TES ozone in the stratosphere. It will also illustrate the
ability of TES to make an accurate determination of the total
column value for ozone.

[3] This study will use Version 2 (V002) of the TES
Level 2 data products. The previous Version 1 (V001) of the
TES nadir ozone product has been preliminarily validated
using ozonesondes [H. M. Worden et al., 2007]. Version 2 of
the TES data products represents a significant improvement
over Version 1, primarily due to improved calibration of the
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TES Level 1B radiances [Shephard et al., 2008]. A descrip-
tion of the differences between the TES V001 and V002
Level 2 data products is available in the TES L2 Data User’s
Guide [Osterman et al., 2007]. TES makes measurements in
both the limb and nadir, but this study deals with validating
only the nadir ozone data. The V002 TES nadir ozone
products have been validated through an extensive analysis
using ozonesondes [Nassar et al., 2008; Thompson et al.,
2003, 2007] and aircraft lidar and in situ data [Richards et
al., 2008]. These analyses focused on the troposphere and
lower stratosphere and show that in the lower and upper
troposphere TES retrievals of ozone show a high bias
compared to the ozonesondes and lidar measurements.
Specifically, the TES ozone retrievals are higher than the
ozonesondes by 2.9-10.6 ppbv in the upper troposphere
and by 3.7-9.2 ppbv in the lower troposphere [Nassar et
al., 2008] while TES is higher than the lidar by 5-15%
[Richards et al., 2008]. The analysis described below is the
first to focus on TES measurements in the stratosphere and
examination of the total and tropospheric column ozone. In
general, when comparing TES profiles with other measure-
ments, it is essential to take into account the different
sensitivities of the instruments by applying the TES aver-
aging kernel. However, comparing columns rather than
individual profiles significantly reduces the error due to
averaging over pressure ranges larger than the TES vertical
resolution. The total error for ozone columns averages
1.5%, as compared to 16.5% for the average profile error
between altitudes 0 and 35 km. For this reason, we have
decided to perform a simple comparison of ozone column
products without accounting for the different instrument
sensitivities.

[4] The Ozone Monitoring Instrument (OMI) also is
operating from the Aura spacecraft. OMI measures back-
scattered solar radiance which allows it to measure column
ozone as well as many other aerosol and chemical constit-
uents of the atmosphere [Levelt et al., 2006a, 2006b]. For
the purposes of the study described here, we use the total
ozone column data from OMI retrieved with the TOMS
version 8§ algorithm. OMI ozone column measurements
have been validated by comparison to ground-based and
other satellite observations [Ziemke et al., 2006]. The OMI
data are screened based on recommendations described at
OMI Total Ozone (OMTO3) webpage at the Aura Valida-
tion Data Center http://avdc.gsfc.nasa.gov/Data/Aura/OMI/
OMTO3/OMTO3 OVP_readme.html).

[s] The Microwave Limb Sounder (MLS) [Waters et al.,
2006] currently operates on the Aura spacecraft and measures
the abundance of a large number of atmospheric constituents
using measurements of thermal microwave limb emission.
The ozone data used in this study are the MLS version 2.2,
which has been validated for the upper troposphere and
stratosphere in a number of studies [Livesey et al., 2008;
Froidevaux et al., 2008; Jiang et al., 2008]. The MLS Version
2.2 data quality document [Livesey et al., 2007] provides
information on properly flagging the MLS ozone products,
and all MLS data shown in this analysis have been screened
according to the specifications in that document.

[6] The analysis will focus first on TES/MLS and TES/
OMI comparisons for a single “day” of TES data (actually
~26 hours) in July 2006. Then data from three time periods
(January—March 2005, October 2005 and July 2006) will be
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used to understand the differences between column measure-
ments made by the three Aura instruments.

2. TES Data and Ozone Retrieval Sensitivity

[7] The TES standard operating mode is called the global
survey, which currently consists of a maximum of 3408
nadir measurements (scans) over approximately 26 hours
(16 orbits). The nadir footprint is 5 km by 8 km [Beer et al.,
2001] and consecutive nadir profiles are separated by
~182 km for the current TES global survey. The defini-
tion of a TES global survey has changed since the
instrument was launched; the original global survey had
a maximum of 1152 nadir profiles as two nadir scans
were averaged to produce a single profile. The original
global survey also made routine limb measurements. In
May of 2005 the global survey was changed to conserve
instrument life, limb scans were removed and nadir scans
were no longer averaged resulting in a maximum number
of 3456 nadir profiles. In January 2006, the last sequence
of each orbit was removed and replaced with an instru-
ment maintenance measurement and the maximum num-
ber of profiles decreased to the current value of 3408.
TES also makes special measurements that are used
primarily for validation and important science opportuni-
ties. The TES L2 Data User’s Guide [Osterman et al.,
2007] provides information on all TES measurement
modes and their characteristics.

[8] The TES Level 2 data products provide extensive
quality flag information to allow users to screen the data
for good profiles. The TES Level 2 team has put together
a main ‘“‘master” quality flag to provide an initial
recommendation as to the quality of a retrieved TES
profile. All information necessary to recreate the master
quality flag is provided in the data product file, so that a
user can adjust the quality control criteria as needed
[Osterman et al., 2007]. Unless otherwise specified, the
TES data used in this analysis include only data that have
passed the “master” quality flag criteria.

[9] TES nadir retrievals provide profiles of ozone with
vertical sensitivity that varies from scan to scan. The
amount of vertical sensitivity varies with changes in the
cloud properties of the observed footprint and the thermal
properties of the atmosphere and Earth’s surface. The best
metric to understand the vertical sensitivity of a TES
retrieved profile is the averaging kernel. The averaging
kernel, which is provided in the data product for each
TES scan, shows where the retrieved profile is sensitive
and how the information gets smoothed through the profile
[Bowman et al., 2006; H. M. Worden et al., 2007]. An
example of a TES averaging kernel is provided in Figure 1
for a profile retrieved on 9 August 2006 over Baja,
California. The TES sensitivity is spread over broad regions
from 900 hPa up to nearly 1 hPa. This is a typical averaging
kernel for northern midlatitude ozone retrievals and shows
that TES has sensitivity over enough of the troposphere and
stratosphere to give a good estimate of the total ozone
column. In regions where the TES retrieved profiles are not
sensitive, the TES averaging kernel will go to zero and
values in the TES retrieved profile will revert back to their a
priori value. The TES ozone and carbon monoxide a priori
profiles are taken from climatology based on results from
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Figure 1. An example of a TES averaging kernel showing

the locations of TES sensitivity in the atmosphere. The
discontinuity at 10 hPa is due to a change to a coarser
pressure grid in the TES retrieval process at higher altitudes.

the Model for OZone And Related chemical Tracers
version 3 (MOZART 3) [Brasseur et al., 1998] and
calculated for use by the Aura instrument science teams
(D. Kinnison, personal communication, 2003). The full
MOZART climatology for ozone was reduced in spatial
resolution to bins 10 degrees wide in latitude and 30
degrees wide in longitude. It is important to keep in mind
when working with TES data that the reported profiles
contain a mixture of regions where the measurement was
sensitive to the chemical abundance in the atmosphere and
regions where the retrieval has reverted back to the
climatology. The averaging kernel is vital to understanding
the locations of the sensitivity of TES data.

TES 03 Degrees of Freedom for Signal
Jul 03—-04, 2006 (TES Run 4415)
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Figure 2. The TES degrees of freedom for the global
survey of 3—4 July 2006. The blue data points show the
number of pieces of information in the troposphere, while
the red triangles show the dofs for the stratosphere. The
discontinuities at 54°S, 18°S, 18°N, and 54°N are due to
changes in the a priori constraint matrix used in the retrieval
algorithm.
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[10] The measure of the number of independent pieces of
information in the TES retrieval is given by the degrees of
freedom for signal (dofs) [Rodgers, 2000; J. Worden et al.,
2004]. The averaging kernel from Figure 1 has a dofs of 3.9.
This means that there are nearly 4 pieces of information for
the profile. The full-width—half-maximum of the averaging
kernels in the troposphere determines the vertical resolution
in the troposphere to be about 6 km. TES ozone profiles
typically have 3 to 4 dofs, though the number can vary
with cloud or surface conditions within the TES field of
view. Figure 2 shows the degrees of freedom for signal for
TES ozone measurements from a global survey taken on
3—4 July 2006. The sensitivity of the TES measurement
to ozone in the troposphere and stratosphere will vary
substantially for each retrieved profile. Figure 2 shows
how the dofs in the troposphere for the ozone measure-
ments is a maximum in the tropics and falls off with
latitude toward the poles. It should be noted that because
the dofs in the troposphere drops below one poleward of
45 degrees, TES will have little sensitivity to ozone as
determined by the TES averaging kernel. It can also be seen

Total 03 Column Comparison
Jul 03-04, 2006 (TES Run 4415)
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Figure 3. (a) TES and OMI total column ozone values
for 3—4 July 2006 as a function of latitude. The error
bars shown are the column error, as calculated using
equation (3). (b) The absolute difference (in DU) between
the TES and OMI measurements of the total ozone column
as a function of latitude.
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Difference in Total 03 Column
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Figure 4. A histogram of the absolute difference between
TES and OMI column ozone data. The histogram with the
solid line (with asterisks) shows that TES retrieved values
for the column are biased high by nearly 10 DU. The
histogram with dashed line (with diamonds) shows
difference calculated using the initial guess for the TES
retrievals that are biased high with a large tail in the
distribution at initial guess minus OMI greater than 30 DU.
The improvement from the initial guess to the retrieved TES
measurements suggests the TES retrieval is adding
information and moving the data toward closer agreement
with the OMI data.

that, outside the tropics, TES typically has at least 2 dofs in
the stratosphere. The discontinuities seen in latitudinal
distribution of the TES dofs are due to the a priori constraints
used in performing the retrievals. The constraints are
grouped by latitude into five (36°) bins. It is the ability of
the TES ozone profiles to estimate the ozone in the strato-
sphere and ultimately determine a total column value that
will be a prime focus of the analysis described here.

3. TES-OMI, TES-MLS Comparison for
3—4 July 2006

[11] TES values of the total ozone column are calcu-
lated using the logarithm of the retrieved ozone volume
mixing ratio (VMR). The integration of the ozone profile
uses log(VMR)/log(Pressure) interpolation of the profile
between the TES levels (the same interpolation used in
the TES retrieval process) and the TES reported air
density and altitude for each profile. The column density
(molecules/cm?) can then be defined as:

Column density = / VMR pdz
. N
_ Z VMRIP[ /efa,,MR(z—z,)efozp(zle)7 (1)

layers
Ly 2

where p is the air density, p; and VMR, are the values at the
bottom of the layer, and ayz and «, are the exponential
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decay of VMR and p, respectively. Here ay,,z can be solved
in terms of VMR, and VMR,, similarly for o, When the
integral is integrated and evaluated at the layer boundaries,
the equation for the column is

1 —x)z—2)
In(x; /x2)

column = Z

layers

(2)

where (1) values are for the level below the layer, (2)
values are for the level above the layer x = %
(where O3 is the ozone VMR and the denominator uses
the water VMR and converts to “dry” air density), and
z = altitude. The error for the column, as discussed by
Kulawik et al. [2006], can be calculated by using the
chain rule. The reported error matrix for In(VMR) is
converted to an error covariance for VMR by multiplying
by the VMR. The linear VMR error matrix is converted to
a column error using the derivative of the column with

03 Column Above 100 hPa
Jul 03-04, 2006 (TES Run 4415)
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Figure 5. (a) The amount of ozone in the atmosphere
above 100 hPa as determined by TES and MLS for
measurements on 3—4 July 2006. (b) The absolute
difference (in DU) between the TES and MLS values for
the ozone column above 100 hPa.
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Difference in 03 Column Above 100 hPa
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Figure 6. Similar to Figure 4, only showing the difference
between TES and MLS column ozone above 100 hPa. The
histogram with the solid line (with asterisks) shows that
TES retrieved values for the column are biased high by
nearly 4 DU. The histogram with dashed line (with
diamonds) shows difference calculated using the initial
guess for the TES retrievals that are biased by about 10 DU
with a large tail. Again, TES ozone column shows
significant improvement over the initial guess.

respect to the VMR for each level. The equation for the
column error covariance is shown in equation (3),

Seolumn = Zi.j VMRidiSi,jdj VMRj7 (3)

where d; and d; are the derivatives of the column with
respect to the VMR at levels i and j, and S;; is the error
covariance matrix. This method was used for calculating all
the column values described in this analysis. In the case of
the TES tropospheric column values, discussed in a later
section, the column values were created by integrating the
TES reported profile up to the tropopause pressure provided
in the NASA Goddard Space Flight Center Global
Modeling and Assimilation Office (GMAO) GEOS-4
products (interpolated to the TES measurement location)
[Bloom et al., 2005].

[12] Typically, when comparing TES observations to
other estimates of the chemical state of the atmosphere such
as from ozonesondes, data from other satellite instruments
or chemical model fields, the TES averaging kernel and a
priori information must be taken into account [Luo et al.,
2007; H. M. Worden et al., 2007]. These initial comparisons
of the TES column values to those from OMI and MLS do
not take the TES averaging kernel into account. The
analysis is an attempt to provide a somewhat less rigorous
estimation of the bias between the TES and OMI OMTO3
products. The ideal means of doing comparisons between
TES and MLS profiles in the stratosphere would be to take
into account the sensitivity of the two measurements
[Rodgers and Connor, 2003]. This analysis provides users
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Figure 7. A histogram of the difference between TES and
OMI for the January—March 2005, October 2005, and July
2006 data. TES is biased high by a value of 9.8 DU.

of TES data with preliminary information about the quality
of TES ozone retrievals in the stratosphere by comparing
column ozone amounts above 100 hPa with those calculated
by MLS.

[13] Figure 3a shows TES column values calculated from
ozone profiles measured during a global survey on 3—4 July
2006. Also plotted in Figure 3a are the OMI ozone column
values for the same time period. The TES and OMI data
were matched in time (scans less than 10 seconds apart) and
distance (typically 7—10 km). Using only the nadir data
from OMI allows for the best calculation of the absolute
difference in the total column in Dobson units (DU)
measured by the two instruments. The absolute difference
between the matched TES and OMI nadir data is shown in

Difference in 03 Column Above 100 hPa
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Figure 8. A histogram of the difference between TES and
MLS for January—March 2005, October 2005, and July
2006 data. TES is biased high by a value of 2.6 DU in the
stratosphere.
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