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1. Scope of this Document

This document will provide an overview of the TES instrument and the Level 2 (L2) volume
mixing ratio (vmr) and temperature profile data that it measures. The document should provide
an investigator the information necessary to successfully use TES data for scientific studies.

This document discusses TES L2 data version 05 data (FO6_08) as well as prior versions.

This document should be considered an overview of the TES instrument and data, but many
additional sources of information are available. The primary sources of information about TES
data and data product files are:

+ TES Data Products Specification (DPS) Documents (Lewicki, 2005a; Lewicki, 2005b;
Lewicki, 2005c; Lewicki, 2007; Lewicki, 2008) - The DPS documents provide extensive
information about the data product file content, file sizes and obtaining TES data.

* TES L2 Algorithm Theoretical Basis Document (Osterman et al., 2004) - This document
provides information about the TES L2 retrieval algorithm, support products and forward
model.

+ TES Validation Report (Osterman et al., 2009) - TES data products are currently
undergoing an extensive validation of their scientific quality. An overview of initial
validation results is provided in Section 9. More information about validation of the TES
L2 products can be found in the TES Validation Report.

There are several other documents that provide important information about TES and they are
listed according to subject in the references Section 10.

Users of TES data are encouraged to contact the TES science team for further guidance on
successfully applying and interpreting the data products. Contact information for TES team
members is available at the TES web page (http://tes.jpl.nasa.gov/team/index.cfm).
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2. Anoverview of the TES instrument

2.1 Instrument Description

The Tropospheric Emission Spectrometer (TES) on EOS-Aura was designed to measure the
global, vertical distribution of tropospheric ozone and 0zone precursors such as carbon monoxide
(Beer et al., 2001; Beer, 2006). TES is a nadir and limb viewing infrared Fourier transform
spectrometer (FTS) http://tes.jpl.nasa.gov/instrument/ ). The TES spectral range is from 650 to
3250 cm™. The apodized resolution for standard TES spectra is 0.10 cm-1, however, finer
resolution (0.025 cm™) is available for special observations. The footprint of each nadir
observation is 5 km by 8 km, averaged over detectors. Limb observations (each detector) have a
projection around 2.3 km x 23 km (vertical x horizontal).

TES is on the EOS-Aura platform (http://aura.gsfc.nasa.gov/) in a near-polar, sun-synchronous,
705 km altitude orbit. The ascending node equator crossings are near 1:45 pm local solar time.

2.2 TES Observation Modes

2.2.1 Global Surveys

TES makes routine observations in a mode referred to as the “global survey”. A global survey is
run every other day on a predefined schedule and collects 16 orbits (~26 hours) of continuous
data. Each orbit consists of a series of repetitive units referred to as a sequence. A sequence is
further broken down into scans. Global surveys are always started at the minimum latitude of an
Aura orbit. Table 2-1 provides a summary of the initial and modified versions of the TES Global
Surveys from Launch to the present day.

Table 2-1 Description of TES Global Survey Modifications

Along-
Track
Start Date/ Maximum Distance o
First Run ID Scans | Sequences | Number o_f TES betwee_n Description
L2 Profiles Successive
Nadir Scan
Locations
98327,:%% + At-launch Global Survey (Aura
GS Run ID ) launched on July 15, 2004)
2026 Maximum Of. + Each sequence composed of 2
(First4Gs | 3Limb/ 1152 4608 L2 profiles calibration scans, 2 nadir viewing
2 Nadir | Sequences | (1152 sequences _ scans and 3 limb scans.
runs were 4 (72 per orbit) | x (3 Limb Scans+ 544 km ; :
orbits only) 1 Nadir Scan)) * The two nadir scans were acquired
(First full GS at the same location on the _
is Run ID qucecraft ground track. Thelr_ '
2147/Sep rad_|ances were avergged, providing
20, 2004) a single TES L2 profile.



http://tes.jpl.nasa.gov/instrument/
http://aura.gsfc.nasa.gov/

TES L2 Data User’s Guide — Version 5 (F06_08) Data

March 6, 2011

Version 5.0
Along-
Track
Start Date/ Maximum Distance o
First Run ID Scans | Sequences | Number of TES between Description
L2 Profiles Successive
Nadir Scan
Locations
+ Global survey was modified to
conserve instrument life.
) + Three limb scans were eliminated
| 1152 Maximum of and replaced by an additional nadir
May 21, 3 Nadir | sequences | 3456 L2 profiles scan.
2005/ Run (72 per orbit) ~182 km . .
ID 2931 (1152 sequences + The 3 Nadir scans were acquired at
x 3 nadir scans) locations equally spaced along the
spacecraft ground track. The
radiances of individual scans are
not averaged.
Maximum of ) )
January 10, 3 Nadir | 1136 3408 L2 profiles * The last sequence in each orbit was
2006 / Run sequences ~182 km replaced with an instrument
ID 3239. (71 per orbit) | (1136 sequences maintenance operation.
x 3 nadir scans)
Maximum of + Global survey was modified to
June 6, 2008 | 3 Nadir | 960 2880 L2 profiles conserve instrument life.
/ Run ID sequences ~182 km
7370. (60 per orbit) (960 sequences . Nq measurements poleward of 60°S
x 3 nadir scans) latitude.
Maximum of + Global survey was further modified
July 30, 3 Nadir | 768 2304 L2 profiles to conserve instrument life.
2008 / Run sequences ~182 km
ID 8187. (48 per orbit) (768 sequences * No measurem«_ents poleward of
x 3 nadir scans) 50°S, 70°N latitude.

+ Spacing regular but no longer
uniform. Scans taken, from the first
scan in a sequence, at
approximately 0, 8.2, 35.5, and 62.8
seconds followed by a 19 second
pause to the next sequence. This
results in a approximate footprint
spacing sequence of 56 km, 195

) km, 187 km, 122 km, then 56 km
April 7, 2010 512 Mabximum of again.
/Run ID 4 nadir | sequences 2048 L2 profiles Sangefgl‘Erokm + Global survey was further modified
11125 (32 per orbit) | (512 sequences to M | to conserve instrument life. New

X 4 nadir scans)

‘split’ calibration approach in 2010
to minimize Pointing Control System
(PCS) movement and preserve TES
lifetime: view CS with every target
scene (as before), but view BB only
before and after a 16-orbit Global
Survey.

No measurements poleward of 30°S
or 50°N latitude.
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2.2.2 Special Observations

Observations are sometimes scheduled on non-global survey days. In general these are
measurements made for validation purposes or with highly focused science objectives. These
non-global survey measurements are referred to as “special observations”. Unlike Global
Surveys, a new ‘split’ calibration has not been implemented in special observations. All special
observations, Sep 2004 through present, use the normal calibration. Eight special observation
scenarios have been used to date and are summarized in Table 2-2.

Table 2-2 Description of TES Special Observation Modes

Scans Distance
Name Dates Pointing | Sequences per Between Comments
Sequence Scans
Sep 2004 Continuous along-
Step and through Aug : track nadir views,
Stare 6, 2005 Nadir 6 25 40 km ~45 degrees of
latitude.
July 1, 2007 Along track nadir
Step and through Nadir 1 165 45 km ob_servatlons
Stare present spanning 65 degrees
of latitude
Jan 17, 2006 Continuous along-
Step and | — Oct 8, 2006 . track nadir views,
Stare and Spring Nadir L 125 45 km ~50 degrees of
2008 latitude.

Note: In 2008 both the 125 and 165 scan Step and Stare macros were used

Jan 16, 2006

Transect through Near 1 40 12 km Hi density along-track
Nadir or off nadir views.
present
Aug 20, 2005 . .
Transect — Sept 2, Near 1 68 25 km Hi density a]on_g-track
Nadir or off nadir views.
2005
Launch
Stare through Neqr 1 32 0 km Al mgasurements at
Nadir a single location.
present
Jan 31, 2006 Continuous along-
Limb Only — May 20, Limb 1 62 45 km track limb views, 25
2006 degrees of latitude.

2 orbits of continuous
limb measurements
Limb Feb 13, 2006 . for HIRDLS (High
HIRDLS Only Limb 142 3 182 km Resolution Dynamics
Limb Sounder)
comparison
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2.3 TES Scan ldentification Nomenclature

Each TES scan is uniquely identified by a set of three numbers called the run ID, the sequence
ID and the scan ID. Each major unit of observation is assigned a unique run ID. Run IDs
increase sequentially with time. The first on-orbit run ID is 2000. The sequence ID is assigned to
repetitive units of measurements within a run. They start at 1 and are automatically incremented
serially by the TES flight software. The scan ID is also incremented by the flight software each
time a scan is performed. Each time the sequence is set to 1, the scan ID is reset to 0.

Each time TES makes a set of measurements, that data set is assigned an identification number
(referred to as a “run ID”). A calendar of the TES run IDs for global surveys and a list of all TES
run IDs (including observation data, time and date) can be found at
http://tes.jpl.nasa.gov/data/datacalendar/ )
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3. Where to Obtain TES Data and IDL Data Readers

There are two locations for obtaining TES data. Links to both locations are available from the
TES site at the Langley Atmospheric Science Data Center (ASDC) http://eosweb.larc.nasa.gov/.
The supporting documentation necessary to use TES data is also available at the Langley ASDC
site.

e The primary location for obtaining TES data is the Earth Observing System (EOS) Data
Gateway https://wist.echo.nasa.gov/api/. This site makes available earlier versions of the
TES data.

» A secondary location for obtaining TES data is the Langley ASDC data pool. The data
pool has space limitations that make it somewhat dynamic, therefore older versions of
TES data may not be available there.

The TES data files are listed in different ways for the different sites. The naming convention
will be described in Section 4.1.

All TES data products are in HDF-EOS 5 format and are completely documented in the TES
Data Product Specification documents referenced in Section 10. The site also contains links to
the TES documentation mentioned in this manuscript.

Routines for reading the TES Level 2 data products, written in IDL, are available at ASDC TES
site. We expect to have IDL routines for determining “C-Curve” ozone retrievals (see section
5.1.1.2) available at the ASDC as well.


http://eosweb.larc.nasa.gov/
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4,  An Overview of TES L2 Data Products

4.1 File Formats and Data Versions

Information about the TES data file content and format versioning can be found in the L2
product filenames. Table 4-1 provides information for differentiating between the TES versions.
When ordering the data on the EOS Data Gateway, the TES level 2 products can be initially
differentiated by the TES Product (ESDT or Earth Science Data Type) version label shown in the
first column of Table 4-1. Once the data is downloaded, more information can be gathered from
the TES version string in the filename.

The TES L2 Data Products are provided in files separated out by the atmospheric species being
measured. The parts of the product filename are:

<inst.>-<platform>_<process level>-<species>-<TES view mode>_r<run id>_<version id>.he5
The TES Version String (version id), contains the Format and content version:
F<format version>_<science content version>

A change to the format version string corresponds to minor updates to the fields available within
the file or minor bug fixes. Changes to the science content string reflect major changes in the
science content of certain fields in the data products.

An example file name is:
TES-Aura_L2-03-Nadir_r000002945 F04 04.he5
This particular file contains TES nadir measurements of ozone for run 1D 2945 (000002945).

In addition to the atmospheric products, there are data files with additional (ancillary) data that
are important for working with TES data. These ancillary files can be used with any species data
file and contain the string “Anc” in the filename.

Table 4-1 provides a way to map the TES version string information to the TES data product
version. For example, version F03_03 is the first version to contain limb data and version
FO03_02 data was a significant upgrade to the science content in the data products and therefore is
referred to as version 2 (V002) TES data. When ordering TES Level 2 data products through the
EOS Data Gateway, the products will be grouped by the TES version number (ESDT) in a form
that looks like:

TES/AURA L2 O3 NADIR V003.

If the TES data is ordered through the Langley ASDC Data Pool using the FTP (File Transfer
Protocol) interface, the version 3 nadir ozone data will be listed in the form:

TL20O3N.003.

If the TES data is ordered through the Langley Data Pool using the Web interface, the version 3
nadir ozone data will be listed as:

TL20O3N.3.

While the data may be listed differently for the different sites for downloading the products, the
filenames will be identical.
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There are seven different versions of TES L2 data products. It is currently planned that all TES
L2 data products will be reprocessed with the IatestEoftward (complete set of V005 (FO6_08) L2
data products). Until that time, there will be a mixture of FO6_08 and (FO5_05, FO5_06, FO5_07)
data products available. Data from versions V003 (FO4_04) and older are no longer publicly
available, but the evolution of the product versions and file formats is provided in this document
back to V001 (FO1 01 and F02_01).

Table 4-1 Description of the TES L2 Data Product Version Labels

TES Product
(ESDT)
Version

Science
Content
Version

TES Version
String

Format

Version Description

V001 FO1_01 1 1 The first publicly released L2 data

V001 F02_01 2 1 Bug fixes and additional fields

Some additional fields but major
upgrade to scientific quality of
data.

V002 F03_02 3 2

V002 F03_03 3 3 Limb data and some bug fixes

Improvements to nadir ozone,
temperature, methane and to limb
products. Fully processed from
Sep 2004 through present.

V003 FO4_04 4 4

Improvements to temperature
and methane retrievals.

FO5_07 is the final V004 release
using retrieval software R11.3
and when available should be
used over FO5_05 or FO5_06.

FO5_07 differentiates between
GMAO versions used in retrieval
by date and TES run ID (see
below)

FO5_05 refers to data processed
using GMAO GEOS-5.1.0
products using TES retrieval
software release R11.2

FO5_06 refers to data processed
using GMAO GEOS-5.2.0
products using TES retrieval
software release R11.2

FO5_05 or
FO5_06
FO5_07 (Final
V004)

V004 5,6 or7 5

New products CO, and NH3.

V005 FO6_08 8 6 Improvements to methane

retrievals.

_ - - Comment [RH1]: Scott and Doug:
when are we projected to finish
reprocessing of all TES L2 data products
in R12?




TES L2 Data User’s Guide — Version 5 (F06_08) Data March 6, 2011

Version 5.0

4.2 TES Standard L2 Products

Currently the TES data products available for any given run ID are listed in Table 4-2. The
products are separated by species with an ancillary file providing additional data fields
applicable to all species. A description of the contents of the product files, information on the
Earth Science Data Type names and file organization can be found in the TES DPS documents
(Lewicki, 2005a; Lewicki, 2005b; Lewicki, 2005c; Lewicki, 2007; Lewicki, 2008).

Table 4-2 Description of the TES L2 Data Product Files Currently Available

TES L2
Standard Data TES View Mode Description
Product
Ozone Nadir and Limb TES ozone prqflleg, mfrare.d forcing kernel, and
some geolocation information
Temperature Nadir and Limb TES atmosphe'rlc temperature profiles and
some geolocation information.
Water Vapor Nadir and Limb TES nad_lr water vapor profiles and some
geolocation information
Carbon . TES nadir carbon monoxide profiles and some
. Nadir L :
Monoxide geolocation information
HDO Nadir and Limb _TES HD_O profiles and some geolocation
information
Methane Nadir TES nad_|r m_ethane proflles and some
geolocation information
Nitric Acid Limb TES I|mt_) nitric acid proﬂles and some
geolocation information
Carbon Dioxide Nadir TES nad_|r carbon d|(_>X|de profiles and some
geolocation information
. . TES nadir ammonia profiles and some
Ammonia Nadir L .
geolocation information
Ancillary Nadir and Limb Adqmonal dat_a fields necessary for using
retrieved profiles.
Provides information on retrieved volume
Summary Nadir and Limb mixing ratios/temperatures without averaging
kernel, error matrices.
Nadir and Limb Provides information on non-retrieved species
Supplemental that are used in the Level 2 retrievals
(climatologies, covariance matrices, etc.)

TES retrieves surface temperature and it is reported in each nadir species file, however the value
in the atmospheric temperature file is the one that should be used for scientific analysis.
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4.3 TES Version 005 Data (FO6_08)

This most recent data version of the TES L2 data products began processing in January 2011.
TES Level 2 products will begin processing and will carry the FO6 08 label. The TES
processing software uses meteorological fields from the NASA Global Modeling and
Assimilation Office (GMAQO) GEOS model as inputs to the Level 2 data retrievals. The current
version is GMAO GEOS 5.2.

4.3.1 Known Issues or Advisories for the TES Version 5 (FO6_08)

In this version of the data, the calculational angle in the retrieval algorithm has been corrected.
The new angle reduces the residuals significantly, though there is still a negative bias at high
angles. Ozone profiles show biases greater than two percent when the angle is greater than 15
degrees. The O3 profiles retrieved with the new angle show, in general, a decrease in the
troposphere and an increase in the lower stratosphere. As a result, we caution the user when the
angle is greater than 15 degrees.

4.4 TES Version 004 Data (FO5_05, FO5_06, FO5_07)

A reprocessing of this version will be necessary starting in March 2009. This reprocessing is
necessary to fix small problems in some ozone retrievals and water retrieval error estimates. Data
processed between September 2008 and December 2009 will be usable for all species with small
possible problems with nadir ozone and water. If interested in these species and have
downloaded the data prior to January 2009, please contact the TES team with questions.

This data version of the TES L2 data products began processing in September 2008. The V004
data was originally processed with “Release 11.2” (R11.2) of the TES Level 2 software. Soon
after processing began, problems were found in some ozone retrievals where the surface pressure
is greater than 1030 hPa. The problem would manifest as unphysical ozone retrievals near the
surface at these high surface pressures. The data processed with R11.2 software also were found
to have problems in the reporting of some water vapor error matrices. Updates were made to the
Level 2 software, and R11.3 software has taken care of these problems. The TES team decided
that the entire V004 data record will be processed with R11.3 software beginning in March 2009.
V004 data processed prior to March 2009, which with the exceptions mentioned above are
scientifically valid, will remain publicly available until those TES run IDs are processed with the
R11.3 software. The “Data” page at the TES website http://tes.jpl.nasa.gov/data/ will provide up
to date information on the processing/reprocessing of V004 data.

While there will be only one official TES version 4 data, there will be different labels in the
filenames. This information is summarized in Table 4-1 and described below.

TES Level 2 products will begin processing and will carry the FO5_07 label. The entire V004
data set will be processed with R11.3 software (FO5_07) label by the end of 2009. The TES
processing software uses meteorological fields from the NASA Global Modeling and
Assimilation Office (GMAOQO) GEOS model as inputs to the Level 2 data retrievals. In August
2008, GMAO switched versions of the GMAO products to version 5.2 from version 5.1. They
continued processing GEOS-5.1.0 through the end of September 2008. TES version 4 data is the
first release to use GEOS-5.2.0. Since GMAO will not be back processing with version 5.2, there
will be a switch in the TES data record where the retrieval software begins using GEOS-5.2.0
and stops using GEOS-5.1.0. In the case of TES global surveys, this transition occurs on
September 30, 2008 with TES run ID of 9131. All TES global survey data taken on or after that
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date will use GEOS-5.2.0 in the data processing. In the case of TES special observations, the
transition occurs on October 3, 2009 with run ID 9168. All TES data (special observation and
global survey) taken on or after October 3, 2008 will be processed using GEOS-5.2.0
meteorological fields. Unlike the FO5_05/F05 06 label data (see below), the filename for
FO5_07 will not allow for differentiation in the GMAO GEOS product used in the retrievals.
The user can make the determination from the observation date and run ID.

In the case of the FO5_05/F05_06 labels for the V004 data, the only difference in processing of
the TES data will be the GMAO GEOS meteorological products used as inputs to the processing
software.

In general, the improvements in this version of the TES data deal primarily with the nadir
temperature retrievals. Significant improvements to the temperature retrieval have been seen in
this version of the TES data. The limb products were largely unchanged and should still be used
with caution, particularly in the troposphere. The nadir methane product improved only slightly,
however, progress has been made in understanding the best use of the product (see Section 6).
The most current version of the TES L2 data will be created using the “Release 11.3” processing
software and any reference to R11 TES data are consistent with the FO5_05 or FO5_06 labels. It
is also referred to as TES version 4 (V004) data.

4.4.1 Known Issues or Advisories for the TES Version 4 (FO5_05, FO5_06, FO5_07) Data

The TES team has determined a few instances where the most recent data product version should
not be used for scientific analysis or used with caution. These are listed below and should be
fixed in a future version of the TES data. Also included below are warnings about certain data
fields. The first advisory below applies only to FO5_05 and FO5_06 data. All other advisories in
this section apply to FO5_05, FO5_06 and FO5_07 data.

» Version 4 data with a label of FO5_05 and FO5_06 can have anomalous high ozone at
the surface for cases where the atmospheric surface pressure is greater than 1030 hPa,
data with high surface pressures should be used with caution for FO5_05 and FO5_06
labels only. This is no longer an issue for FO5_07 data.

» If looking at time series of TES data, it is recommended that the user not mix TES
data versions. Currently that would mean that V003 data would be best suited for
time series. When the V004 processing is completed in late 2009 that will be the
recommended data set to use for all types of analysis.

* Inthis version the nadir L2 profiles are reported on a 67 level grid.

» Data is not reported for failed target scenes. Consequently, file sizes will differ
between runs.

» Fill value for data product files is -999.
» Surface emissivity is not retrieved over ocean and should be fill values in these cases.

e FO05_05 and FO5_06 use the GMAO (Global Modeling Assimilation Office) GEOS-5
products to provide initial guess profiles for temperature and water. GEOS-5 surface
(skin) temperature is also used to initiate TES retrievals. The two labels differ in the
version of GEOS-5 being used (see above).
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» All TES V004 retrievals are done with temperature being retrieved separately from
ozone and water vapor. Temperature is retrieved first, followed by the ozone/water
vapor retrievals.

» There is an emission layer quality flag that screens most cases where the lowest layers
of the atmosphere are warmer than the surface which can potentially affect the
retrievals near the surface (see Section 5.1.1.1).

» TES ozone retrievals will occasionally show anomalously high values near the
surface while passing all quality checks. Studies of the V003 ozone data products
show that these occur in roughly 2-6% of the TES retrieved profiles. V004 data
products show a significant decrease in the number of these retrievals (1-2%). When
they occur, these profiles will show a curved shape in the troposphere (“C-Curve™)
resulting in high ozone values in the lowest part of the troposphere and low ozone
values between 350 and 200 hPa. The unrealistic lapse rates will be seen in some
profiles, while adjacent retrieved profiles show no trace of these “C-Curves”. These
profiles should not be used in scientific analyses (more information in Section
5.1.1.2).

» TES profiles for chemical species are retrieved in In (vmr), however the constraint
vectors are reported in units of vmr. Users should change the reported constraint
vectors to units of In(vmr) prior to applying them.

» Methane products are improved but should still be used with caution in scientific
analyses. Efforts are currently underway to validate the nadir methane retrievals. TES
methane retrievals can be better utilized in using an averaging scheme as outlined in
(Payne et al., 2009) and summarized in section 6.

e The TES limb product for FO5_05/F05_06 is not changed significantly over the
previous version. Although values are reported on all the TES pressure levels, the
averaging kernel indicates where the reported results are influenced by the TES
measurements.

» The nadir water products reported in the TES L2 data products usually come from the
HDO/H20 retrieval step. There are rare occasions that it comes from the H20/03
step. The user can determine which step the data is from by looking at the field
SurfaceTempvsAtmTemp_QA, if it contains fill (-999), then the data comes from the
HDO/H20 step.

e TES limb water vapor data are retrieved only during in scan 4 and not in scans 5 or 6.
As a result the water profiles from scans 5 and 6 will contain fill values.

» Emissivity retrievals over desert scenes with strong silicate features can be
problematic. Since version FO3_02 there has been an additional land type for our
emissivity initial guess, "alluvial sand". This improved the TES retrieved emissivity
for target scenes over the Sahara desert. This land type is currently only for the
Sahara desert region in Africa. Consequently the ozone retrievals in the Sahara desert
have improved over data versions prior to V002, but the user should be aware that
there may be remaining retrieval difficulties for surfaces with high reflectance due to
silicate features, which we observe in the Sahara desert, parts of central Australia, and
desert regions in Asia.
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45 TES Version 3 (FO4_04) Data

This data version of the TES L2 data products was processed for data between September 2004
and September 1, 2008. The limb products were improved but should still be used with caution,
particularly in the troposphere. The methane product (nadir) was also improved, but was still
being refined. This version of the TES L2 data was created using the “Release 10.x” or “R10.x”
software and any reference to R10 TES data are consistent with the FO4_04 label. It is also
referred to as TES version 3 (V003) data.

4.5.1 Known Issues or Advisories for the TES Version FO4_04 Data

The TES team has determined a few instances where the FO4_04 data product version should not
be used for scientific analysis or used with caution. These are listed below and should be fixed in
a future version of the TES data. Also included below are warnings about certain data fields.

» These data contain any advisories seen in the version FO5_05/F05_06/F05_07 data
(Section 4.4.1)

» F04_04 uses the GMAO (Global Modeling Assimilation Office) GEOS-5 products to
provide initial guess profiles for temperature and water. GEOS-5 surface (skin)
temperature is also used to initiate TES retrievals.

» TES version FO4_04 data processed prior to January 1, 2008 uses GMAO GEOS
5.1.0 products. Data processed prior to that date uses GEOS-5.0.1 products. See the
GMAO web site (http://gmao.gsfc.nasa.gov/) for information on the differences in the
GMAO products.

» This version of the TES retrieval software utilizes new microwindows in the CO2
band to improve the nadir temperature, water vapor and ozone retrievals. The V003
TES nadir temperature profiles now have 3 to 4 more degrees of freedom for signal as
compared to V002. The predicted errors in temperature are reduced by ~0.1 K in the
troposphere and ~0.5 K in the stratosphere. The updates also improved the ozone
degrees of freedom for signal by ~0.5.

e There were a few TES Run IDs that were processed using the V003 software, but
with some V004 supporting files. These were the global survey 7480 and special
observations 7472, 7475, 7478, 7485, 7488, 7491 from June 2008.

» There is now an emission layer quality flag that screens most cases where the lowest
layers of the atmosphere are warmer than the surface (see Section 5.1.1.1)

» The nadir water products reported in the TES L2 data products usually come from the
HDO/H20 retrieval step. There are rare occasions that it comes from the
Temperature/H20/03 step. The user can determine which step the data is from by
looking at the field SurfaceTempvsAtmTemp_QA, if it contains fill (-999), then the
data comes from the HDO/H20 step.

» TES ozone retrievals will occasionally show anomalously high values near the
surface while passing all quality checks. Studies of the V003 ozone data products
show that these occur in roughly 2-6% of the TES retrieved profiles. These profiles
will show a curved shape in the troposphere (“C-Curve™) resulting in high ozone
values in the lowest part of the troposphere and low ozone values between 350 and
200 hPa. The unrealistic lapse rates will be seen in some profiles, while adjacent

13


http://gmao.gsfc.nasa.gov/

TES L2 Data User’s Guide — Version 5 (F06_08) Data March 6, 2011
Version 5.0

retrieved profiles show no trace of these “C-Curves”. These profiles should not be
used in scientific analyses (more information in Section 5.1.1.2).

» Constraints on the carbon monoxide retrievals have been loosened for V003 and
result in increased degrees of freedom for signal for high latitude measurements. The
variability in CO volume mixing ratios have also been seen to increase compared to
V002 data.

» TES profiles for chemical species are retrieved in In (vmr), however the constraint
vectors are reported in units of vmr. Users should change the reported constraint
vectors to units of In(vmr) prior in applying them.

» Methane products are improved but should still be used with caution in scientific
analyses. Efforts are currently underway to validate the nadir methane retrievals. The
TES limb product for V04_04 is an improved product over previous versions.
Although values are reported on all the TES pressure levels, the averaging kernel
indicates where the reported results are influenced by the TES measurements.

4.6 TES Version 2 (FO3_03) Data

It is the first version of TES data products that contain limb data. The current limb retrievals are
valid in the stratosphere only. Future versions of TES limb products will contain data that is
valid in the troposphere. It also includes minor updates to the nadir data products. This particular
version of the TES data products were created using the “Release 9.3” or “R9.3” software and
any references to R9.3 data in TES documentation are consistent with FO3_03. It may also be
referred to as version 2 data.

4.6.1 Known Issues or Advisories for the TES Version FO3_03 Data

The TES team has determined a few instances where the most recent data product version should
not be used for scientific analysis or used with caution. These are listed below and should be
fixed in a future version of the TES data. Also included below are warnings about certain data
fields.

e These data contain any advisories seen in the version FO5_05/F05_06/F05_07 data
(Section 4.4.1)

» These data contain any advisories seen in the version FO4_04 data (Section 4.5.1)
* Inthis version the L2 profiles are reported on a 67 level grid.

» The TES limb product for V03_03 is a stratospheric product only. Although values
are reported on all the TES pressure levels, the averaging kernel indicates where the
reported results are influenced by the TES data. The TES limb 0zone compares
qualitatively well with the TES nadir product. The TES HNO3 product should only
be used above 68 mb.

« Potentially large retrieval errors in the lowest layers of the ozone profile for nighttime
(descending orbit path) target scenes over land. In some of these night/land cases, a
condition can exist where the lowest levels of the atmospheric temperature profile are
sufficiently warmer than the surface to create a layer of relatively high thermal
contrast. This creates enhanced sensitivity to ozone in emission compared to the
ozone in absorption in the layers above it; however, the modeled radiance for the
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layers in emission would tend to cancel the radiance for the adjacent layer in
absorption. The retrieval constraints were not developed for this condition and it can
lead to a solution of artificially high ozone.

» Methane products are reported, but should not be (in nearly all cases) used for
scientific analysis. Ways of improving the methane product are being tested and
should be included in a future version of the TES data.

» The field TotalColumnDensitylInitial contains fill values.

« The quantity AIRDENSITY is not in units of molecules cm™ as stated in version 9.0
of the Data Product Specification document. The AIRDENSITY in the product files
is in units of molecules m™

» The nadir geolocation field DominantSurfaceType contains fill values.

» The ancillary file nadir fields OzoneTroposphericColumn,
OzoneTroposphericColumnError and OzoneTroposphericColumnlnitial contain fill
values.

» The units for the constraint vector (ConstraintVVector) are incorrectly written to the
product file, the units should be “‘In(vmr) or K’ not ‘vmr or K’.

4.7 TES Version 2 (F03_02) Data

This version of the TES data contained significant improvements in scientific data quality over
previous versions. It is possible that a data user may find references to TES data releases with a
number attached. These data products were created using the “R9.0” software and any references
to R9 data in TES documentation are consistent with FO3_02. It is also referred to as TES data
version V02.

This version of the L2 data has been retrieved from Level 1B (L1B) products that feature a
significantly improved radiance calibration (Sarkissian et al., 2005). It represents the best
retrieval possible currently available for the L2 products.

4.7.1 Known issues or Advisories for the TES Version FO3_02 Data

The TES team has determined a few instances where the most recent data product version should
not be used for scientific analysis or used with caution. These are listed below and should be
fixed in a future version of the TES data. Also included below are warnings about certain data
fields.

» These data contain any advisories seen in the version FO5_05/F05_06/F05_07 data
(Section 4.4.1)

» These data contain any advisories seen in the version FO4_04 (Section 4.5.1)
» These data contain any advisories seen in the version FO3_03 data (Section 4.6.1)
e These TES L2 products do not contain limb data.

4.8 TES Version 1 (F02_01) Data

This version of the TES L2 retrieval software was not used for long and there are few TES run
IDs processed to this combination of format and data quality. Most importantly these data were
not processed using the current L1B radiance calibration. These data were processed with the
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software version “Release 8” or “R8” and data users may see the version F02_01 data referred to
as R8.

4.8.1 Known Issues or Advisories for the TES Version F02_01 Data
In this version the L2 profiles are reported on an 88 level grid.

» These data contain any advisories seen in the version FO5_05/F05_06/F05_07 data
(Section 4.4.1)

» These data contain any advisories seen in the version FO4_04 (Section 4.5.1)
» These data contain any advisories seen in the version FO3_03 data (Section 4.6.1)
» These data contain any advisories seen in the version FO3_02 data (Section 4.7.1)

e There are problems retrieving surface emissivity over certain types of desert. This is
particularly true over the Sahara regions of Africa, possibly central Australia and
parts of Asia. These data should be used with caution.

» There is limited information about the cloud or emissivity retrievals included in the
data products files (more information in Section 7.3).

» There is limited information about data quality in this version of the product files.

* Run IDs processed with this version contain no limb retrieval information.

4.9 TES Version 1 (FO1_01) Data

These were the first TES L2 data products made publicly available. These data were not
processed using the current L1B radiance calibration and contains a few processing issues that
were resolved for later versions. These data were processed with the software version “Release
77 or “R7” and data users may see the version FO1_01 data referred to as R7. It is also referred to
as TES data version VVOL1.

4.9.1 Known Issues or Advisories for the TES Version FO1_01 Data
In this version the L2 profiles are reported on an 88 level grid.

e These data contain any advisories seen in the version FO5_05/F05 06/F05 07 data
(Section 4.4.1)

e These data contain any advisories seen in the version FO4_04 (Section 4.5.1)

e These data contain any advisories seen in the version FO3_03 data (Section 4.6.1)
» These data contain any advisories seen in the version FO3_02 data (Section 4.7.1)
» These data contain any advisories seen in the version FO2_01 data (Section 4.8.1)

» This data have a problem with retrievals over land. There is a software bug that
causes problems with high altitude scenes. Scenes with a surface pressure of ~800
hPa or greater are not affected by this bug. High altitude scenes (< 800 hPa) should
not be used for this data version.

» There is no information about the cloud or emissivity retrievals included in the data
products files.

e There is very limited information about the data quality in the product files.
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» Surface temperature retrievals can be problematic due to a software issue.

* Run IDs processed with this version contain no limb retrieval information.

» The Pressure array contains standard pressures for levels below the surface. These
should be fill values. The user is advised to look at another field, such as vmr or
Altitude, to determine the index of the surface, which is at the first non-fill value.

» Surface temperature and its error are reported from the last step it was retrieved. It
should be reported from the step retrieving it with atmospheric temperature, water
and ozone. This results in small errors in the reported surface temperatures, and
unreliable reported surface temperature errors.

» The data field “SpeciesRetrievalConverged” is underreported due to convergence
criteria that are currently set too strictly.

» The data field “LandSurfaceEmissivity” is incorrectly filled in (by initial guess
values) for ocean scenes and should be ignored for these scenes.

» The following field is obsolete and contains fill: CloudTopHeight.

e The data field “CloudTopPressure” is sometimes reported as a value greater than the
surface pressure. These locations should be interpreted as being cloud-free.
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5. TES Data Quality Information

The quality control information provided along with the TES L2 data products have been
improved with each data release. The best way to filter data by quality varies for each release and
is described below.

5.1 Data Quality Information for Version 5 (F06_08), Version 4 (FO5_05/F05_06/F05_0Q7)
TES Data

The TES retrieval process is non-linear and has the potential to not converge, or converge to a
non-global minimum. By studying a larger number of retrievals and comparing results with two
different initial conditions, a set of quality flags have been developed and tested that reject about
74% of our bad retrievals and keep about 80% of the "good" retrievals for ozone and
temperature. The use of quality flags for other species the filtering percentages are less
quantified but should be of a similar order.

This section describes in detail the updated quality flag values for the V005 TES data. The
primary change is the addition of quality flags for carbon dioxide and ammonia. A set of quality
sub-flags have been developed and are described in the tables (Table 5-1 through Table 5-10)
below, taken together they make up the “master” quality flag (SpeciesRetrievalQuality). When
this flag is set to a value of “1”, the data are considered to be of good quality. The master quality
flag has been developed for the ozone and temperature retrievals (Table 5-1 and Table 5-2,
respectively) and should not be used for other atmospheric species retrieved by TES. The
thresholds for other species are given in Table 5-3 through Table 5-10 below.

All the numeric values for the quantities used as sub-flags are included in version FO3_02 and
newer data files.

For completeness the set of tables which describe the quality sub-flags for previous data versions
is included below. Table 5-11 through Table 5-17 (Section 5.2) describe the quality sub-flags for
the FO4_04 data. Table 5-18 through Table 5-20 (Section 5.3) describe the quality sub-flags for
the FO3_03 and FO3_02 data. Table 5-21 (Section 5.4), provides the values for the sub-flags that
went into defining the master quality flag for the version F02_01 data.

The ozone and temperature quality sub-flag descriptions and thresholds were provided in a single
table for data wversions up to and including FO04_04. However, in version V004
(FO5_05/F05_06/F05_07) and V005 (F06_08) of TES data, the descriptions and thresholds for
the ozone and temperature master flags are given in separate tables (see Table 5-1 and Table
5-2).

Since all the quality control fields are included in the data products files, less stringent quality
flags (or fewer flags) could be used if the user wants more of the good cases left in the pool,
realizing that more bad cases will also be included. Note that when a flag is setto  -999, such as
SurfaceEmissMean_QA for ocean scenes, it does not influence the master quality flag.

We retrieve atmospheric parameters in the following steps (0) Cloud detection and possible
cloud initial guess refinement (1) Tarm (2) H20-03, (3) H,O/HDO, (4) CHy, (5) CO. If step (3)
does not complete, then the water is reported from step (2) rather than step (3). The user can tell
when this occurs because the quality flag CloudVariability QA (among others) is set to a value
different from -999. When this occurs, the user should use the "master" quality flag
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(SpeciesRetrievalQuality) for H,O quality. Otherwise, the cutoffs in Table 5-5 should be used
for H,0 quality.

A flag for the HDO retrieval that checks the consistency of the H,O retrieval from the
HDO/H,0 step with the water retrieval from the previous H,O/O3 step. The condition for this
flag is:

e -1<(H20column_1-H;,0 column_2)/(H,0 column error) > 1
Where H,0 column_1 is from the H,O/O3 step and H,O column_2 is from the H,O/HDO step.

Finally, since quality temperature retrievals are vital to retrieving trace gases, the quality flag
from the temperature is now propagated to subsequent steps and included in the master quality
flag for subsequent steps.

5.1.1 Important TES Error Flagging Scenarios

There are two scenarios that should be considered in particular when examining TES ozone and
temperature retrievals, one is “Emission layers” and the other is “C-curve” ozone retrievals.

5.1.1.1 Emission Layers

There is a set of conditions designed to screen for "Emission layers” in the lowest part of the
atmosphere. This error flag is part of the master quality flag and retrievals that meet these criteria
will be flagged as “bad” by the master flag. The two conditions that must be met for an ozone
profile to be considered problematic due to an emission layer are:

«  Average(Tarm[1™ 3 layers] ) - TSUR > 1K
« Average(Os[1% 3 layers] — Os_initial[1* 3 layers]) > 15 ppb

5.1.1.2 Ozone “C-Curve” Retrievals

The c-curve flag was developed to screen ozone profiles that are likely unphysical and exhibit a
c-curve shape with anomalously high ozone near the surface along with anomalously low ozone
in the middle troposphere. These profiles were initially found using ozonesonde data for North
America and examining coincident TES profiles from Step and Stare special observations. It was
noted that adjacent TES profiles would mostly have reasonable agreement with sonde data
except for few cases exhibiting the "c-curve" shape. The cause of anomalous c-curve retrievals is
being investigated. In the FO4_04 (\VV03) data, the number of c-curve profiles for ozone can range
from 2-6% of the profiles for a given global survey. This is improved in the V004 data to
roughly 1-2% of the profiles.

It can be difficult to verify where the c-curve cases are actually unphysical, ozonesonde
comparisons show that many are, but the number of coincident sondes is small. There
are geographical regions where one might expect the c-curve shape in an ozone profile, such
as West Africa during the winter biomass burning season. Therefore, we recommend the
following approach for data analysis with TES ozone profiles.

1) Screen ozone profiles using the general quality flag, degrees of freedom for signal, if
needed, and clouds (depending on vertical region of interest).
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2) Check the TES c-curve quality flag that is available in the V004 data (O3_Ccurve_QA).
If using VO3 or V02 TES data, the logic for the TES c-curve tests are included below.
The TES team can provide more information on the c-curve test upon request.

3) When doing averaging of the TES data, check for outliers compared to the average and
standard deviation. If outliers are significant, try screening with the c-curve flag to see
if results change and behave more reasonably compared to model output or other data.

There have been two tests developed to determine if an ozone profile might be a c-curve case.
The first has been incorporated into the ozone product as a flag value for each ozone profile. The
c-curve flag (O3_Ccurve_QA) is not included as part of the “master” quality flag described in
the next section. The test developed to determine if a retrieved TES ozone profile is a c-curve
case is based on the following logic:

O3_ret_lo = average of retrieved ozone volume mixing ratios at pressures larger
than 700 hPa

O3 init_lo = average of then initial guess ozone volume mixing ratios at pressures
larger than 700 hPa

O3 ret_hi = average of retrieved ozone volume mixing ratios at pressures

between 200 and 350 hPa

If the ratio (O3 _ret_low/O3_init_lo) is greater than 1.6 AND the ratio (O3_ret_low/O3_ret_hi) is
greater than 1.4 then the profile can be considered a c-curve case.

A second test has been developed by Lin Zhang at Harvard University. This flag generally flags
a slightly larger number of profiles than the flag described above. It uses a different set of criteria
for determining a c-curve profile and could be somewhat more rigorous on a global basis.

Condition 1: O3 value greater than 150 ppbv at pressures greater than 700 hPa (altitudes
lower than that associated with atmospheric pressure of 700 hPa).

Condition 2: O3 value greater than 150 ppbv at pressures greater than 700 hPa OR a ratio of a
(retrieved value/a priori value) greater than 1.8 at pressures greater than 700 hPa
AND a value of the diagonal of the ozone averaging kernel less than 0.1

Condition 3: For a given profile,
maxo3 is the maximum value of ozone at pressures greater than 700 hPa
mino3 is the minimum value of ozone between 700 and 200 hPa

surfo3 is the value of ozone at the surface pressure in the profile (first non fill value in
the ozone profile)

if (maxo3/mino3) is greater than 2.5 then the profile can be considered a c-curve
profile

if (maxo3/mino3) is greater than 2.0 AND (maxo3/surfo3) is greater than 1.05 then
the profile can be considered a c-curve profile

If any of the conditions are met, the profile can be considered a c-curve profile.

Between the “Emission Layer” and “C-Curve” flags we have attempted to account for the most
likely cases of anomalous ozone seen in the TES ozone profiles in the lowest troposphere.
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Retrieved profiles that slip through these checks but yield values that are unphysical should also
be ignored. These cases should occur very infrequently.

5.1.1.3 Additional guide for NH3 data quality

The TES NHjs retrieval generally has less than one degree of freedom for signal (DOFS), which
implies that the profile shapes are basically determined by the a priori profile. As the DOFS
decrease the total column also becomes more strongly determined by the a priori. Extensive
analysis of the retrieval results has led to following guidelines for users of the NH3 product.

1) Reject all profiles with DOFS (DegreesOfFreedomForSignal) less than 0.1 or
AVERAGECLOUDEFFOPTICALDEPTH > 2

2) As with all TES products, comparisons of TES retrieved profiles with measured or
modeled profiles should be done by applying the TES operator to the profiles; this
analysis basically evaluates the performance of the retrieval; no profile shape information
should be derived from the TES profiles.

3) For users interested in comparing surface measurements with TES NH3 retrievals

a. Look for correlations, not a quantitative correspondence. Ideally the user should
map the column to a single value, either by deriving a “Representative VMR”
NH3, following Shephard et al., 2010, or by calculating a weighted average of the
profile, using the sum of the rows of the averaging kernel as a weighting function.
Using the TES surface value is not recommended.

b. Profiles with DOFS less than 0.5 should be handled with caution, as they will be
strongly influenced by the a priori. While low DOFS frequently correspond to
low concentrations, they can also occur when there is a high concentration and a
low thermal contrast or a significant cloud optical depth (e.g., greater than 1). A
useful rejection criteria for retrievals with DOFS less than 0.5 uses the thermal
contrast (in the temperature product SURFACETEMPVSATMTEMP_QA,
defined as the surface temperature minus the temperature of the layer above the
surface) and the cloud optical depth:

i. If DOFS < 0.5, reject if AVERAGECLOUDEFFOPTICALDEPTH>1
AND (-7 < SURFACETEMPVSATMTEMP_QA < 10)

5.1.1.4 Quality Flag Values for V005 and V004 TES Data

Below are the updated quality flag values for the VVOO5 TES data. The primary change is the
addition of quality flags for CO2 and NH3. For other species, the V005 quality flag values
remain unchanged from V004 data.

Table 5-1 Values for the ten quality “sub-flags” that, taken together, define the master quality
flag for ozone retrievals. If all of these criteria are met for an ozone profile, the master quality
flag is set to “1” (good). For ozone, users should only use targets which have
SPECIESRETRIEVALQUALITY==1 AND 03 _CCURVE_QA==1

Minimum | Maximum

Flag Description Value Value
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Flag

Description

Minimum
Value

Maximum
Value

AverageCloudEffOpticalDepth

The average Cloud Optical Depth (OD)
between 975-1200 cm™. When the
optical depth is large, the data results
seem to have non-linearity issues.

50

CloudVariability QA

The Cloud OD variability over the
retrieved frequencies, scaled by the
expected cloud OD error. When the
variability is too large, it suggests that
the clouds do not exhibit the expected
spectral smoothness.

3.5

SurfaceEmissMean_QA

The retrieved emissivity bias compared
to the a priori. If the bias large, it is
flagged. Note, when emissivity is not
retrieved (over ocean or for limb viewing
mode) this is set to -999.

-0.03

0.03

KDotDL_QA

This looks for signal remaining in the
radiance residual by calculating the
correlation of each Jacobian with the
radiance residual, normalized by the
Noise Equivalent Spectral Radiance
(NESR). The max correlation of all the
retrieved parameters is reported.

-0.15

0.15

LDotDL_QA

This looks for signal remaining in the
radiance residual by calculating the
correlation of the radiance with the
radiance residual, normalized by the
NESR.

-0.12

0.12

CloudTopPressure

The cloud top pressure. If this is smaller
than 90 mb, it is suspect.

90

1300

SurfaceTempvsApriori_ QA

Comparison between the retrieved and
initial surface temperatures. The
metrology for surface temperature is
expected to be accurate to about 2K.
When difference between the result and
the initial guess for surface temperature
is much larger than this, the retrieval is
suspect. Note when surface temperature
is not retrieved this is set to -999.

-8

RadianceResidualMean

The mean of the difference between
observed and fit radiance normalized by
the NESR.

-0.1

0.1
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Flag

Description

Minimum
Value

Maximum
Value

RadianceResidualRMS

The rms (root mean square) of the
difference between observed and fit
radiance normalized by the NESR. Note
that this shows a latitudinal variation,
peaking in the tropics, for the TATM-
H20-03 step, but shows no latitudinal
variability for CO or H20-HDO steps.

0.5

1.5

Emission_Layer_Flag

Check to see if there is an emission
layer in the lowest part of the
atmosphere

-100

Table 5-2 The values for the ten quality “sub-flags” that, taken together, define the master
quality flag for TES temperature retrievals. If all of these criteria are met for a temperature
profile, the master quality flag is set to “1” (good).

Flag

Description

Minimum
Value

Maximum
Value

AverageCloudEffOpticalDepth

The average Cloud Optical Depth (OD)
between 975-1200 cm™. When the
optical depth is large, the data results
seem to have non-linearity issues.

50

CloudVariability QA

The Cloud OD variability over the
retrieved frequencies, scaled by the
expected cloud OD error. When the
variability is too large, it suggests that
the clouds do not exhibit the expected
spectral smoothness.

15

SurfaceEmissMean_QA

The retrieved emissivity bias compared
to the a priori. If the bias large, it is
flagged. Note, when emissivity is not
retrieved (over ocean or for limb viewing
mode) this is set to -999.

-0.04

0.04

KDotDL_QA

This looks for signal remaining in the
radiance residual by calculating the
correlation of each Jacobian with the
radiance residual, normalized by the
Noise Equivalent Spectral Radiance
(NESR). The max correlation of all the
retrieved parameters is reported.

0.3

LDotDL_QA

This looks for signal remaining in the
radiance residual by calculating the
correlation of the radiance with the
radiance residual, normalized by the
NESR.

0.3

CloudTopPressure

The cloud top pressure. If this is smaller
than 90 mb, it is suspect.

90

1300
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Flag

Description

Minimum
Value

Maximum
Value

SurfaceTempvsAtmTemp_QA

Comparison between the boundary layer
atmospheric temperature and the
surface temperature. When this is very
large, the retrieval is suspect. However,
the threshold is the same for land and
ocean scenes, so a user of ocean scene
results may wish to tighten the allowed
range. Note when atmospheric
temperature and surface temperature
are not retrieved this is set to -999.

45

SurfaceTempvsApriori_ QA

Comparison between the retrieved and
initial surface temperatures. The
metrology for surface temperature is
expected to be accurate to about 2K.
When difference between the result and
the initial guess for surface temperature
is much larger than this, the retrieval is
suspect. Note when surface temperature
is not retrieved this is set to -999.

RadianceResidualRMS

The rms (root mean square) of the
difference between observed and fit
radiance normalized by the NESR. Note
that this shows a latitudinal variation,
peaking in the tropics, for the TATM-
H20-03 step, but shows no latitudinal
variability for CO or H20-HDO steps.

0.5

1.15

RadianceResidualMean

The mean of the difference between
observed and fit radiance normalized by
the NESR.

-0.05

0.05

Table 5-3 Recommended Ranges for TES L2 Quality Flags for Carbon Monoxide

Flag Minimum Value Maximum Value
AverageCloudEffOpticalDepth 0 50
CloudVariability QA 0 2
SurfaceEmissMean_QA -0.06 0.06
KDotDL_QA -0.45 0.45
LDotDL_QA -0.45 0.45
CloudTopPressure 90 1300
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Flag Minimum Value Maximum Value
SurfaceTempvsApriori_ QA -8 8
RadianceResidualMean -0.5 0.5
RadianceResidualRMS 0.5 1.1
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Flag Minimum Value Maximum Value
AverageCloudEffOpticalDepth 0 0.5
CloudVariability QA 0 2
SurfaceEmissMean_QA -0.04 0.04
KDotDL_QA -0.15 0.15
LDotDL_QA -0.3 0.3
CloudTopPressure 90 1300
SurfaceTempvsApriori_QA -4 2
RadianceResidualMean -0.05 0.05
RadianceResidualRMS 0.5 1.15
SurfaceTempvsAtmTemp_QA -25 25

Table 5-5 Recommended Ranges for TES L2 Quality Flags for Water Vapor and HDO

Flag Minimum Value Maximum Value
KDotDL_QA -0.45 0.45
LDotDL_QA -0.3 0.3

RadianceResidualMean -0.4 0.4
RadianceResidualRMS 0.5 1.6
H20_HDO_Quality -1 1

Table 5-6 Recommended Ranges for TES L2 Quality Flags for Methane

Flag Minimum Value Maximum Value
AverageCloudEffOpticalDepth 0 50
CloudVariability QA 0 2
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Flag Minimum Value Maximum Value

SurfaceEmissMean_QA -0.06 0.06

KDotDL_QA -0.45 0.45
LDotDL_QA -0.3 0.3

CloudTopPressure 90 1300
SurfaceTempvsApriori_QA -8 8
SurfaceTempvsAtmTemp_QA -25 25
RadianceResidualMean -0.3 0.3

RadianceResidualRMS 0.5 1.85

_ - Comment [L3]: I don’t know the right
e way to update the table #.

Table 5-7 Recommended Ranges for TES L2 Quality Flags for Ammonia

Flag Minimum Value Maximum Value
AverageCloudEffOpticalDepth 0 50
CloudVariability QA 0 2
SurfaceEmissMean_QA -0.04 0.04
KDotDL_QA -0.3 0.3
LDotDL_QA -0.3 0.3
CloudTopPressure 90 1300
SurfaceTempvsApriori_QA -2 2
SurfaceTempvsAtmTemp_QA -25 25
RadianceResidualMean -0.2 0.2
RadianceResidualRMS 0.5 1.15

See additional notes on NH3 quality selection in section 5.1.1.3.
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Table 5-8 Recommended Ranges for TES L2 Quality Flags for Limb Temperature and

Ozone
Flag Minimum Value Maximum Value
KDotDL_QA -0.34 0.34
LDotDL_QA -0.75 0.75
RadianceResidualMean -0.5 0.5
RadianceResidualRMS 0.5 2.0

Table 5-9 Recommended Ranges for TES L2 Quality Flags for Limb Water and HDO

Flag Minimum Value Maximum Value
KDotDL_QA -0.3 0.3
LDotDL_QA -0.3 0.3

RadianceResidualMean -0.5 0.5
RadianceResidualRMS 0.5 1.6
H20_HDO_Quality -1 1

Table 5-10 Recommended Ranges for TES L2 Quality Flags for Limb Nitric Acid

Flag Minimum Value Maximum Value
KDotDL_QA -0.4 0.4
LDotDL_QA -0.15 0.15

RadianceResidualMean -1 1
RadianceResidualRMS 0.5 1.30

5.2 Data Quality Information for Version F04_04 (V003) TES Data

The tables below describe the quality sub-flags for the FO4_04 data.

Table 5-11 Values for the ten quality “sub-flags” that, taken together, define the master quality
flag for ozone and temperature. If all of these criteria are met for an ozone or temperature profile,

the master quality flag is set to “1” (good).
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Flag

Description

Minimum
Value

Maximum
Value

AverageCloudEffOpticalDepth

The average Cloud Optical Depth
(OD) between 975-1200 cm™. When
the optical depth is large, the data
results seem to have non-linearity
issues.

50

CloudVariability QA

The Cloud OD variability over the
retrieved frequencies, scaled by the
expected cloud OD error. When the
variability is too large, it suggests that
the clouds do not exhibit the
expected spectral smoothness.

2.5

SurfaceEmissMean_QA

The retrieved emissivity bias
compared to the a priori. If the bias
large, it is flagged. Note, when
emissivity is not retrieved (over
ocean or for limb viewing mode) this
is set to -999.

-0.04

0.04

KDotDL_QA

This looks for signal remaining in the
radiance residual by calculating the
correlation of each Jacobian with the
radiance residual, normalized by the
Noise Equivalent Spectral Radiance
(NESR). The max correlation of all
the retrieved parameters is reported.

-0.4

0.4

LDotDL_QA

This looks for signal remaining in the
radiance residual by calculating the
correlation of the radiance with the
radiance residual, normalized by the
NESR.

-0.17

0.17

CloudTopPressure

The cloud top pressure. If this is
smaller than 90 mb, it is suspect.

90

1300

SurfaceTempvsAtmTemp_QA

Comparison between the boundary
layer atmospheric temperature with
the surface temperature. When this is
very large, the retrieval is suspect.
However, the threshold is the same
for land and ocean scenes, so a user
of ocean scene results may wish to
tighten the allowed range. Note when
atmospheric temperature and surface
temperature are not retrieved this is
set to -999.

25
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Flag

Description

Minimum
Value

Maximum
Value

SurfaceTempvsApriori_ QA

Comparison between the retrieved
and initial surface temperatures. The
metrology for surface temperature is
expected to be accurate to about 2K.
When difference between the result
and the initial guess for surface
temperature is much larger than this,
the retrieval is suspect. Note when
surface temperature is not retrieved
this is set to -999.

RadianceResidualMean

The mean of the difference between
observed and fit radiance normalized
by the NESR.

0.2

RadianceResidualRMS

The rms (root mean square) of the
difference between observed and fit
radiance normalized by the NESR.
Note that this shows a latitudinal
variation, peaking in the tropics, for
the TATM-H20-03 step, but shows
no latitudinal variability for CO or
H20-HDO steps.

0.5

1.75

Emission_Layer_Flag

Check to see if there is an emission
layer in the lowest part of the
atmosphere

-100

Table 5-12 Recommended Ranges for TES L2 Quality Flags for Carbon Monoxide

Flag Minimum Value Maximum Value
AverageCloudEffOpticalDepth 0 50
CloudVariability QA 0 2
SurfaceEmissMean_QA -0.06 0.06
KDotDL_QA -0.45 0.45
LDotDL_QA -0.45 0.45
CloudTopPressure 90 1300
SurfaceTempvsApriori_QA -8 8
RadianceResidualMean -0.5 0.5
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Flag

Minimum Value

Maximum Value

RadianceResidualRMS

0.5

11

Table 5-13 Recommended Ranges for TES L2 Quality Flags for Water VVapor and HDO

Flag Minimum Value Maximum Value
KDotDL_QA -0.45 0.45
LDotDL_QA -0.3 0.3

RadianceResidualMean -0.4 0.4
RadianceResidualRMS 0.5 1.6
H20_HDO_Quality -1 1

Table 5-14 Recommended Ranges for TES L2 Quality Flags for Methane

Flag Minimum Value Maximum Value
AverageCloudEffOpticalDepth 0 50
CloudVariability QA 0 2
SurfaceEmissMean_QA -0.06 0.06
KDotDL_QA -0.45 0.45
LDotDL_QA -0.3 0.3
CloudTopPressure 90 1300
SurfaceTempvsApriori_QA -8 8
SurfaceTempvsAtmTemp_QA -25 25
RadianceResidualMean -0.3 0.3
RadianceResidualRMS 0.5 1.85

Table 5-15 Recommended Ranges for TES L2 Quality Flags for Limb Temperature and

Ozone

Flag

Minimum Value

Maximum Value
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Flag Minimum Value Maximum Value
KDotDL_QA -0.34 0.34
LDotDL_QA -0.75 0.75
RadianceResidualMean -0.5 0.5
RadianceResidualRMS 0.5 2.0

Table 5-16 Recommended Ranges for TES L2 Quality Flags for Limb Water and HDO

Flag Minimum Value Maximum Value
KDotDL_QA -0.3 0.3
LDotDL_QA -0.3 0.3

RadianceResidualMean -0.5 0.5
RadianceResidualRMS 0.5 1.6
H20_HDO_Quality -1 1

Table 5-17 Recommended Ranges for TES L2 Quality Flags for Limb Nitric Acid

Flag Minimum Value Maximum Value
KDotDL_QA -0.4 0.4
LDotDL_QA -0.4 0.4

RadianceResidualMean -1 1
RadianceResidualRMS 0.5 1.30

5.3 Data Quality Information for Version FO3_03 and FO3_02 TES Data

The table below describes the quality subflags for the FO3_03 and FO03_02 data.

The threshold for the RadianceResidualMean quality flag for water was set too tight and was
updated in the next release of the data. When using the FO3_02 data the user can use all data in
which the absolute value of the RadianceResidualMean flag is less than 0.3 and the

RadianceResidualRMS is less than 1.4.

One final note on quality controlling TES data, as mentioned in the warnings section, TES
retrievals can occasionally have problems with nighttime scenes over land (emission layer
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problem). There will be a quality flag for this in the future TES data versions. Until then the user
can screen the data by using the criteria:

Average(TATM(i)-TSUR(i)) > 1K and Average(03(i)-O3) > 15 ppbv (parts per billion

by volume) where “Average is over i=0,1,2 for the first non-fill layers in the profile.

Table 5-18 Values for the ten quality “sub-flags” that, taken together, define the master quality
If all of these criteria are met for an ozone or temperature
profile, the master quality flag is set to “1” (good).

flag for ozone and temperature.

Flag

Description

Minimum
Value

Maximum
Value

AverageCloudEffOpticalDepth

The average Cloud optical depth
between 975-1300 cm™. When the
optical depth is large, the data results
seem to have non-linearity issues.

50

CloudVariability QA

The Cloud OD variability over the
retrieved frequencies scaled by the
expected cloud OD error. When the
variability is too large, it suggests that
the clouds do not exhibit the expected
spectral smoothness.

SurfaceEmissMean_QA

The retrieved emissivity bias compared
to the a priori. If the bias large, it is
flagged. Note, when emissivity is not
retrieved (over ocean or for limb
viewing mode) this is set to -999.

0.1

KDotDL_QA

This looks for signal remaining in the
radiance residual by calculating the
correlation of each Jacobian with the
radiance residual, normalized by the
NESR. The max correlation of all the
retrieved parameters is reported.

-0.17

0.17

LDotDL_QA

This looks for signal remaining in the
radiance residual by calculating the
correlation of the radiance with the
radiance residual, normalized by the
NESR.

-0.17

0.17

CloudTopPressure

The cloud top pressure. If this is
smaller than 90 mb, it is suspect.

90

1300
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Flag

Description

Minimum | Maximum
Value Value

SurfaceTempvsAtmTemp_QA

Comparison between the boundary
layer atmospheric temperature with the
surface temperature. When this is very
large, the retrieval is suspect.
However, the threshold is the same for
land and ocean scenes, so a user of
ocean scene results may wish to
tighten the allowed range. Note when
atmospheric temperature and surface
temperature are not retrieved this is set
to -999.

SurfaceTempvsApriori_QA

Comparison between the retrieved and
initial surface temperatures. The
metrology for surface temperature is
expected to be accurate to about 2K.
When difference between the result
and the initial guess for surface
temperature is much larger than this,
the retrieval is suspect. Note when
surface temperature is not retrieved
this is set to -999.

RadianceResidualMean

The mean of the difference between
observed and fit radiance normalized
by the NESR.

RadianceResidualRMS

The rms of the difference between
observed and fit radiance normalized
by the NESR. Note that this shows a
latitudinal variation, peaking in the
tropics, for the TATM-H20-0O3 step,
but shows no latitudinal variability for
CO or H20-HDO steps.

0.5 1.75

Table 5-19 Recommended Ranges for TES L2 Quality Flags for Carbon Monoxide

Flag Minimum Value Maximum Value
AverageCloudEffOpticalDepth 0 50
CloudVariability QA 0 2
SurfaceEmissMean_QA -0.2 0.2
KDotDL_QA -0.45 0.45
LDotDL_QA -0.45 0.45
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Flag Minimum Value Maximum Value
CloudTopPressure 90 1300
SurfaceTempvsApriori_ QA -8 8
RadianceResidualMean -0.5 0.5
RadianceResidualRMS 0.5 11

Table 5-20 Recommended Ranges for TES L2 Quality Flags for Water Vapor

Flag Minimum Value Maximum Value
KDotDL_QA -0.45 0.45
LDotDL_QA -0.45 0.45

RadianceResidualMean -0.3 0.3
RadianceResidualRMS 0.5 14

5.4 Data Quality Information for Version F02_01 TES Data

This version of the data products contains a version of the master quality flag. This flag was
optimized to the ozone and temperature retrievals. The values for the sub-flags that went into
defining the master quality flag are given in Table 5-21. The version F02_01 data products
contain the master quality flag, but not the complete set of the sub-flags, so it will not be possible

for a user to create customized quality flags with this version of the data.

Table 5-21 The values for the TES quality sub-flags that go into defining the master quality flag
for ozone and temperature for version FO2_01. If all of these criteria are met for an ozone or
temperature profile, the master quality flag is set to “1” (good).

Flag Minimum Value Maximum Value
AverageCloudEffOpticalDepth 0 50
CloudVariability QA 0 2
SurfaceEmissMean_QA -0.1 0.1
KDotDL_QA -0.17 0.17
LDotDL_QA -0.17 0.17
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Flag Minimum Value Maximum Value
CloudTopPressure 90 1300
SurfaceTempvsAtmTemp_QA -25 25
SurfaceTempvsApriori_ QA -8 8
RadianceResidualMean -0.1 0.1
RadianceResidualRMS 0.5 15

5.5 Data Quality Information for Version FO1_01 TES Data

This version of the products has limited quality control information. The data can be filtered on
two values, the radiance residual mean (RadianceResidualMean) which should be less than 1.5
for this version and the radiance residual RMS (RadianceResidualRMS) which should be less
than 0.1. This combination of data quality fields should be used for filtering the data for all
retrieved species in this version of the TES data.
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6. Using TES Data: Calculating “Representative Tropospheric Volume
Mixing Ratios” for TES Methane

For certain types of scientific data analysis, it is advantageous, even critical, to utilize a
representation of the retrieved state parameters in which the influence of the a priori constraints
is minimal. In order to eliminate the influence of the a priori constraints as far as possible, the
retrieved state should be reported in terms of one element per DOFS. The TES methane
retrievals contain around 1.0 degree of freedom for signal (between 0.5 and 2.0, depending on
season and location). With only one degree of freedom available, attempts to interpret TES
methane (or differences between TES methane and some other data source such as model fields
or in situ data) on any given one of the 67 Level 2 levels can be misleading. Since methane is
relatively well-mixed in the troposphere, the TES methane may be reasonably well represented
by a representative tropospheric VMR (RTVMR), associated with an effective pressure that
describes the location in the atmosphere where most of the retrieval information originates.
Further discussion of the interpretation of this quantity can be found in (Payne et al., 2009).

6.1 Steps for calculating a “representative tropospheric volume mixing ratio” (RTVMR)
for TES methane

1. Construct a coarse grid from the following subset of the 67 level grid:
(a) the surface pressure level

(b) the pressure level at which the sum of the row of the averaging kernels is at its
maximum

(c) the uppermost pressure level at which the sum of the row of the averaging kernel is
greater than 0.4

(d) the top of the atmosphere

2. Map the Level 2 profile (supplied on the 67 levels) to the 4 level coarse grid defined by (a),
(b), (c) and (d) using the mapping matrix M* which is the pseudo-inverse of the mat