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[1] Remote measurements of trace gas profiles from nadir-viewing instruments are often
retrieved and/or reported on a fine grid containing more levels than the number of
independent pieces of information in the measurement. Such profiles contain a priori
information, which complicates interpretation. For scientific analyses of these data it is
desirable to move to a representation in which measurement information is dominant and
the influence of a priori information is minimal. Presented here is a postprocessing
approach using a simple algorithm to transform each retrieved profile to an appropriate,
geographically varying coarse grid. The representation is chosen such that the averaging
kernel is close to unity for regions of the atmosphere where the retrieval has most
information. The approach takes advantage of the sensitivity characterization allowed by
retrieval on a fine grid, while reducing the influence of the a priori, accounting for spatial
and temporal variations in the sensitivity of the measurement to the true atmosphere,
and preserving obvious physical meaning in the end product. The example used to
demonstrate the approach is the methane product from the Tropospheric Emission
Spectrometer (TES), which contains 0.5–2.0 degrees of freedom for signal, depending on
season and location. The TES methane has been postprocessed, and the end product has
been compared with results from GEOS-Chem, a global chemical model. Results
show realistic latitudinal gradients from the TES data. Model/measurement differences
also show large-scale features over Indonesia that we attribute to tropical biomass burning
in the summer/fall.
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1. Introduction

[2] Methods used in remote sensing for atmospheric
research often rely on information theory [Rodgers, 2000].
Such retrievals can be characterized by the number of
degrees of freedom for signal (DOFS), i.e., the number of
independent pieces of information in the measurement. For
any given instrument and measurement technique, the
amount of available information and the vertical distribution
of this information vary according to the atmospheric state
(temperature, trace gas concentration, clouds) as well as to
the surface conditions (temperature, emissivity) for down-
looking instruments.

[3] It is common practice to represent the state parameter
to be retrieved on an altitude grid that is finer than the
altitude resolution of the instrument [e.g., Bowman et al.,
2006; Deeter et al., 2003; von Clarmann et al., 2003]. A
major advantage of this approach is that it allows the
calculation of diagnostics, such as averaging kernels, which
can be used to characterize the spatial and temporal varia-
tion in the sensitivity of the measurement. The use of a
generic fine altitude grid is particularly relevant for the
processing of satellite measurements, where the retrieval
approach must be applicable to the range of conditions
encountered on a global scale. Constraints must then be
applied in order to stabilize the retrieval [e.g., Rodgers, 2000;
Tikhonov, 1963; Twomey, 1963; Steck and von Clarmann,
2001; Kulawik et al., 2006b]. In general, the constraints
include both a constraint vector and a constraint matrix,
which may be chosen in various ways to constrain absolute
values and/or the shape of the retrieved result. This is of
particular importance for nadir retrievals, where the vertical
resolution is limited. The main disadvantage associated with
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the use of such constraints is that the solution of the retrieval
problem does not then depend only on the measurement but
also on the constraints used. This manifests itself not only in
applications like quantitative validation of remotely sensed
data, but even in the visual inspection of such data. The a
priori constraints are often chosen to vary with space and
time, in order to properly reflect the a priori knowledge of
the atmospheric state. Such an approach was adopted for
Tropospheric Emission Spectrometer (TES) retrievals de-
scribed below. However, this introduces difficulty in dis-
tinguishing whether spatial structure and/or temporal
variations in the retrieved product are related to changes
in the constraints or to changes in the true atmospheric state.
An alternative approach is to use a set of a priori constraints
that is uniform in space and/or time, as adopted for
MOPITT [Deeter et al., 2003]. In most cases a globally
uniform set of constraints clearly does not represent the best
knowledge of the state available before the measurement.
However, under certain circumstances the application of
uniform constraints in postprocessing has been used to aid
scientific interpretation of data. For instance, the application
of a uniform constraint vector has been used in postprocess-
ing of TES retrievals for the purposes of scientific analysis.
Examples include analysis of differences between measure-
ments and models, highlighting seasonal cycles and com-
paring observations from two geographical regions with
different priors or comparing results from different satellite
instruments [Kulawik et al., 2008, and references therein].
Kulawik et al. [2008] have recently shown that this approach
in postprocessing is valid. However, the use of a uniform a
priori constraint vector can introduce biases that make some
types of scientific analysis, such as the analysis of latitudi-
nal gradients, difficult. Also, while the use of a globally
uniform constraint vector and constraint matrix at least
means that any structure or variations observed in the
retrieved field must be due to information from the mea-
surement, a uniform set of constraints does not lead to
uniform a priori content in the retrievals, since the sensitiv-
ity of the retrieved profile to the true state (and therefore the
extent to which the retrieval is influenced by the a priori
constraints) depends also on the atmospheric and surface
state. Therefore the biases cannot be assumed to be uniform,
and so issues of interpretation remain.
[4] 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. Singular value decomposition-based approaches
have been developed for the purpose of removing a priori
influence from the data. Ceccherini et al. [2003] proposed
such an approach for validation purposes targeted at max-
imum likelihood estimates of the atmospheric state. Joiner
and de Silva [1998] proposed two methods: null-space
filtering of retrievals and partial eigen-decomposition
retrievals. These methods are rigorous and preserve the full
information content of the measurements. However, the
disadvantage of these approaches is that they transform
the estimated state variables into a space without obvious
physical meaning. Pan et al. [1998], in presenting an

analysis of the information content of nadir CO retrievals,
discuss an eigenvector analysis of the averaging kernels
from optimal estimation retrievals in geophysical space. The
leading eigenvectors for any given profile retain the full
vertical resolution of the original product and typically have
simple shapes that may be physically interpreted. Nonethe-
less, the interpretation of a large data set of such eigenvec-
tors would not be intuitive, and the transformation of the
state vector itself still results in an end result that is no
longer in geophysical space.
[5] Von Clarmann and Grabowski [2007] proposed an

approach targeted at a physically obvious representation of
retrieved data that can be directly used and easily interpreted
involving reregularization of the retrieval on a coarser grid.
The retrieval is performed on the fine grid and then the
results are postprocessed by mapping to a coarse grid that
better represents the number of degrees of freedom for the
retrieval. The number of useful grid points can be obtained
by singular value decomposition, but not their vertical
placement. The retrieval is transformed to an ‘‘information-
centered’’ grid where each data point represents one degree of
freedom. If the number of degrees of freedom is equal to the
dimension of the retrieval vector, the a priori information is
removed from the retrieval. Von Clarmann and Grabowski
demonstrated their technique with a case study using strato-
spheric/upper tropospheric limb sounder data, where the
DOFS is of the order of 9 to 10. With their approach, the
retrieval can be regridded and reregularized to a representa-
tion where the a priori influence is completely removed and
the number of degrees of freedom is reduced only to the next
lowest integer value.
[6] The aim of this work is to apply an information

centered postretrieval approach to tropospheric nadir
retrievals where the degrees of freedom for signal is not
significantly greater than (and may in fact be less than) 1.0.
An approach is provided here for use of this type of satellite
data for comparison with other data or with global models
without the use of sophisticated data assimilation systems.
The goals are (1) to reduce the influence of the a priori
constraint on the end product, (2) to account for the spatial
and temporal variations in the sensitivity of the measure-
ment to the true state, and (3) to preserve obvious physical
meaning in the end product. The example used to demon-
strate the approach is the methane product from the Tropo-
spheric Emission Spectrometer (TES) on the NASA Aura
satellite, which contains between 0.5 and 2.0 DOFS,
depending on season and geographical location. However,
the general method is applicable to other data products and
instruments.
[7] Section 2 provides an introduction to the TES methane

retrievals. Section 3 outlines the postprocessing approach
adopted to produce an end product that better represents the
number of DOFS available, while preserving the information
on the location of sensitivity of the measurement. Section 4
gives results, with a discussion of some preliminary scientific
analysis involving comparisons with a global chemical
model, in order to demonstrate the utility of the approach.
It is shown that the application of this approach to the TES
methane product allows an assessment of latitudinal gra-
dients (which are small) as well as analysis of spatial features
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in the model/measurement differences that suggest enhanced
emission of methane associated with biomass burning.

2. Methane From the Tropospheric Emission
Spectrometer

[8] Methane (CH4) is an important greenhouse gas and
plays a crucial role in tropospheric chemistry. Oxidation of
CH4 by hydroxyl radicals (OH) removes OH from the
atmosphere, therefore impacting many other reactions.
Global CH4 concentrations have risen dramatically since pre-
industrial times [e.g., Intergovernmental Panel on Climate
Change (IPCC), 2007], but the rate of increase since 2000
has been very small [Dlugokencky et al., 2003; IPCC, 2007].
The CH4 growth rate varies from year to year, depending
on factors such as wetland emission [Dlugokencky et al.,
2001] and biomass burning [Butler et al., 2005]. Large
emissions have been observed in recent years from the
Siberian peatlands [Smith et al., 2004] and from sources in
South America [Frankenberg et al., 2005, 2006; do Carmo
et al., 2006].
[9] CH4 is measured at surface stations throughout the

world, primarily at remote sites, with extremely low uncer-
tainty (1–3 nmol/mol, or ppb) [Dlugokencky et al., 2003;
http://www.esrl.noaa.gov/gmd/ccgg/]. Ground-based meas-
urements from Fourier transform infrared spectrometers
(FTIRs) provide information above the boundary layer,
but stations are sparse and may not be representative of
large scales. Spaceborne measurements are less accurate,
but can provide extensive spatial and temporal coverage that
can help to better understand the variations of methane on
global scales. CH4 has been observed in the stratosphere
and the upper tropopause region from the Halogen Occul-
tation Experiment (HALOE) on the Upper Atmosphere
Research Satellite (UARS) [Schoeberl et al., 1995; Park
et al., 1996; Randel et al., 1998]. These data have been used
to study the seasonal variation of CH4 near the tropopause
and in the stratosphere [Randel et al., 1998; Park et al.,
2004]. CH4 has also been measured in this altitude region
by the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) on Envisat [Payan et al., 2007] and by
the Atmospheric Chemistry Experiment (ACE) [Nassar et
al., 2005; De Mazière et al., 2007].
[10] Nadir-viewing spaceborne measurements of tropo-

spheric CH4 include those from the Interferometric Monitor
for Greenhouse Gases (IMG) from the Advanced Earth
Observing Satellite (ADEOS) [Clerbaux et al., 2003], the
Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography (SCIAMACHY) on the ESA Envisat satellite
[Frankenberg et al., 2005, 2006] and the Atmospheric
Infrared Sounder (AIRS) on the NASA Aqua satellite
[Xiong et al., 2008]. The Infrared Atmospheric Sounding
Interferometer (IASI) on the latest METOP satellite also
offers the capability of tropospheric CH4 measurements
[Ravazi et al., 2009; Crevoisier et al., 2009].
[11] The Tropospheric Emission Spectrometer (TES) on

the EOS-Aura platform is a nadir-sounding infrared Fourier
transform spectrometer designed to study the Earth’s ozone,
air quality and climate [Beer et al., 2001]. TES primarily
makes nadir observations of spectral radiances in the spectral
range 650–3050 cm�1 (3.3–15.4 microns) at 0.1 cm�1

spectral resolution (apodized) in the nadir-viewing mode.

Profiles of atmospheric temperature, O3, H2O, HDO, CO
andCH4 as well as cloud effective optical depths are retrieved
operationally and are publicly available through the NASA
Langley Atmospheric Science Data Center (ASDC). Addi-
tional species retrieved from the TES data (not currently
operational) include NH3 and CH3OH [Beer et al., 2008].
The TES operational retrieval is a constrained nonlinear least
squares fitting procedure. Further details of the retrieval
method and error analysis are given by Bowman et al.
[2006] while a description of the constraints applied is given
by Kulawik et al. [2006b]. The TES data set considered in
this analysis is Version 3 (V003).
[12] The TES CH4 retrieval uses microwindows at

1292.02–1305.76 cm�1 and 1307.02–1307.8 cm�1. Dur-
ing the operational processing, the TES CH4 profiles are
retrieved in log(volume mixing ratio (VMR)) on 14 pressure
levels and then linearly mapped to a finer 67-level grid
[Bowman et al., 2006]. This fine grid is the one on which
the forward model and Jacobian calculations are performed
[Clough et al., 2006]. All TES nadir Level 2 trace gas
products are supplied on this 67 level grid. (From here on,
‘‘forward model grid’’ will refer to the 67 levels and
‘‘retrieval grid’’ will refer to the 14 levels.) The TES
V003 a priori profiles were constructed from the Aura
monthly climatology, based on runs from the MOZART
global chemical model [Brasseur et al., 1998] in blocks of
30� latitude by 60� longitude.
[13] The retrieved profile can be expressed as a first-order

expansion in (x � xa) [Rodgers, 2000]:

x̂ ¼ I� Að Þxa þ Axþ e ð1Þ

where xa, x̂ and x are the prior, retrieved and true profile
state, I is the identity matrix, A is the averaging kernel
matrix, which describes the sensitivity of the retrieval to the
true state, and e represents the error. The number of degrees
of freedom for signal is defined as the trace of the averaging
kernel matrix. When the averaging kernel matrix, A, is unity
then changes to the prior have no effect on the retrieved
value. Figure 1 shows four sets of representative TES
averaging kernels for CH4 retrievals and the approximate
vertical range over which these retrievals provide useful
information. A useful diagnostic here is the sum of the row
of the averaging kernels, which in general can be thought of
as a rough measure of the fraction of the retrieval that comes
from the data, rather than from the a priori. (Note that this is
only a rough measure; in the examples presented, the sum of
the row of the averaging kernels actually exceeds unity at
some altitudes.) Broadly speaking, the sensitivity of the
TES CH4 retrievals peaks between 200 and 400 hPa. Over
hot surfaces, such as the desert example shown in Figure 1b,
TES may show greater sensitivity close to the surface, but
this is not the case over most of the globe. The upper
altitude bound of the sensitivity of TES CH4 retrievals
generally follows the tropopause.
[14] The sensitivity of the TES CH4 retrievals is further

demonstrated in Figure 2, which shows the degrees of
freedom for signal for the TES CH4 retrievals for all
measurements for January, April, July and October 2006
that pass certain quality checks. The quality controls applied
here were those suggested in the TES Level 2 User’s Guide
[Osterman et al., 2008], apart from the check on retrieved
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average cloud effective optical depth. The User’s Guide
suggests a threshold optical depth of 10.0, but here all
measurements with an average cloud effective optical depth
greater than 1.0 have been neglected. (Further information
on the TES cloud optical depth retrievals is given by
Osterman et al. [2008] and Kulawik et al. [2006a].) The
cloud optical depth threshold of 1.0 was chosen as a
compromise between a threshold low enough that the
impact of cloud on the measured radiances would be
minimal and a threshold high enough not to screen out
measurements to the point of adversely affecting global
coverage. It can be seen from the maps in Figure 2 that the
degrees of freedom for signal for the TES CH4 retrievals are
strongly correlated with surface temperatures, showing the
highest values over hot, desert surfaces and the lowest

values over surfaces in polar winter in both hemispheres.
Values range from almost 2.0 to 0.5. It can also be seen that
there is some correlation between degrees of freedom for
signal and tropopause height. This is expected for CH4,
which is well mixed in the troposphere and falls off rapidly
with altitude in the stratosphere.
[15] Since the TES Level 2 data are supplied on a 67-

level grid, the initial reaction of potential data users might
be to look at the data in terms of, say, global maps on a
given pressure level. This would be an obvious approach to
certain types of analysis of output from a global chemical
model. However, given that the total number of degrees of
freedom for signal for each retrieved profile lies somewhere
between 0.5 and 2.0, it is readily apparent that choosing to
view the data on only one of the 67 TES forward model

Figure 1. Solid lines show example averaging kernels (on the TES forward model levels) for four cases
from one global survey from July 2006: (a) tropical profile over ocean, near Galapagos islands; (b) low
latitude over desert surface; (c) high latitude over Antarctica (polar winter); and (d) high latitude over
Siberia (polar summer). The latitude, longitude, and degrees of freedom for signal (DOFS) for each of
these TES sequences is shown on the plots. The dashed profile shows the sum of the row of the averaging
kernel at each pressure level, scaled by a factor of 0.1. The dotted horizontal lines show the pressure
levels at which the sum of the row of the averaging kernel drops below 0.7, providing a guide to the
approximate vertical range over which the TES retrieval provides useful information.
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levels is far from ideal. Figure 3 shows maps of CH4 VMR
from the 348 hPa pressure level, from the TES Level 2 files
from the ASDC for four months from 2006. This pressure
level was chosen because the TES retrieval is expected to
have its best sensitivity here at all latitudes. Also shown on
Figure 3 are the latitudes where there are changes in the
TES a priori constraint vector and constraint matrix. A

discontinuity in the VMR values is apparent at 30�N, which
is one of the locations where there is a change in the a priori
state vector. (No discontinuities are observed at locations
where the constraint matrix changes.) This is particularly
obvious in the July data, but is also visible in other months.
It is clear from Figure 3 that the values at any one given
pressure level (of the 67 supplied) are strongly sensitive to

Figure 2. Maps of the degrees of freedom for signal for TES CH4 for January, April, July, and October
2006.

Figure 3. Maps of VMR at 348 hPa from TES Level 2 product from January, April, July, and October
2006. Solid horizontal lines show the boundaries of the different latitude bins for the constraint vector
(xa), every 30� latitude. Dashed horizontal lines show the boundaries of the different constraint matrices
used (18�N/S, 54�N/S).
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the a priori profile used. It is apparent that an analysis of
latitudinal gradients, which are extremely small for CH4,
would not be possible here and that temporal changes in the
a priori would also severely limit the usefulness of analyses
of time series. Aside from these issues, global maps of this
product on a particular pressure level are somewhat mis-
leading for two reasons. First, the vertical resolution is
coarse: the width of the averaging kernel for any given
reported level is several kilometers wide. Second, the level
at which the measurement is most sensitive varies some-
what with geographical location, according to surface
temperature, surface elevation, atmospheric temperature,
trace gas concentration and distribution of clouds.
[16] The intention in this study is to use the TES Level

2 CH4 as an example of a product where the representation
may be changed in order to reduce the a priori influence and
so facilitate the scientific interpretation of the data. Some
examples of scientific interpretation of the TES CH4 data
will be presented in order to demonstrate the utility of the
approach, but the overall aim is to present a methodology
that may be applied to similar data products from this or
other satellite instruments. The technique presented in this
work could be considered a TES Level 3 CH4 product that
would be of use to the community. The model comparisons
presented may be regarded as an interesting piece of the
large-scale validation of the TES CH4 product, which is
currently underway. However, the primary focus of this
paper is intended to be the representation of the data.

3. Representative Tropospheric Volume
Mixing Ratio

[17] The aim of the approach presented here is to move to
a representation in which the number of elements in the
state vector is more representative of the number of inde-
pendent pieces of information in the measurement (DOFS),
and where the influence of the a priori data on the final
product is reduced. In order to eliminate the a priori
influence, it is necessary to move to a representation in
which the diagonal of the averaging kernel is unity. For the
example data set of TES CH4 used here, the DOFS for the
retrieval is less than 1.0 over large regions of the globe, with
other larger regions where DOFS is much large than 1.0 but
less than 2.0.
[18] The approach adopted here is simply a linear trans-

formation from a finer to a coarser grid. The change in
representation from the finer set of forward model levels, pf,
to the coarser subset of retrieval levels, pc, is accomplished
by means of a linear mapping using the transformation
matrix

W* ¼ WTW
� ��1

WT ð2Þ

where W is the interpolation matrix which samples the
coarse grid profile vector on the fine grid [Rodgers, 2000;
von Clarmann and Grabowski, 2007]. The state vector on
the coarse grid, xc, is then

x̂c ¼ W*x̂f ð3Þ

(where xf is the state vector on the fine grid) and the
averaging kernel on the retrieval grid is

Ac ¼ W*AfW: ð4Þ

The retrieval error covariance on the retrieval grid is

Ŝc ¼ W*ŜfW
*T: ð5Þ

Note that no information is lost in the transformation from
the forward model level grid supplied in the TES level 2
product files to the retrieval level grid, since the retrieval
levels were actually mapped to the forward model levels
using the matrix W in the creation of the TES product files.
However, any subsequent transformation to a coarser grid
than the retrieval grid must result in some kind of
information loss.
[19] The move to the coarse grid raises two questions:

how many levels should be in the new grid and where
should they be? Von Clarmann and Grabowski [2007],
working with limb-sounding retrievals, proposed a mapping
matrix with levels determined by summing the diagonal of
the averaging kernel from the bottom level up. The number
of levels is determined by the total integer number of DOFS
and the new, coarse grid has levels at points where the sum
reaches an integer number of DOFS. The characteristics of
averaging kernels for limb-sounding retrievals are funda-
mentally different to those of nadir retrievals. Limb-sounding
averaging kernels are in general relatively narrow and
sharply peaked, peaking at the retrieval pressure/altitude
to which they are attributed. For nadir sounders the aver-
aging kernels are typically very broad. The signal measured
by the nadir instrument represents a wide altitude range and
the averaging kernel for a given retrieval level may not
necessarily peak at the level to which it has been ascribed.
In some cases, nadir averaging kernels may be doubly
peaked. For the nadir data considered here, there are cases
where an integer number of DOFS are not reached over the
whole profile. For this reason, a different approach to define
the new, coarse grid has been adopted here. Consider the
Galapagos case with averaging kernels as shown in
Figure 1a, with a total number of DOFS of 1.48. Figure 4
shows the cumulative trace of the averaging kernel for this
case. For this example, it is apparent that the incremental
increase in the DOFS with altitude is small above the
110 hPa retrieval level. At this level, the cumulative trace of
the averaging kernel is 1.28, which is basically the DOFS
for the troposphere in this retrieval. This number is some-
what greater than 1.0, indicating that there is some infor-
mation on the vertical structure of the tropospheric profile,
but less than 2.0, indicating that an attempt to present more
than one representative number for the troposphere will
yield quantities that are not independent.
[20] Figure 5 shows a possible transformation of the

averaging kernel (see equation (4)). Figure 5a shows the
averaging kernel on the retrieval levels. It is clear from
the width of the averaging kernel functions and their overlap
that the tropospheric levels in the corresponding state vector
are strongly interdependent and that the value of the
diagonal of the averaging kernel matrix at any given level
is exceedingly small. It is also evident from the sum of the
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row of the averaging kernels that the retrieved values in
the lower troposphere and in most of the stratosphere are
entirely dominated by the a priori constraint vector.
Figure 5b shows the averaging kernel for a transformation
that results in only one element of the state vector in the
troposphere, where the averaging kernel function approaches
unity. This scenario provides a reduction of a priori influ-
ence, but now loses any attempt to characterize vertical
structure in the troposphere. The coarse grid here consists of
a subset of four of the retrieval levels: one at the surface,
one in the troposphere, one just above the troposphere, at

the point where the information in the TES retrieval drops
off and one at the top of the atmosphere. Grid points other
than the tropospheric points may be considered merely as
anchor points. Although there are four points in the new
coarse grid, the tropospheric ‘‘level’’ is now the only one
that contains any information of interest The end product is
now one number that represents tropospheric methane, and
the result should no longer be thought of as a profile.
Neither should this number be thought of as a tropospheric
column, since the sensitivity of the TES instrument to
methane is in the middle to upper troposphere and not the
boundary layer where most of the molecules in the atmo-
sphere lie. The number is not really a partial column either.
Rather, it is a ‘‘representative tropospheric VMR’’
(RTVMR), a value that represents the mixing ratio in the
middle to upper troposphere, where the instrument is most
sensitive to methane. The location of the tropospheric
pressure level in Figure 5 was chosen to be at the retrieval
level below where the value of the sum of the row of the
averaging kernel was at a maximum, in order to best reflect
the sensitivity of the measurement. The closest retrieval
level to the peak of the sum of the row of the averaging
kernels is at 348 hPa for this case. The level below this was
chosen in order to weight the transformation for this wide
layer lower in the atmosphere, where there are more
methane molecules. The width of the transformed averaging
kernel spans the troposphere. This representation results in a
loss of a fractional number of degrees of freedom, but offers
the advantage of significantly reduced a priori influence.
[21] As pointed out by von Clarmann and Grabowski

[2007], a simple transformation to a coarse grid, as per-
formed here, does not prevent the resulting averaging
kernels from overlapping. While most of the overlaps of
the original averaging kernels fall within the altitude region
represented by the ‘‘tropospheric’’ grid point, there is still
something of a ‘‘border effect’’ present. The result here is
somewhat sensitive to the choice of the tropopause anchor
point since there is a fractional number of degrees of

Figure 5. Example averaging kernels for the case shown in Figure 1a. (a) The fourteen levels used in
the TES CH4 retrieval. Colors show pressures assigned to each row of the averaging kernel,
demonstrating that the retrieval information for a given labeled pressure level may not originate at that
pressure. The black dotted line shows the profile of the sum of the rows of the averaging kernel. (b) With
only one level in the troposphere. The purple line shows the tropospheric averaging kernel.

Figure 4. Cumulative trace of the CH4 averaging kernel
matrix from TES run 4519, sequence 2827 (see also
Figure 1a), on the fourteen-level pressure grid used in the
retrieval.
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freedom in the retrieval that is not associated with the
tropospheric point. If the tropopause anchor point is placed
too low in altitude, then there is some division of informa-
tion between the tropospheric point and the tropopause
point. However, if the tropopause anchor point is placed
too high in altitude, there is a larger contribution of
information from the stratosphere to the tropospheric point.
The tropopause anchor point was placed at the retrieval
level where the sum of the row of the averaging kernels falls
below 0.4. For an analysis of CH4 profiles over a range of
conditions, this seems to provide the optimum placing of
coarse grid points, maximizing the information for the
tropospheric point for this particular set of atmospheric
conditions, while minimizing stratospheric influence. Note
that the grid shown in Figure 5 is applicable to this specific
case. In the application of this approach to a global data set,
a simple algorithm was applied to determine a coarse grid
for each individual case. The steps in the algorithm to
determine the coarse grid were as follows: (1) determine
the retrieval level at which the sum of the row of the
averaging kernels is at a maximum and take the next lower
retrieval level to be the tropospheric level, (2) determine the
retrieval level at which the sum of the row of the averaging
kernel drops below 0.4 and take this to be the ‘‘tropopause’’
level, and (3) set the uppermost and lowermost retrieval
levels as anchor points. Note that the transformation to the
coarse grid may be performed with either the 67 forward
model levels or the 14 retrieval levels as a starting point, as
long as the coarse grid levels are always chosen to be a
subset of the 14 retrieval levels.
[22] We acknowledge that other techniques may be more

appropriate when there are more degrees of freedom avail-
able, or when the goal is to get as much information as
possible about a predetermined level in the atmosphere. One
reason why this approach is particularly applicable to CH4

is that most of the overlaps of the original averaging

kernels fall within the altitude region represented by the
‘‘tropospheric’’ grid point. For species with larger number
of degrees of freedom available, the issue of overlap would
need to be carefully considered. Also, the application of the
approach presented here would be problematic for species
such as ozone that have a strong stratospheric contribution
to the tropospheric averaging kernels. We also recognize
that some users may prefer to work in eigenvector, rather
than geophysical, space.
[23] Other satellite teams have chosen different ways to

represent CH4 retrievals. IMG [Clerbaux et al., 2003]
methane values are reported as a total column only. The
SCIAMACHY level 2 methane product is reported in terms
of vertical column densities for three atmospheric layers,
where only the lowest layer contains significant information
[Frankenberg et al., 2005]. The SCIAMACHY team has
chosen to report a column-averaged VMR which is repre-
sentative of the altitude range where the instrument is
sensitive. The AIRS retrieval approach for CH4 is described
by Susskind et al. [2003] and by Xiong et al. [2008]. For the
AIRS product, profiles are reported in terms of seven layers.
Xiong et al. state that the most sensitive layer in the tropics is
about 200–300 hPa, decreasing in altitude to 400–500 hPa
near the poles.

4. Results and Interpretation

4.1. RTVMRs From TES

[24] The transformation described in the previous section
was applied to the TES CH4 retrievals for four months in
2006. The results are shown in Figure 6. The discontinuities
in VMR values observed at 30�N due to the change in the a
priori constraint vector in the 348 hPa level maps in Figure 3
are not seen in this new representation. The RTVMR shown
in Figure 6 represents a single value for the troposphere,
representing information coming from the measurement.

Figure 6. Representative tropospheric VMR (RTVMR) for TES methane for January, April, July, and
October 2006. Gray points show measurements where the sum of the row of the averaging kernel did not
have a value greater than 0.7 for any point in the Level 2 profile.
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[25] In order to aid the interpretation of this RTVMR,
Figure 7 shows maps of an ‘‘effective pressure’’ for this
quantity, where the effective pressure is defined below:

p ¼

X

i¼1;67

ainipi

X

i¼1;67

aini
: ð6Þ

Here, n is the vector of the number density of air, supplied
on 67 forward model levels in the TES Level 2 files (where
ni is the ith forward model level), p is the vector of pressure
on the forward model levels and a is the row of the
transformed averaging kernel, Ac, that corresponds to the
troposphere, interpolated onto the fine grid of 67 forward
model levels. The weighting by number density is included
in the calculation of the effective pressure in order to
account for the fact that a wide atmospheric layer (i.e., the

Figure 7. Maps of ‘‘effective pressure’’ for the TES CH4 RTVMR for January, April, July, and October
2006. Gray points show measurements where the sum of the row of the averaging kernel did not have a
value greater than 0.7 for any point in the Level 2 profile.

Figure 8. Upper bound pressure for the RTVMR fields shown in Figure 6. The upper bound pressure
was defined as the pressure for which the sum of the row of the averaging kernels drops below 0.7. Gray
points show measurements where the sum of the row of the averaging kernel did not have a value greater
than 0.7 for any point in the Level 2 profile.
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whole troposphere) is being represented, and that there is a
significant gradient in the number density from the bottom
to the top of the layer. The effective pressure reflects where
most of the information in the RTVMR comes from. It can
be seen from Figure 7 that the effective pressure is
influenced by topography. It is lower over regions where
the surface is at high altitude, such as the Tibetan Plateau or
the Andes. This correlation with topography is not observed
in the DOFS for the retrieval (see Figure 2). Some land-sea
contrast is also apparent, particularly in the northern
hemisphere in winter (January). Figure 8 shows maps of
an approximate upper bound for the sensitivity of the TES
retrieval, defined here as the retrieval level at which the sum
of the row of the averaging kernels drops below 0.7. Note
that if the retrieval had not previously been performed on a
finer grid, it would not be possible to characterize the
sensitivity of the measurement in this way. (A quantitative
discussion of the detrimental effect of ignoring the effective
pressure is provided in the next section.)
[26] In order to effectively eliminate the influence of the a

priori, the diagonal element of the averaging kernel for the
RTVMR should be unity. In geographical regions where
the DOFS for the TES retrieval is greater than one (see
Figure 2), this number is indeed close to unity for the
transformed RTVMR product. In regions such as Antarctica
and the winter Arctic, this number is close to the value of
the available number of DOFS, which may be as low as 0.5.
However, even in these more problematic regions, the
influence of the a priori on the RTVMR is far smaller than
the influence of the a priori on any given one of the forward
model levels supplied in the Level 2 data file.
[27] In order to demonstrate the remaining a priori influ-

ence on the RTVMR product, Figure 9 shows differences in
the RTVMR induced by a 5% uniform increase in the a
priori across the globe. Adjustment to the alternative prior

was achieved using the following equation [Rodgers and
Connor, 2003]:

x̂0 ¼ x̂þ I� Að Þ x0a � xa
� �

ð7Þ

where xa and xa
0 are the original and new priors,

respectively, x̂ is the original retrieved value and x̂0 is the
retrieved value with the new prior. In higher latitudes, in
regions where the DOFS for the retrieval was less than one
(see Figure 2), the a priori influence is still present.
However, the a priori influence on the RTVMR is
significantly reduced compared to a product based on one
forward model level.

4.2. Comparison With a Global Chemical Model

[28] In order to further demonstrate the utility of the
proposed approach, comparisons were performed with out-
put from GEOS-Chem, a global chemical model. A general
description of the GEOS-Chem model is given by Bey et al.
[2001]. The CH4 simulation is described by Wang et al.
[2004], and evaluated with measurements from ground-
based stations and aircraft profiles in that study and in the
study by Xiao et al. [2004]. The CH4 fields used in these
comparisons were generated using 2001 meteorology by
Xiao et al. [2004].
[29] Although the TES data and the model data are not

from the same year, globally averaged CH4 has not grown
over the given period [IPCC, 2007; E. J. Dlugokencky et
al., Atmospheric methane dry air mole fractions from the
NOAA ESRL Carbon Cycle Cooperative Global Air
Sampling Network, 1983–2006, Version: 2007-09-19,
2007, available at ftp://ftp.cmdl.noaa.gov/ccg/ch4/flask/
event/]. Figure 10 shows surface measurements from the
NOAA Earth System Research Laboratory (ESRL) Global
Monitoring Division (GMD) Carbon Cycle Cooperative

Figure 9. Differences in TES CH4 RTVMR induced by a uniform increase of 5% in the a priori
constraint vector.
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Global Air Sampling Network (see ftp://ftp.cmdl.noaa.gov/
ccg/ch4/flask/event/) from remote stations for both 2001 and
2006 plotted against latitude. Differences between the mea-
surements from these 2 years are small.
4.2.1. Latitudinal Gradients
[30] Zonal means in 10� latitude bins were calculated for

both the TES RTVMRs and similarly mapped TES initial
guess/a priori for January and July 2006. Zonal means were
also calculated for RTVMRs from the GEOS-Chem 2001
monthly mean global fields provided by Y. Xiao (personal
communication, 2007). In order to calculate the GEOS-
Chem RTVMRs, the following steps were applied. For each
TES profile, the ‘‘raw’’ GEOS-Chem profile from the
corresponding latitude/longitude grid point was interpolated
onto the TES 67-level forward model grid. The TES a priori
constraint vector and averaging kernels were then applied to
the interpolated GEOS-Chem profile, using equation (1)
(where the interpolated GEOS-Chem profile is assumed to
be the ‘‘true’’ state, x) to produce a ‘‘GEOS-Chem retrieved
state.’’ This GEOS-Chem retrieved state was then mapped
onto the same coarse grid as the TES RTVMR in order to
produce a GEOS-Chem RTVMR. Theses GEOS-Chem
RTVMRs represent what the TES instrument would have
measured if GEOS-Chem were a true representation of the
atmospheric state.
[31] An ‘‘unbiased’’ GEOS-Chem RTVMR may also be

calculated without the application of the TES prior. Such a

quantity takes into account the vertical resolution of the
TES measurement, but is not biased by the values or shape
of the TES a priori constraint vector. To calculate these
‘‘unbiased’’ GEOS-Chem RTVMRs, the GEOS-Chem pro-
files from the corresponding latitude/longitude grid points
were interpolated onto the TES 67-level forward model
grid, and then these interpolated profiles were mapped
directly (using equation (3)) onto the coarse grid used to
calculate the TES RTVMR for each measurement point.
[32] Results are shown in Figure 11. Figures 11a and 11b

show the absolute values of the zonal mean RTVMRs with
their standard deviations in Figures 11c and 11d. The TES
zonal means exhibit a general high bias with respect to the
GEOS-Chem values. To highlight latitudinal gradients,
Figures 11e and 11f show the same zonal means, with bias
removal, where the zonal mean values of the TES RTVMR
and TES a priori have been scaled using the ratio to the
GEOS-Chem fields (with TES a priori applied) in the 50–
60�S bin. The air in this location is not affected by local
emissions, and the retrievals in this region should not be
affected by problems associated with retrievals over the
cold, icy Antarctic surface. (The GEOS-Chem RTVMR
with TES a priori applied was chosen as the reference
because it has smaller latitudinal gradients than TES or
the prior, and because we wish to easily compare the TES
RTVMRs with the values that would have resulted from a
TES measurement if GEOS-Chem was ‘‘truth.’’) It is
apparent that the latitudinal gradient in the prior is far
greater than the gradients observed in either the TES
retrievals or in the GEOS-Chem fields. The gradient of
the TES RTVMR is essentially the same as GEOS-Chem in
January, but is larger than that of the model in July. The
differences between the TES and GEOS-Chem RTVMRs in
Figures 11e and 11f are within the standard deviations of the
TES zonal means, but are of the order of 50 times larger
than the standard error on the zonal means (where the
standard error is the standard deviation divided by the
square root of the sample size), indicating that the differ-
ences in TES and GEOS-Chem July latitudinal gradients are
significant. Also shown in Figures 11g and 11h are zonal
means of the ‘‘fraction of explained variance’’ (FEV), the
diagonal element of the averaging kernel for the RTVMR. It
can be seen that the zonal means for the diagonal element of
the averaging kernels are close to 1.0 over most over the
globe. Values are smaller toward the poles, especially for
polar winter, where cold atmospheric and surface temper-
atures limit the degrees of freedom for signal available for
the TES retrieval.
[33] Figure 11 represents latitudinal gradients in the

middle to upper troposphere. In order to examine whether
this has any correlation with the situation at the surface,
Figure 12 compares NOAA ESRL monthly mean measure-
ments to surface values from ‘‘raw’’ GEOS-Chem and from
the TES a priori (sampled at the NOAA ESRL station
locations). Surface latitudinal gradients in GEOS-Chem
agree well with those of the measurements, while surface
latitudinal gradients in the MOZART climatology used in
the TES a priori are too large. Since GEOS-Chem provides
a better representation of surface latitudinal gradients than
the TES a priori (MOZARTAura climatology), it might also
be expected that the GEOS-Chem latitudinal gradients in
the mid to upper troposphere are more representative of the

Figure 10. NOAA ESRL remote station surface monthly
mean surface measurements for January and July, showing
the similarity between the 2001 and 2006 values.
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true atmosphere. Therefore the fact that the TES RTVMR
latitudinal gradients agree better with GEOS-Chem than
with the TES prior lends confidence in the TES CH4 data.
Note that this analysis would not be possible using the TES
CH4 product on the 67 level grid.
[34] The results of this comparison should not be assumed

to reflect badly on the MOZART model in general. The
MOZART fields used to generate the Aura climatology date
from before the Aura launch and are therefore rather old.
They provide some estimate of global CH4 fields and
variability, but the GEOS-Chem fields were produced from

a more recent and more carefully targeted study of methane
and have been subject to validation in the middle to upper
troposphere using data from aircraft campaigns as well as
validation at the surface [Wang et al., 2004; Xiao et al.,
2004].
4.2.2. Global Distributions
[35] TES RTVMR values exhibit an overall high bias

compared to GEOS-Chem, so a constant bias of 3.5% was
removed from the TES values before comparing global
distributions. The plots in Figure 13 show differences after
the removal of a constant bias of 3.5%. This bias is the

Figure 11. (a and b) Zonal means of RTVMR for January and July calculated using 10� latitude bins
from TES, GEOS-Chem with TES averaging kernels and a priori applied, GEOS-Chem without the TES
a priori applied, and the TES prior. (c and d) Standard deviations on these zonal means, shown with zonal
means of TES measurement (random) error. (e and f) Differences of zonal means from GEOS-Chem,
with bias removal based on the zonal means at 50–60�S. (g and h) Zonal mean values of the diagonal of
the tropospheric averaging kernel.
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difference between TES and GEOS-Chem in January at
50–60�S. Figure 13 shows percentage differences between
the RTVMR calculated from the TES V003 2006 data and
from the GEOS-Chem monthly mean fields for 2001. Even
though the values at remote surface stations are similar for
both years, it might be expected that spatial features in
global maps of methane could be different, because of
differences in emissions, chemistry and meteorology (trans-
port) for the 2 years. Therefore further work would be
needed in order to draw definitive conclusions about the
causes of origin of the differences shown. However, some
clear spatial features can be discerned with confidence in the
differences between model and measurement. For example,
TES RTVMRs are consistently high compared to GEOS-
Chem over the tropical Atlantic. Note that this result is
robust with respect to the use of cloud optical depth
thresholds as low as 0.05 and so is not related to systematic
errors due to clouds. High values of CH4 over tropical
forests were reported from SCIAMACHY observations by
Frankenberg et al. [2005], but the emissions estimates
derived from these data have now been revised in view of a
high bias that was discovered in the SCIAMACHY methane

due to uncertainties in spectroscopy in the SCIAMACHY
spectral range [Frankenberg et al., 2008a, 2008b], so a
tropical forest emission explanation can probably be dis-
counted. (It should also be noted that the SCIAMACHY
measurements were primarily over land, and are sensitive
closer to the surface than TES.) There could be some
contribution in the region of the tropical Atlantic from
South American and African biomass burning, especially
during July. However, it is seems likely that the TES/GEOS-
Chem differences in this region are due either to differences
in 2001/2006 transport, or to retrieval artifacts, perhaps
from Saharan dust. Further work would be necessary to
determine the cause. Another example of an interesting
spatial feature is the high CH4 values observed over
Indonesia in October 2006 compared to the GEOS-Chem
fields for 2001. The TES CH4 fields in October 2005 (not
shown) do not show these high values over Indonesia.
Further work would be required in order to definitively
attribute the cause of the observed elevated CH4 in this
region, but it is likely that the high values are related to
increased biomass burning associated with the 2006 El Nino
[Logan et al., 2008]. Comparisons between TES and
‘‘unbiased’’ GEOS-Chem RTVMRs were also performed
for a scenario where we did not apply the TES averaging
kernels to the GEOS-Chem fields. In the RTVMR repre-
sentation, the results of this comparison look very similar to
the comparisons shown in Figure 13 over most of the globe.
The exceptions are those regions (such as the Antarctic in
summer) where the information in the TES measurement
approaches the threshold for rejection. We have not attemp-
ted to draw any conclusions about these regions. Regions
where the ‘‘unbiased’’ GEOS-Chem RTVMRs differed from
the nominal results by more than 0.9% (half a division on
the color scale in Figure 13) have been blocked out with
gray boxes.
4.2.3. Importance of the Effective Pressure
[36] In the TES/GEOS-Chem comparisons of latitudinal

gradients and global distributions presented above, the
vertical sensitivity of the TES measurements has been
factored into the comparisons by calculating RTVMRs for
the model fields. Therefore the differences in Figure 11 and
Figure 13 already account for geographical and temporal
variations in vertical sensitivity.
[37] As a separate consideration, the GEOS-Chem fields

also provide the opportunity to quantitatively demonstrate
the importance of taking the effective pressure into account
when considering the TES RTVMR maps (Figure 6) alone.
For example, the 50–60�N latitude band exhibits relatively
large variations in effective pressure compared to other
latitudes. In April (as in other months), the effective
pressures in this region vary from between around 600 to
350 hPa. 390 hPa is a reasonable representative value.
Assuming that the GEOS-Chem fields provide a realistic
representation of the vertical variations in methane, a
comparison of the GEOS-Chem values at the 390 hPa level
against the ‘‘unbiased’’ GEOS-Chem RTVMRs provides the
magnitude of the effect of vertical variations in methane
values corresponding to the variation in the vertical sensi-
tivity that is intrinsic to the TES measurement. Differences
between the level mixing ratio values and ‘‘unbiased’’
RTVMRs for the 50–60�N latitude band in April are in
general less than 2%, but may be as high as 4% in regions

Figure 12. NOAA ESRL monthly mean measurements
alongside surface values from GEOS-Chem and the TES a
priori surface values. Surface latitudinal gradients in GEOS-
Chem are in good agreement with the latitudinal gradients
in the measurement, while surface latitudinal gradients in
the MOZART runs used for the TES a priori are obviously
too large.
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where the effective pressure deviates farthest from 390 hPa.
Note that these differences are greatest for northern high
latitudes and are far less significant in the tropics, where the
effective pressure is more uniform. Nonetheless, these
deviations are significant in the context of global variations
of midtropospheric CH4 and demonstrate the importance of
consideration of effective pressure in the interpretation of
RTVMR results.

5. Summary

[38] The approach presented here provides a representa-
tion of remotely sensed trace gas products where the
influence of the a priori data used in the retrieval is greatly
reduced. The approach uses the diagnostic information
offered by the averaging kernels from retrievals on a fine
grid to obtain a product that represents the sensitivity of the
measurement to the atmosphere while keeping the influence
of the a priori small. This type of representation can help
with scientific analysis of nadir-sounding data where the
number of DOFS is low, and can help to avoid misinter-
pretation of such data. The technique adopted in this paper
is of particular use for data sets from thermal infrared
instruments, where the information in the measurement
does not come from the atmosphere near the surface. The
approach can easily be applied to other measurements or to
model output for the purposes of comparisons. The example
presented here was application of the technique to the TES
V003 CH4 Level 2 product. The TES V003 CH4 profiles
contain 0.5 to 2.0 degrees of freedom for signal. The chosen
approach was to use this information to produce one
quantity for the tropospheric state: a ‘‘representative tropo-

spheric VMR’’ (RTVMR), associated with an effective
pressure. The effective pressure is an important quantity
to consider in the interpretation of the results. The technique
applied here could also be applied to other data sets, and
could also be extended to data sets with significantly more
than one degree of freedom for signal in the troposphere
(with the caveat that there may be some overlap between the
transformed averaging kernels for such data sets). Future
work could also involve consideration of how best to make
use of the fractional degrees of freedom for signal.
[39] TES RTVMRs were compared with output from the

GEOS-Chem global chemical model. Our purpose was not
to provide a validation of the TES methane product.
However, the results shown demonstrate the potential of
the existing TES CH4 product for future scientific applica-
tions. The comparisons presented here verify that the
latitudinal gradients observed in TES CH4 data when used
as suggested are representative of the real atmosphere rather
than the a priori. Comparisons of TES with GEOS-Chem
also point to large emissions of methane from enhanced
biomass burning in Indonesia during the 2006 El Nino.
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Figure 13. Comparisons of RTVMR from TES V003 from 2006 with RTVMR calculated from GEOS-
Chem fields from 2001. (Note that the TES prior and averaging kernels were applied to the GEOS-Chem
fields before the calculation of GEOS-Chem RTVMRs.) Plots show fractional differences ((TES-GC)/
GC) after the removal of a constant bias of 3.5% and smoothing of difference fields using a boxcar 2 � 2
latitude/longitude boxes wide. Regions where the ‘‘unbiased’’ GEOS-Chem RTVMRs differed from the
nominal results by more than 0.9% (half a division on the color scale in Figure 13) have been blocked out
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